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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
C, is seen. At high fluences emission from ghows 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, @mission is mainly due to the delays caused from the
different formation mechanism of,Gpecies. The velocity distribution of the faster peak exhibits an
oscillating character with distance from the target surface.1997 American Institute of Physics.
[S0021-897€07)04907-4

I. INTRODUCTION rates possible at these wavelengthslowever, the main ad-
vantage in the use of near infrared low energy photons is
Pulsed laser ablation of graphite has become well estaihat, they are less likely to invoke photochemistry into the
lished as a reliable method for preparation of newly foundaplation phenomenon.
materials like fullerenés* and diamond like carbofDLC) For the characterization of the photofragmented species
films >~ However, the underlying physics and chemistry ofin a plasma, many spectroscopic tools are used including
the processes such as carbon cluster formation or their digmission spectroscop, laser induced fluorescené® ab-
sociation are less than well understood. Further, the details %forption spectroscopd, mass spectroscopy, ion probe
the dynamics of laser interaction with materials are eX-method?® Michelson interferomet® etc. Of these the non-
tremely important in the context of optimizing the conditions restrictive methods to study the laser plasmas are mass spec-
for depositing good quality thin films. It has been shown thatiyometry and optical emission spectrometry. Optical emis-
high quality DLC films are obtained at low laser fluencessjon spectroscopic technique is concerned with the light
where the molecular Cemission is most dominaft. The  omitted by electronically excited species in laser induced
relative population of the carbon clusters produced in the)asma produced in front of the target surface. Also optical
laser ablation of graphite has been found to depend on difspission measurements are useful for species identification
ferent experimental parameters like laser fluence, nature of,gin sjtu monitoring during deposition. Useful information
background gas and its pressure, relative position of thgpsyt the elemental composition of the target material can be
plasma volume with respect to target surface etc. obtained from the analysis of the emissions emanating from
Based on the widely accepted theory of the pulsed lasgf,o plasma plume. The carbon clusters likg, &d higher
evaporatiort;"**the physical model of the laser ablation can fjierenes are well known to be formed as a product of the
be explained as follows. In the initial stage, the interaction ofiyqer aplation of graphite in an ambient helium atmosphere.
the laser beam with the bulk target results in the evaporatiog,hon molecules are particularly interesting due to their
of the surface layer. Following this, the interaction of the ,iq,e and fascinating structural and spectroscopic proper-
laser beam with evaporating material leads to the formatiogjes  their importance in astrophysical processes and due to
of isothermally expanding plasma and this persists until theper role in combustion and soot formation. Laser ablation
termination of the laser pulse. In the final stage, adiabati¢,5¢ the unique advantage that most of these molecules are
expansion of the plasma in the forward direction takes placg,meq in their excited states and hence spectroscopic mea-

v_vhen the target is irradiated under vacuum. The characterigyrements offer an excellent means to investigate their evo-
tics of the laser plasma strongly depend on the paramete|Siion and dynamics.

like laser wavzellengtﬁ§’17ambient gas pressu?%,lgllaser en- In this article we report a comprehensive study of spatial
ergy density™** etc. Several spectroscopic studies of graph-paracteristic emission from,@ising time resolved spectros-
ite plasma have been carried Butising a variety of laser copy. In these experiments time resolved spectroscopic ob-
wavelengths such as 193, 248, 308, 532 and 1064 nm. It hag,y ations of the plasma plume from graphite under helium
been shown that shorter wavelengths are more effective faf\nient atmosphere were carried out to determine the ve-
penetration into the sample, mainly because of large ablatiopyities of the ablated Cspecies. Such temporally and spa-
tially resolved high resolution spectroscopic studies are help-
dElectronic mail: root@cochin.emet.in ful to optimize parameters of DLC film deposition and to
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correlate the carbon clusters with plasma dynamics. To théhreshold fluence were assigned due to the occurrence of
best of our knowledge this is the first report regarding thespecies corresponding to those generated by the dissociation
existence of a triple peak in the temporal history gfeéinis-  of higher clusters, giving rise to the slower velocity compo-
sion from laser produced carbon plasma. Our results alsnent and to those generated by two body or many body re-
indicate that the temporal profile of,Gpecies produced dur- combination processes giving rise to the faster peak which is
ing laser ablation of graphite exhibits a triple peak structurgpresent only at higher fluences. It is also observed that the
only beyond a certain spatial separation from the tathét faster peak keeps getting narrow and shifts towards the lead-
mm) and thereafter they propagate with three different exing edge of the distribution while the slower one becomes

pansion velocities. more and more wide and moves away from the leading edge
with the increase in helium ambient presstftethe most
Il. EXPERIMENTAL SETUP important results of the present observations is that the tem-

_poral profile of G species exhibits a triple peak structure for

~ The experimental setup used for thle present study iy, TOF distribution at spatial distances greater than 16 mm
similar to the one described elsewhé?é! The 1.06 um from the target

laser beam from &-switched Nd:YAG laser having pulse The typical temporal profiles for emission from, €pe-

width of 9 ns and repetition rate 10 Hz was focused onto g, [choosing\=516.5 nm corresponding 1®,0) band of
graphite target contained in a vacuum chamber. The targ wan systerhat a laser fluence of 29.3 J Cﬁﬁc,)r different
was rotated by a small electric motor so that the laser DUIsez?xial distances from the target are shown in Figg)11(f)

are made to fall at a new spot every_tinje on the graphitt_el_he Swan bands arise from transitions between afid,,
surface. The pressure of helium gas inside the chamber Bnd d3Hg electronic states of the molecule. The time re-

kept a.‘t 100 mTorr during these experimental stu_dles. Th%olved observation presented here characterizes the axial ex-
emission from the carbon plasma was focused at right angles

. . e . nsion of the plasma i.e., strictly alon irection perpen-
to its expansion direction to produce a 1:1 image on thé;iiufa? too tfgeetgraZt :urf?a(,:es Fﬁtﬁriga)l%r? doéb)e (r::aoreg:nrt)e
entrance slit of a scanning monochromatdr m Spex 9 - 9 P

coupled to a photomultiplier tub@MT, Thorn EMI, rise the oscilloscope traces of TOF distribution of @olecules

time 2 ng. Using a number of apertures and slits emissionat distances 5 mm and 10 mm from the target. At these

. . distances, there exits a double peak and the features of these
features from various vertical segments of the plasma plum

: 9 TR fvin peaks on laser fluence and ambient helium pressure
can be studied. The characteristic emission lines were s

- 0
lected using the monochromator and the output from thg'ave been reported recent™ The emergence of the new

) ) . . eDeak occurs only at distances greater than 16 mm from the
PMT was monitored using a digital storage oscilloscop target. Fig. 1c) shows the formation of the new peak in
(lwatsu model DS 8621with a maximum sampling rate of betg\;Neén ?He aforesaid twin peaks. Figured)21(f) Ehow
200 MHz with 50() termination to record the emission pulse he triple fold TOF distributionpof thé psg ecies at distances
shapes. This setup essentially provides delay as well as dec § P 20 d4 22 ; ph The ti
times for emission from constituent species from vertical mm, mm an mm away from the target. The time

segments situated at different distances from the target. IﬁVOIUt'On of the speciral emission ohtained in the present

these experiments spatially resolved studies were carried o‘tﬂ\fork clearly reveals that theGpecies ejected from graphite

for distance up to 25 mm normal to the target surface with arﬁarget has a twin peak distribution up to a certain distance
accuracy better than 0.2 mm rom the target(16 mm and at farther distances the TOF

pattern shows a triple peak structure. It has also been found
that there is a well defined threshold fluence to observe this
triple peak structure in the TOF distribution.

The time resolved studies of emission lines fromsPe- There are only a few reports which describe the multiple
cies were made from the oscilloscope traces which showepeak time of flight distribution in laser generated plasma
definite time delays for emission with respect to the lasefrom graphite target. Dixon and Sedfyobserved a double
pulse. It has been found that each emission line has a digeak structure in @ species and they explain it as due to
tinctly different temporal profile. The time evolution of emis- collisional interaction like resonance charge transfer which
sion from the constituent species of the plasma determingsas been shown to be a velocity dependent one. Lovindes
the subsequent expansion and should provide the best obsebserved three modes of incident species in the TOF profile
vations for shaping our understanding of the plasma dynamusing ion probe method and they attributed it to scattered
ics. Time of flight(TOF) distributions give the time of ar- ions, ions that are slowed by gas phase collisions and slow
rival at a certain point in space with a known flight length moving clusters formed through collisions, respectively.
and these can easily be transformed into velocity distribuTasakaet al>® observed triplefold plume structure during
tion. Nd:YAG laser ablation of graphite into helium ambient at-

Recently we reporté space as well as time resolved mosphere and during optical emission studies they found that
studies of G species which reveal double peak structure inthe fastest component is composed of carbon ions, second
TOF emission pattern of Species beyond a threshold laser fastest component is due to compressed neutral molecules
fluence. This threshold was found to increase with increasingnd the slowest component is the radial vapor from the
distance from the target surface. Below this threshold flugraphite target. Bulgakov and Bulgakd/anade a theoreti-
ence, only single peak distribution is observed. These twirtal model for the plume expansion into ambient gas and have
peak structures of £species from carbon plasma beyond ashown that pulsating character in the velocity distribution

Ill. RESULTS AND DISCUSSION
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FIG. 1. Intensity variation of spectral emission with time forspecieg516.5 nm at different distances from the target. Distances(ar&® 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 29.32hnthat helium pressure of 100 m Torr.

can be explained using back and forth shock wave propaga- It is well known that graphite exhibits a large difference
tion and they also indicated that ionization and recombinabetween the inter-layer and the intra-layer bond strengths. It
tion processes have no significant effect on these pulsations expected that at low laser fluences, graphite will be ablated
But they couldn’t succeed in explaining the triple structurelayer by layer producing large particles which in turn get
for the BaO molecule during mass spectroscopic stdtlies dissociated to form Cspecies?® The dissociative mechanism
using cloud ionization model. can further be supported by the observation of long duration
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FIG. 2. Variation of time delay in the peak intensities with distance for the]"TIG' 4. Exganzs‘ciaog Jvelogitiesd ?js f;?%tign cifzdistance for Pkl off@
PKL of G, at different laser fluence¢O) 29.3 J cm? and(CJ) 31.6 J cmi2. uences a(0) 29.3 J cm* and(L]) 31.6 J cm™.

of Swan band emission at low fluences. At low laser fluenced may be noted that the velocities are not constant and they
only a slowly propagating component with low kinetic en- Vary with distance from the target. From the mean velocity
ergy is observed. The dominant mechanism for the produdjistribution of these species it is clear that the velocity of
tion of C, Swan band emission at low fluences is the electror’K1 increases with spatial separgtion from the target up to
collision with G, cations and neutralén>2) followed by z_=10 mm. The sudden decrease in the_ velocity of the_se spe-
dissociation where one of the fragments is an ejected ccies after 10 mm shows the deceleration of thespecies.
molecule. However, at high laser fluence Swan band formatiowever at distances greater theaR15 mm, the velocity of
tion is mainly due to electron—ion and ion—ion the particles again gets enhanced. In the case of the second
recombinatior?’ It is observed here that at high laser flu- Peak(Fig. 5 the velocity increases with spatial separation
ences, after a threshold, an emission peak showing a fastdPm the target until it reaches 6 mm and then the expansion
component with higher kinetic energy for, @olecules be-  Velocity is found to be somewhat consta@t km/s up to
gins to appear. z=20 mm and then decreases. The intensity variation of
Figures 2 and 3 give the variation of time delay with these peaks with spatial separation shows different spatial
distance for the fasterf(k1) and slower peakRk2) in the ~ Maxima for fastefz=12 mm and delayed peals mm). The
TOF distribution of G for different laser fluences. It is seen variation of time delay for newly generated peak beyond
from Fig. 2 that the time delay for the faster peak is constanZ=16 mm is given in Fig. 6 from which it is clear that the
up to 10 mm from the target and then increases. It is alsgme delay is increasing with increasing distance in this case.
noted that after 16 mm the delays for tRkl decreases In order to identify whether the multiply ionized carbon
sharply. From the plots of delay time vs distance, one ca$Pecies have any role in this peculiar appearance of three
obtain instantaneous velocities for, @olecules fromPkl ~ Peaks in the Gemission spectrum, optical emission analysis
andPk2 and these are given in Figures 4 and 5, respectivel)f.rom carbon ions were also carried out. Emission originating
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FIG. 3. Variation of time delay in the peak intensities with distance for Pk2FIG. 5. Expansion velocities as a function of distance for pk 2 ofd®
of C, at different laser fluence$0O) 29.3 J cm?2 and(CJ) 31.6 J cm2 fluences atO) 29.3 J cm? and(d) 31.6 J cm2
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FIG. 6. Variation of delay time with distance for newly generated peak of FIG. 8. Change in intensity with distance for different ionic species of

C, at different laser fluence¢0) 29.3 J cm2 and (O) 31.6 J cm2. carbon.(®) C i transition (3°D — 4f2F°) at 426.7 nm([J) C i transition
(3p*P°-3d'D) at 580.1 nm andO) C wv transition (3°S—3p?PY) at
569.5 nm.

from ionic species appears when the laser fluence is suffi-

cient to create a predominantly ionized plasma mediumponential drop in recorded intensity with distan@dg. 8)
Temporal profiles are recorded for the ionized carbon spegnd the time.
cies, at 426.7 nm of @ (3d”D —4f*F°), 569.5 nm of Qi If it is assumed that the terminal stage of the plume can

(3p*P°~3d'D) and 580.1 nm of Qv (3s*S—3p°P°) for  pe modeled as a free expansion into the vacuum, the expan-
different distances from the target. The ionic species argjon velocityv can be written a§°

characterized by faster and narrower TOF distribution in
comparison with atomic or molecular species. The time de- _ /ZWkT
lays observed for different ionized species with respect to the M’

axial distance from the target is given in Fig. 7 at a laser, ; L
X where M is the mass of the specieg, is the number of
fluence of 25.5 J cit. The inverse slope of the curve drawn - Pecies,

. . L " nternal degrees of freedom which varies from 2.53 to 3.28
through t.he pomts' gives their instantaneous velocities Oztxssociated with ionization and excitation,is the tempera-

; o 3 : Xire of the plasma ané is the Boltzmann constant. The
pansion velocities of the ionized species are found to be in

. . L X 'above equation shows that the time delay of the plasma spe-
creasing with degree of ionization. It is noted that the maxi- d Y P P

. o cies depends upon the temperature and dimensions of the
mum expansion velocities of @ C i and Civ are found to P P P

: plasma along with mass of the concerned species. According
be at 40 km/s, 58 km/s and 80 km/s, respectively. The maxiz, Eg. (1), due to identical masses, different ionic species of

. . . t
mum spatial range for the ions were limited by the X" carbon should have identical time delays. However, in actual

practice it is observed that the species with higher degree of
ionization have higher velocities because of the coulomb
fields generated by negatively charged electrons escaping
from the plume. These results are consistent with our earlier
. observation® suggesting that the occurrence of faster peak
in the temporal profile of €above a certain threshold laser
fluence is caused by recombination of these ions. It is also
600 | supported by the fact that the molecules giving rise to these
. recombination peaks have almost identical kinetic energy
. distribution in comparison with highly energetic ions.
Another important observation is that the intensity of the
ionized species increases with laser fluences but get saturated
° at higher fluences as is given in Fig. 9. There is a laser
fluence threshold for the appearance of multiply charged ions
s 8 g , , , and this threshold increases with degree of ionization. It is
0 3 6 9 12 also noted that the expansion velocities of these ionic species
Distance (mm) increases with increasing laser fluence. The exponential in-
crease in the intensity of emission of positive ions with laser
FIG 7. Va_riation of time delay in peak intensity with distance for qifferent fluence is in accordance with the Richardson—Saha 18WS.
ionic species of carbon at a laser fluence of 25.5 J%it®) C i transition . .. . . .
(3d°D — 412F°) at 426.7 nm(C]) C i transition (H'P°—3d D) at580.1 | he saturation in intensity at high laser fluences is due to a
nm and(O) C wv transition (%?S—3p?P?) at 569.5 nm. change in the efficiency of laser coupling to the target by
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the initial stages of expansion. But when the expansion ve-
or s s *% % locities increase, acceleration starts to decrease. The laser
o a pulse being short, the plasma cloud within the pulse duration

. has a minimum size in the direction normal to the target
surface. A dense plasma can absorb strongly the trailing part
of the laser pulse. Thus the absorption of the laser radiation
05| . by the plasma increases the velocity of the species inside the
° plasma and the hydrodynamic expansion is directed right
angles to the surface of the target. This is found to be true as

. seen in Figures 4 and 5, respectively, at distances near the
. target where expansion velocities increase very rapidly with
respect to the spatial separation from the target. During the
s ; s s s initial stages of the plasma expansion, the velocity in the
direction perpendicular to the target surface is very high as a

Laser fluence (J /cm') result of the small dimension of the plasma in that direction.
FIG. 9. Change in intensity with laser fluence for different ionic species.It IS reportEd thaff** durl_ng Short.er tlm.e mterve.lls that the
(®) C 1 transition (312D —412F% at 426.7 nm,(C)) C u transition  €xPansion of the plume is one dimensional while for longer
(3p*P°-3d!D) at 580.1 nm andO) C v transition (3?S—3p?P°% at  time scales the expansion is essentially three dimensional.
569.5 nm. This has also been supported by ultra fast photography of
laser ablation plume¥.
After the termination of the laser pulse, adiabatic expan-

increased absorption and/or reflection from the laser induce®©on of the plasma begins. During this process, the thermal
plasma, a process known as plasma shielding. The increa§8€rgy is converted to kinetic energy with the plasma attain-
in ionization and intensity saturation with varying laser flu- N9 high expansion velocities. The adiabatic expansion of the
ence also seem to suggest strong interaction of the laser pulBkSma in theZ direction can be written 3%
with the dense plasma formed near the target within the d?z] ekTo[ Zo 171t
pulse duration. )[W} = Zo| ()]
From Fig. 1, it is seen that at higher spatial distance from
the target(>>16 mm), the recombinational peak splits further WhereZy is the edge of the plasma at which the laser pulse is
into two forming a threefold time of flight profile for the,C terminated andy, the maximum attainable particle velocity.
species. The reason for the occurrence of twin peak structud® the adiabatic expansion region, the acceleration depends
in the recombination emission intensity profile can be attrib-on the initial temperature and the mass of the species.
uted to delays caused by different recombinational formation =~ From Fig. 5 it is seen that, the velocity of Pk2 is constant
mechanism of gspecies in the plasma. It is also seen from(8 km/9 after the initial expansion of the plasma. The ve-
Fig. 6 that the time delays for these newly generatgd Clocities of these are found to be decreased at the boundary of
species are increasing steadily with increasing distance frofhe plasma which is in accordance with the drag midel
the target. which predicts that the plume eventually comes to rest due to
From Fig. 4, one sees an anomalous variation of exparfesistance from collision with background gas. Fig. 4 shows
sion velocity of the G species with axial separation from the that between distances of 10 mm to 15 mm from the target,
target. Gas dynamic effects are thought to play a major roléhe expansion velocity decreases for the Pkl while it in-
in determining the spatial and velocity distribution of the creases again at farther distances. This peculiar velocity pul-
vaporized material. The velocity at any point inside thesations can be explained as follows. During the adiabatic
plasma depends upon the spatial separation from the targexpansion the thermal energy is rapidly converted into ki-
surface. The atoms, molecules and ions undergo collisions iRetic energy, thereby attaining high expansion velocities. It
the high density region near the target forming the so calledas been reported that for spherical plasmas temperature
Knudsen layer, to create a highly directional expansion perdrops off as the square of its raditisA rapid drop in tem-
pendicular to the targét:*? The density of the plasma will perature occurs when the spherical plasmas expand. This
be maximum near the target due to collisions and hence th@ay be the reason for the decrease in kinetic energy for the
mean drift velocity normal to surface will be a minimum at Pkl in the region between 10 mm to 15 mm. However, the
very close to the target. The plasma expansion in a directiofemperature drop will not continue with respect to the square
perpendicular to the target surface can be writtéf as of the radius of the spherical plasmas indefinitely, because of
2 cooling due to expansion which will be balanced by the en-
1dz d?z] 6kT, - o .
Z(t)[— =4 _2} =—2 2) ergy gained from the recombination processes of the ions.
2t dt  dt M

wheredZ/dt is the expansion velocity of the plasma in the
direction,k, the Boltzmann constant,, the isothermal tem-
perature of the plasma ad is the molecular weight of the Time and space resolved study of @olecules from

particle. The above equation evidently shows that the exparaser produced carbon plasma in the presence of ambient
sion velocities are low and acceleration is very high duringhelium gas is carried out using optical emission spectros-

ae

Normalized intensity

M
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