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The emission features of laser ablated graphite plume generated in a helium ambient atmosphere
have been investigated with time and space resolved plasma diagnostic technique. Time resolved
optical emission spectroscopy is employed to reveal the velocity distribution of different species
ejected during ablation. At lower values of laser fluences only a slowly propagating component of
C2 is seen. At high fluences emission from C2 shows a twin peak distribution in time. The formation
of an emission peak with diminished time delay giving an energetic peak at higher laser fluences is
attributed to many body recombination. It is also observed that these double peaks get modified into
triple peak time of flight distribution at distances greater than 16 mm from the target. The
occurrence of multiple peaks in the C2 emission is mainly due to the delays caused from the
different formation mechanism of C2 species. The velocity distribution of the faster peak exhibits an
oscillating character with distance from the target surface. ©1997 American Institute of Physics.
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I. INTRODUCTION

Pulsed laser ablation of graphite has become well es
lished as a reliable method for preparation of newly fou
materials like fullerenes1–4 and diamond like carbon~DLC!
films.5–12However, the underlying physics and chemistry
the processes such as carbon cluster formation or their
sociation are less than well understood. Further, the detai
the dynamics of laser interaction with materials are
tremely important in the context of optimizing the conditio
for depositing good quality thin films. It has been shown th
high quality DLC films are obtained at low laser fluenc
where the molecular C2 emission is most dominant.13 The
relative population of the carbon clusters produced in
laser ablation of graphite has been found to depend on
ferent experimental parameters like laser fluence, natur
background gas and its pressure, relative position of
plasma volume with respect to target surface etc.

Based on the widely accepted theory of the pulsed la
evaporation,14,15 the physical model of the laser ablation c
be explained as follows. In the initial stage, the interaction
the laser beam with the bulk target results in the evapora
of the surface layer. Following this, the interaction of t
laser beam with evaporating material leads to the forma
of isothermally expanding plasma and this persists until
termination of the laser pulse. In the final stage, adiab
expansion of the plasma in the forward direction takes pl
when the target is irradiated under vacuum. The characte
tics of the laser plasma strongly depend on the parame
like laser wavelength,16,17ambient gas pressure,18,19 laser en-
ergy density20,21 etc. Several spectroscopic studies of grap
ite plasma have been carried out22 using a variety of laser
wavelengths such as 193, 248, 308, 532 and 1064 nm. It
been shown that shorter wavelengths are more effective
penetration into the sample, mainly because of large abla

a!Electronic mail: root@cochin.ernet.in
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rates possible at these wavelengths.23 However, the main ad-
vantage in the use of near infrared low energy photons
that, they are less likely to invoke photochemistry into t
ablation phenomenon.

For the characterization of the photofragmented spe
in a plasma, many spectroscopic tools are used includ
emission spectroscopy,24 laser induced fluorescence,25 ab-
sorption spectroscopy,26 mass spectroscopy,27 ion probe
method,28 Michelson interferometry29 etc. Of these the non
restrictive methods to study the laser plasmas are mass s
trometry and optical emission spectrometry. Optical em
sion spectroscopic technique is concerned with the li
emitted by electronically excited species in laser induc
plasma produced in front of the target surface. Also opti
emission measurements are useful for species identifica
and in situmonitoring during deposition. Useful informatio
about the elemental composition of the target material can
obtained from the analysis of the emissions emanating fr
the plasma plume. The carbon clusters like C60 and higher
fullerenes are well known to be formed as a product of
laser ablation of graphite in an ambient helium atmosphe
Carbon molecules are particularly interesting due to th
unique and fascinating structural and spectroscopic pro
ties, their importance in astrophysical processes and du
their role in combustion and soot formation. Laser ablat
has the unique advantage that most of these molecules
formed in their excited states and hence spectroscopic m
surements offer an excellent means to investigate their e
lution and dynamics.

In this article we report a comprehensive study of spa
characteristic emission from C2 using time resolved spectros
copy. In these experiments time resolved spectroscopic
servations of the plasma plume from graphite under heli
ambient atmosphere were carried out to determine the
locities of the ablated C2 species. Such temporally and sp
tially resolved high resolution spectroscopic studies are h
ful to optimize parameters of DLC film deposition and
3637/7/$10.00 © 1997 American Institute of Physics
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correlate the carbon clusters with plasma dynamics. To
best of our knowledge this is the first report regarding
existence of a triple peak in the temporal history of C2 emis-
sion from laser produced carbon plasma. Our results
indicate that the temporal profile of C2 species produced dur
ing laser ablation of graphite exhibits a triple peak struct
only beyond a certain spatial separation from the target~16
mm! and thereafter they propagate with three different
pansion velocities.

II. EXPERIMENTAL SETUP

The experimental setup used for the present stud
similar to the one described elsewhere.30,31 The 1.06mm
laser beam from aQ-switched Nd:YAG laser having puls
width of 9 ns and repetition rate 10 Hz was focused ont
graphite target contained in a vacuum chamber. The ta
was rotated by a small electric motor so that the laser pu
are made to fall at a new spot every time on the grap
surface. The pressure of helium gas inside the chambe
kept at 100 mTorr during these experimental studies. T
emission from the carbon plasma was focused at right an
to its expansion direction to produce a 1:1 image on
entrance slit of a scanning monochromator~1 m Spex!
coupled to a photomultiplier tube~PMT, Thorn EMI, rise
time 2 ns!. Using a number of apertures and slits emiss
features from various vertical segments of the plasma plu
can be studied. The characteristic emission lines were
lected using the monochromator and the output from
PMT was monitored using a digital storage oscillosco
~Iwatsu model DS 8621! with a maximum sampling rate o
200 MHz with 50V termination to record the emission puls
shapes. This setup essentially provides delay as well as d
times for emission from constituent species from verti
segments situated at different distances from the targe
these experiments spatially resolved studies were carried
for distance up to 25 mm normal to the target surface with
accuracy better than 0.2 mm.

III. RESULTS AND DISCUSSION

The time resolved studies of emission lines from C2 spe-
cies were made from the oscilloscope traces which sho
definite time delays for emission with respect to the la
pulse. It has been found that each emission line has a
tinctly different temporal profile. The time evolution of emi
sion from the constituent species of the plasma determ
the subsequent expansion and should provide the best o
vations for shaping our understanding of the plasma dyn
ics. Time of flight ~TOF! distributions give the time of ar
rival at a certain point in space with a known flight leng
and these can easily be transformed into velocity distri
tion.

Recently we reported30 space as well as time resolve
studies of C2 species which reveal double peak structure
TOF emission pattern of C2 species beyond a threshold las
fluence. This threshold was found to increase with increas
distance from the target surface. Below this threshold
ence, only single peak distribution is observed. These t
peak structures of C2 species from carbon plasma beyond
3638 J. Appl. Phys., Vol. 81, No. 8, 15 April 1997
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threshold fluence were assigned due to the occurrenc
species corresponding to those generated by the dissoci
of higher clusters, giving rise to the slower velocity comp
nent and to those generated by two body or many body
combination processes giving rise to the faster peak whic
present only at higher fluences. It is also observed that
faster peak keeps getting narrow and shifts towards the le
ing edge of the distribution while the slower one becom
more and more wide and moves away from the leading e
with the increase in helium ambient pressure.18 The most
important results of the present observations is that the t
poral profile of C2 species exhibits a triple peak structure f
the TOF distribution at spatial distances greater than 16
from the target.

The typical temporal profiles for emission from C2 spe-
cies @choosingl5516.5 nm corresponding to~0,0! band of
Swan system# at a laser fluence of 29.3 J cm22 for different
axial distances from the target are shown in Figs. 1~a!–1~f!.
The Swan bands arise from transitions between thea3Pu

and d3Pg electronic states of the molecule. The time r
solved observation presented here characterizes the axia
pansion of the plasma i.e., strictly along a direction perp
dicular to the target surface. Figures 1~a! and ~b! represent
the oscilloscope traces of TOF distribution of C2 molecules
at distances 5 mm and 10 mm from the target. At the
distances, there exits a double peak and the features of t
twin peaks on laser fluence and ambient helium press
have been reported recently.18,30 The emergence of the new
peak occurs only at distances greater than 16 mm from
target. Fig. 1~c! shows the formation of the new peak
between the aforesaid twin peaks. Figures 1~d!–1~f! show
the triple fold TOF distribution of the C2 species at distance
18 mm, 20 mm and 22 mm away from the target. The ti
evolution of the spectral emission obtained in the pres
work clearly reveals that the C2 species ejected from graphit
target has a twin peak distribution up to a certain dista
from the target~16 mm! and at farther distances the TO
pattern shows a triple peak structure. It has also been fo
that there is a well defined threshold fluence to observe
triple peak structure in the TOF distribution.

There are only a few reports which describe the multi
peak time of flight distribution in laser generated plasm
from graphite target. Dixon and Seely32 observed a double
peak structure in CII species and they explain it as due
collisional interaction like resonance charge transfer wh
has been shown to be a velocity dependent one. Lown6

observed three modes of incident species in the TOF pro
using ion probe method and they attributed it to scatte
ions, ions that are slowed by gas phase collisions and s
moving clusters formed through collisions, respective
Tasakaet al.33 observed triplefold plume structure durin
Nd:YAG laser ablation of graphite into helium ambient a
mosphere and during optical emission studies they found
the fastest component is composed of carbon ions, sec
fastest component is due to compressed neutral molec
and the slowest component is the radial vapor from
graphite target. Bulgakov and Bulgakova34 made a theoreti-
cal model for the plume expansion into ambient gas and h
shown that pulsating character in the velocity distributi
Harilal et al.
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FIG. 1. Intensity variation of spectral emission with time for C2 species~516.5 nm! at different distances from the target. Distances are~a! 5 mm,~b! 10 mm,
~c! 17 mm,~d! 18 mm,~e! 20 mm and~f! 22 mm. These TOF spectra are recorded at a laser fluence of 29.3 J cm22 and at helium pressure of 100 m Tor
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can be explained using back and forth shock wave propa
tion and they also indicated that ionization and recombi
tion processes have no significant effect on these pulsati
But they couldn’t succeed in explaining the triple structu
for the BaO molecule during mass spectroscopic studi35

using cloud ionization model.
J. Appl. Phys., Vol. 81, No. 8, 15 April 1997
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It is well known that graphite exhibits a large differenc
between the inter-layer and the intra-layer bond strength
is expected that at low laser fluences, graphite will be abla
layer by layer producing large particles which in turn g
dissociated to form C2 species.

36 The dissociative mechanism
can further be supported by the observation of long dura
3639Harilal et al.
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of Swan band emission at low fluences. At low laser fluen
only a slowly propagating component with low kinetic e
ergy is observed. The dominant mechanism for the prod
tion of C2 Swan band emission at low fluences is the elect
collision with Cn cations and neutrals~n.2! followed by
dissociation where one of the fragments is an ejected2
molecule. However, at high laser fluence Swan band for
tion is mainly due to electron–ion and ion–io
recombination.37 It is observed here that at high laser fl
ences, after a threshold, an emission peak showing a fa
component with higher kinetic energy for C2 molecules be-
gins to appear.

Figures 2 and 3 give the variation of time delay wi
distance for the faster (Pk1) and slower peak (Pk2) in the
TOF distribution of C2 for different laser fluences. It is see
from Fig. 2 that the time delay for the faster peak is const
up to 10 mm from the target and then increases. It is a
noted that after 16 mm the delays for thePk1 decreases
sharply. From the plots of delay time vs distance, one
obtain instantaneous velocities for C2 molecules fromPk1
andPk2 and these are given in Figures 4 and 5, respectiv

FIG. 2. Variation of time delay in the peak intensities with distance for
Pk1 of C2 at different laser fluences.~s! 29.3 J cm22 and~h! 31.6 J cm22.

FIG. 3. Variation of time delay in the peak intensities with distance for P
of C2 at different laser fluences.~s! 29.3 J cm22 and ~h! 31.6 J cm22.
3640 J. Appl. Phys., Vol. 81, No. 8, 15 April 1997
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It may be noted that the velocities are not constant and t
vary with distance from the target. From the mean veloc
distribution of these species it is clear that the velocity
Pk1 increases with spatial separation from the target up
z510 mm. The sudden decrease in the velocity of these s
cies after 10 mm shows the deceleration of the C2 species.
However at distances greater thanz515 mm, the velocity of
the particles again gets enhanced. In the case of the se
peak ~Fig. 5! the velocity increases with spatial separati
from the target until it reaches 6 mm and then the expans
velocity is found to be somewhat constant~8 km/s! up to
z520 mm and then decreases. The intensity variation
these peaks with spatial separation shows different sp
maxima for faster~z512 mm! and delayed peak~5 mm!. The
variation of time delay for newly generated peak beyo
z516 mm is given in Fig. 6 from which it is clear that th
time delay is increasing with increasing distance in this ca

In order to identify whether the multiply ionized carbo
species have any role in this peculiar appearance of th
peaks in the C2 emission spectrum, optical emission analy
from carbon ions were also carried out. Emission originat

FIG. 4. Expansion velocities as function of distance for Pk1 of C2 for
fluences at~s! 29.3 J cm22 and ~h! 31.6 J cm22.

FIG. 5. Expansion velocities as a function of distance for pk 2 of C2 for
fluences at~s! 29.3 J cm22 and ~h! 31.6 J cm22.
Harilal et al.
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from ionic species appears when the laser fluence is s
cient to create a predominantly ionized plasma mediu
Temporal profiles are recorded for the ionized carbon s
cies, at 426.7 nm of CII (3d2D24 f 2F0), 569.5 nm of CIII
(3p1P023d1D) and 580.1 nm of CIV (3s2S23p2P0) for
different distances from the target. The ionic species
characterized by faster and narrower TOF distribution
comparison with atomic or molecular species. The time
lays observed for different ionized species with respect to
axial distance from the target is given in Fig. 7 at a la
fluence of 25.5 J cm22. The inverse slope of the curve draw
through the points gives their instantaneous velocities
these ionized species at a given time and distance. The
pansion velocities of the ionized species are found to be
creasing with degree of ionization. It is noted that the ma
mum expansion velocities of CII , C III and CIV are found to
be at 40 km/s, 58 km/s and 80 km/s, respectively. The m
mum spatial range for the ions were limited by the e

FIG. 6. Variation of delay time with distance for newly generated peak
C2 at different laser fluences.~s! 29.3 J cm22 and ~h! 31.6 J cm22.

FIG. 7. Variation of time delay in peak intensity with distance for differe
ionic species of carbon at a laser fluence of 25.5 J cm22. ~d! C II transition
(3d2D24 f 2F0) at 426.7 nm,~h! C III transition (3p1P023d21D) at 580.1
nm and~s! C IV transition (3s2S23p2P0) at 569.5 nm.
J. Appl. Phys., Vol. 81, No. 8, 15 April 1997
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ponential drop in recorded intensity with distance~Fig. 8!
and the time.

If it is assumed that the terminal stage of the plume c
be modeled as a free expansion into the vacuum, the ex
sion velocityv can be written as38,39

v5A2hkT

M
, ~1!

whereM is the mass of the species,h is the number of
internal degrees of freedom which varies from 2.53 to 3
associated with ionization and excitation,T is the tempera-
ture of the plasma andk is the Boltzmann constant. Th
above equation shows that the time delay of the plasma
cies depends upon the temperature and dimensions of
plasma along with mass of the concerned species. Accor
to Eq. ~1!, due to identical masses, different ionic species
carbon should have identical time delays. However, in ac
practice it is observed that the species with higher degre
ionization have higher velocities because of the coulo
fields generated by negatively charged electrons esca
from the plume. These results are consistent with our ea
observations30 suggesting that the occurrence of faster pe
in the temporal profile of C2 above a certain threshold lase
fluence is caused by recombination of these ions. It is a
supported by the fact that the molecules giving rise to th
recombination peaks have almost identical kinetic ene
distribution in comparison with highly energetic ions.

Another important observation is that the intensity of t
ionized species increases with laser fluences but get satu
at higher fluences as is given in Fig. 9. There is a la
fluence threshold for the appearance of multiply charged i
and this threshold increases with degree of ionization. I
also noted that the expansion velocities of these ionic spe
increases with increasing laser fluence. The exponentia
crease in the intensity of emission of positive ions with la
fluence is in accordance with the Richardson–Saha law40

The saturation in intensity at high laser fluences is due t
change in the efficiency of laser coupling to the target

fFIG. 8. Change in intensity with distance for different ionic species
carbon.~d! C II transition (3d2D24 f 2F0) at 426.7 nm,~h! C III transition
(3p1P023d1D) at 580.1 nm and~s! C IV transition (3s2S23p2P0) at
569.5 nm.
3641Harilal et al.
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increased absorption and/or reflection from the laser indu
plasma, a process known as plasma shielding. The incr
in ionization and intensity saturation with varying laser fl
ence also seem to suggest strong interaction of the laser p
with the dense plasma formed near the target within
pulse duration.

From Fig. 1, it is seen that at higher spatial distance fr
the target~.16 mm!, the recombinational peak splits furthe
into two forming a threefold time of flight profile for the C2
species. The reason for the occurrence of twin peak struc
in the recombination emission intensity profile can be attr
uted to delays caused by different recombinational forma
mechanism of C2 species in the plasma. It is also seen fro
Fig. 6 that the time delays for these newly generated2
species are increasing steadily with increasing distance f
the target.

From Fig. 4, one sees an anomalous variation of exp
sion velocity of the C2 species with axial separation from th
target. Gas dynamic effects are thought to play a major
in determining the spatial and velocity distribution of th
vaporized material. The velocity at any point inside t
plasma depends upon the spatial separation from the ta
surface. The atoms, molecules and ions undergo collision
the high density region near the target forming the so ca
Knudsen layer, to create a highly directional expansion p
pendicular to the target.41,42 The density of the plasma wil
be maximum near the target due to collisions and hence
mean drift velocity normal to surface will be a minimum
very close to the target. The plasma expansion in a direc
perpendicular to the target surface can be written as14

Z~ t !F 12t dZdt 1
d2Z

dt2 G5
6kT0
M

, ~2!

wheredZ/dt is the expansion velocity of the plasma in theZ
direction,k, the Boltzmann constant,T0 the isothermal tem-
perature of the plasma andM is the molecular weight of the
particle. The above equation evidently shows that the exp
sion velocities are low and acceleration is very high dur

FIG. 9. Change in intensity with laser fluence for different ionic spec
~d! C II transition (3d2D24 f 2F0) at 426.7 nm,~h! C III transition
(3p1P023d1D) at 580.1 nm and~s! C IV transition (3s2S23p2P0) at
569.5 nm.
3642 J. Appl. Phys., Vol. 81, No. 8, 15 April 1997
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the initial stages of expansion. But when the expansion
locities increase, acceleration starts to decrease. The
pulse being short, the plasma cloud within the pulse dura
has a minimum size in the direction normal to the targ
surface. A dense plasma can absorb strongly the trailing
of the laser pulse. Thus the absorption of the laser radia
by the plasma increases the velocity of the species inside
plasma and the hydrodynamic expansion is directed r
angles to the surface of the target. This is found to be true
seen in Figures 4 and 5, respectively, at distances nea
target where expansion velocities increase very rapidly w
respect to the spatial separation from the target. During
initial stages of the plasma expansion, the velocity in
direction perpendicular to the target surface is very high a
result of the small dimension of the plasma in that directio
It is reported that43,44 during shorter time intervals that th
expansion of the plume is one dimensional while for long
time scales the expansion is essentially three dimensio
This has also been supported by ultra fast photography
laser ablation plumes.45

After the termination of the laser pulse, adiabatic expa
sion of the plasma begins. During this process, the ther
energy is converted to kinetic energy with the plasma atta
ing high expansion velocities. The adiabatic expansion of
plasma in theZ direction can be written as14

Z~ t !Fd2Zdt2 G5
6kT0
M F Z0

Z~ t !G
g21

, ~3!

whereZ0 is the edge of the plasma at which the laser puls
terminated andg, the maximum attainable particle velocity
In the adiabatic expansion region, the acceleration depe
on the initial temperature and the mass of the species.

From Fig. 5 it is seen that, the velocity of Pk2 is consta
~8 km/s! after the initial expansion of the plasma. The v
locities of these are found to be decreased at the bounda
the plasma which is in accordance with the drag mode46

which predicts that the plume eventually comes to rest du
resistance from collision with background gas. Fig. 4 sho
that between distances of 10 mm to 15 mm from the targ
the expansion velocity decreases for the Pk1 while it
creases again at farther distances. This peculiar velocity
sations can be explained as follows. During the adiab
expansion the thermal energy is rapidly converted into
netic energy, thereby attaining high expansion velocities
has been reported that for spherical plasmas tempera
drops off as the square of its radius.47 A rapid drop in tem-
perature occurs when the spherical plasmas expand.
may be the reason for the decrease in kinetic energy for
Pk1 in the region between 10 mm to 15 mm. However,
temperature drop will not continue with respect to the squ
of the radius of the spherical plasmas indefinitely, becaus
cooling due to expansion which will be balanced by the e
ergy gained from the recombination processes of the ion

IV. CONCLUSIONS

Time and space resolved study of C2 molecules from
laser produced carbon plasma in the presence of amb
helium gas is carried out using optical emission spectr

.

Harilal et al.
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copy. 1.06mm radiation from aQ-switched Nd:YAG laser
was focused onto the graphite target where it produce
transient and elongated plasma. Measurements of spatia
pendence of the TOF emission intensities are made up t
mm away from the target. An oscillatory behavior is o
served in the TOF distribution of C2 species and this is ob
served only above a threshold laser fluence. At distan
greater than 16 mm from the target, a threefold TOF dis
bution is observed and the reason for the formation for th
peaks is discussed. The peak due to low kinetic energy c
ponent, which is observed at all fluences, is formed a
result of dissociation of higher clusters. The departure
single peak velocity distribution at higher laser fluences
due to processes like recombination of the high energ
particles. The energy released on recombination is conve
into kinetic energy of the molecules, atoms and ions, wh
may give rise to a group of relatively faster C2 species. At
farther distances from the target~.16 mm! the recombina-
tional peak becomes modified into two due to inherent del
caused by different recombination and excitation mec
nisms. It is also found that these results are consistent
kinetic energy distribution of ionic species. The different e
pansion dynamics of C2 species in the ambient gas are al
discussed. The velocity pulsations in the faster peak du
expansion into ambient gas are attributed to nonequilibr
kinetic energy transfer because of many body recombinat
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