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Abstract

Ablation dynamics of ¢ ions ejected from a 355-nm laser ablation of graphite target in vacuum has been investigated by
time-of-flight (TOF) mass spectrometry. At 0.5 Jfchaser fluence, the larger cluster ions are predominantly produced. With
increasing laser fluence, however, the maximum size distribution moves toward small cluster ions. A strong nonlinea
dependence of the amount of desorbed custer ions on laser fluence is observed under moderate laser fluence conditions
(=1 J/cn?). This is interpreted by the mechanism thaf ©ns are produced directly from the graphite via conversion of the
multiphoton energy into thermal energy. The time resolved analysis of the ablat@h€shows the two drift velocities with
the fast and slow components. The result indicates that the ejecta emitted above the target surface separates into t
components during plume propagation. (Int J Mass Spectrom 189 (1999) 115-123) © 1999 Elsevier Science B.V.
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1. Introduction because of the clusters’ fascinating structural and
spectroscopic properties, their importance in astro-
The laser ablation technique has marked significant physical processes, and their role in combustion and
progress in its application to many fields of material sgot formation.
process such as production of microclusters, growth  Carbon clusters have been thought to grow through
of thin films, annealing, etching, and chemical mod- the aggregation of the Species Vaporized from the
ification of surface layers in the fabrication of micro-  graphite [2,5]. Bloomfield et al. [6] and Cox et al. [7]
electronic devices [1]. Recently, the pulsed laser have reported an alternative pathway of the carbon
ablation of a graphite target has proved to be a cluster formation. They have suggested that the car-
powerful tool for the preparation of newly found hon clusters are most likely formed via fragmentation
materials like fullerenes [2], single—walled nanotubes of the |n|t|a||y formed |arger clusters and laser-
[3], and diamondlike carbon (DLC) films [4]. The  desorbed carbon dust. In recent studies on the mass
study of carbon clusters is particularly interesting distribution of neutral carbon clusters generated by
laser vaporization of graphite in He, Achiba et al.
* Corresponding author. E-mail: kwjung@wonnms.wonkwang. [8,9] have also reported that the carbon clusters
ac.kr originated from the large hot clusters that lead to
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Fig. 1. Diagram of experimental setup for pulsed-field time-of-flight mass spectrometry.

fragmentation into these smaller clusters. In spite of The flow dynamics of plume expansion are also
extensive studies during the last decade, there still investigated by the pulsed-field time-of-flight mass
remain many problems to be unraveled, not only from spectrometric technique.
the viewpoint of understanding the chemical and
physical properties of carbon clusters, but also in
clarifying the formation mechanism of these species. 2. Experimental

The temporal velocity profile of ejected materials
is an important characteristic in the production of Fig. 1 shows an experimental setup containing a
reactive species and for determining the structural graphite target and the ion-accelerating electrodes of
quality of the deposited film because the kinetic the single-stage TOFMS. Laser ablation of a graphite
energy of the species is a key controlling parameter target was carried out in a vacuum chamber (base
[10,11]. Although laser-ablated plasmas have been pressure<5 x 10~/ Torr) combined with a TOFMS,
studied to some extent, the dynamics of laser interac- where positive ions were accelerated by an electric
tion with materials as well as the detailed aspects of field, applied to the repelling electrode, and detected
laser-induced plume formation and expansion are not with a microchannel plate (MCP) detector. A target
fully understood, particularly in the case of carbon. disk (10 mm in diameter, 2.5 mm thick) of graphite
Studying the spatial and velocity distribution of the (99.95% purity, Goodfellow Metals Ltd.) was placed
ablated species, particularly during initial ejection and at the repeller of the ion optics. The third harmonic
expansion, can provide a better understanding of the output (355 nm) of an Nd:YAG laser (10 ns pulse
ablation dynamics. width), operated at a repetition rate of 10 Hz, strikes

This article presents a study of the mass distribu- the solid target at an incident angle ef45° with
tion of positive carbon-cluster ions generated by laser respect to the target normal. The radiation was fo-
ablation of graphite at a wavelength of 355 nm. The cused by a 50 cm focal length lens to a spot size of
laser-induced plume from the graphite target in a high 3 X 10 2 cn?. The laser fluence at the target surface
vacuum condition is characterized by measuring its was varied in the range 0.5-1.0 Jfcm
time-of-flight mass spectra (TOFMS) with varying The ablated materials evolve in the region between
laser fluence. The fluence dependence of the observedhe repelling and the collecting electrodes. Following
C. signals is discussed on the basis of the energeticsa delay of typicallyry = 0-1.0 us after the laser
of cluster formation and the fragmentation process. shot, the positive ions are extracted by+d500 V
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pulsed electric field, applied to the repeller, and enter
the small orifice, 1 mm in diameter, of the collecting 0.04-¢c;
electrode. The ion extraction pulse has a rise time of
40 ns and duration of 2fis. The ions are then moved 0.024
toward the ion detector through the field-free drift
tube. The overall flight path length is about 162 cm
including the extracting distanc®, of 1 cm. £
The TOF mass spectrometer can be operated inthe § os-
following two modes, depending on the delay time of 06

the pulsed repelling field: (1) mass spectrometer x20
mode, and (2) translational spectrometer mode. In the 31
first mode, the ions are accelerated without delay time ;|

(14 = 0) immediately after the laser ablation, thus 10 20 R
the mass spectrum can be obtained. In the second TOF (us)
mode, the VeIOCity distribution of the ablated ions can Fig. 2. Typical TOF mass spectra of laser ablated ions produced by
be determined by measuring its TOF distribution at a laser irradiation X = 355 nm) of a graphite target in high vacuum.
variable 4 with respect to the timing of the laser The spectra are obtained at laser fluences ob(a) 0.5 J/cn?, and
pulse. Because the ions in the ejected plume propa- (b) ® = 1.0 Jfenf.
gate in the field-free region of the source during the
delay timery, the velocity components at directions size increases. Even-numbered peaks were found to
normal to the ablation surface can be calculated from be less abundant. The preferential formation of odd-
the arrival time of ion, the delay timey, and the numbered cluster ions has also been reported in the
geometric parameters of the mass spectrometer. De-previous mass spectra on carbon clusters generated by
tails will be given in a forthcoming publication [12]. A = 266 and 532 nm laser vaporization [13,14].
This method thus reflects the spatial and velocity It is found that the dependence of the mass distri-
distribution of ions above the target surface. For bution on the laser fluence changes drastically. The
acceptable signal to noise ratios, all mass spectra inrelative enhancement of the;Cand G ion signals
the present experiment were obtained by a cumulative becomes prominent at a high laser fluence of 1.0
collection of 300 laser shots. Jient. A similar tendency has also been found in a
recent study on the laser ablation of graphite at 266
nm [15], in which the dominant species consist gf C
3. Results and discussion and G ions as increasing the laser fluence. This is
consistent with the view that the concentration of the
The signals due to ionic products created directly small cluster ions increases with laser fluence mainly
from the graphite surface can be detected above thebecause of the fragmentation of larger clusters within
laser fluence of 0.5 J/¢min order to investigate the  the hot plume. The broad temporal distribution of
plume composition in our experimental condition, we each cluster peak as compared with the results at low
report in Fig. 2 the typical TOF mass spectra of laser fluence [see Fig. 1(a)] also supports the high
carbon cluster ions obtained from 355 nm laser kinetic energy of cluster ions. In our experiments, we
irradiation of a graphite target in high-vacuum condi- have no direct method for determining whether the
tions at two laser fluences. The spectra are measurediragment ions are the result of neutral fragmentation
in a mass spectrometer mode; (= 0 us). At 0.5 followed by ionization or direct fragmentation of
Jlent laser fluence, the spectrum mostly consists of parent ions as the result of absorption of excess laser
the G/ ions withn = 1, 3, 5, 7, 11, and 15 although photons. However, the fact that direct ionization
the yield decreases rather monotonically as the clusterdominates at low fluence whereas fragmentation dom-
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Fig. 3. Intensity plot of ¢ (n = 1, 3, 5, and 7) ions at different laser fluences.

inates at high fluence would seem to indicate that the sponding TOF spectrum. Fig. 3 shows that the inten-
dissociation occurs after formation of the parent ions. sities of G and G ions increase quite substantially
According to the studies on a liquid phase of with laser fluence, whereas those of @nd G ions

carbon by Dresselhaus and coworkers [16,17], the hot exhibit a maximum at 0.8 J/¢n The decreased
particles with a certain size have strongly been sug- intensities of ¢ and G ions at high laser fluence
gested to be emitted from the hot surface000 K) clearly reveal that these ions undergo fragmentation
immediately following the nanosecond laser irradia- jhto the small cluster ions because of their high
tion with several hundred mJ/cnf17]. These hot  jpterng energies, as mentioned above. The nonlinear

particles may spontaneously dissociate into small intensity dependence of Cions on laser fluence can
carbon clusters because they are reasonably supposege described by the following equation

to have enough internal energy. During these pro-
cesses, the bond breaking and/or energy release byl = ad® (1)
translation of the fragments should effectively play a
role as a major cooling process for the hot particles.
Therefore, the intensity dependence gf @ns on

wherel is the integrated £ signal,a is a constant,
and ® is the laser fluence. Because the power law is

laser fluence in the present experiment gives a con- characteristic. for a myltiphoton process, we consider
clusion that at low laser fluence the ablatefl ions ~ that the ablation of ions is caused by the photon
are formed directly from the graphite surface, but the Process ata low laser fluence of less thah9 Jient
fragmentation of large clusters contributes a signifi- WhenA = 355 nmis used as the light source. Tine
cant role in increasing the laser fluence. values are determined from the slopes of thel log
In order to understand the formation mechanism of Vversus log plots before attaining the maximum for
carbon cluster ions, Cintensities 6 = 1, 3, 5, and  €ach G (see Table 1). The values qffor C;, Cs,
7) are plotted against laser fluence. The ion signal of Ca, and G were 6.5, 5.6, 3.8, and 3.2, respectively.
each species is obtained by integration of the corre- Considering the 355 nm excitation wavelengdth (=
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Table 1
Theoretical and experimentglvalues for G cluster ions at 355 nm wavelength
Co Ci Cs Cs c;
(2n + 1) 3 7 11 15
E4(nC) 7.4 17.3 27.1 37.0
E«(C,)"° 0 -12.7 —-23.9 -35.2
IP(C,)P 11.0 11.4 10.7 10.0
E(CH) 18.4 16.0 13.9 11.8
Gtheory 5.3 4.6 4.0 3.4
Jexp 6.5 5.6 3.8 3.2

aUnits of Eq (nC,), E{(C,), IP(C,), andE(C;}) are in eV.
b
[18].

3.5 eV), the observed multiphoton energies are much
higher than the ionization potentials of carbon clusters
(10.0-11.4 eV) [18].

The number of photong)], necessary for generat-
ing C' ions can be estimated by the energfC,")
needed to produce ,Cfrom a graphite surface. In
order to calculateE(C.), the following relation is
used [14],

E(C;) = E4(nC) + E(C,) + IP(C,) (2)

whereE4(nC) is the bond-dissociation energy neces-
sary to form neighboringn carbon atoms in the
graphite structureE¢(C,)) is the formation (or stabi-
lization) energy of the ¢ cluster, andP(C,) is the
ionization potential for G. In order to produce a
cluster from an atomic monolayer in graphite com-
posed of six-membered rings, the breaking of2 1
bonds should be involved. From the binding energy
E4(C) of a carbon atom (7.4 eV) in the graphite [19],
E4(nC) can be represented by Eq. (3)

E4(NC) = E4(C)(2n + 1)/3 (3)

Assuming that the incident photon is completely
converted into thermal energy, the theoretical number
of photons necessary to overco&C,’) energy can

be determined, as summarized in Table 1. The calcu-

the energetics of { ions produced by laser ablation
of graphite ai\ = 1064, 532, and 266 nm, Gaumet et
al. [14] have suggested that thé @n formation at
1064 and 532 nm can be understood by the conversion
of multiphoton energy into thermal energy whereas
photoelectric excitation becomes important at 266 nm
wavelength. The present results strongly suggest that
at A = 355 nm the cluster ions are formed as a result
of the thermal process. Based on the above results, it
is believed that during the initial stage of ablation the
carbon clusters {(n = 1-20) areproduced directly
from the graphite surface, not by the aggregation of
carbon atoms and small clusters.

To investigate the temporal evolution of an ablated
plume, we employed the pulsed-field time-of-flight
mass spectrometric technique, which observes the
TOF ion signal as a function of the delay time
between the laser shot and the repelling electric field,
applied to the ion optics. The delay time is stepped to
reveal the arrival time distribution of the ionic species
in time. The different traces refer to different slices of
the ablation plume as it expands in the vacuum. This
method thus offers an excellent means to investigate
the time-dependent velocity distribution of the ionic
species during the initial stage of plume expansion.
The TOF spectra corresponding to thé ©®ns were

latedE(C,) value decreases with cluster size because plotted as a function of the delay time, as shown in
of its stabilization energy, which results in a decrease Fig. 4. The spectra were obtained with a laser pulse
of q with cluster size. The observeglvalues are in energy of 0.8 J/ck After 0.06 us, each TOF spec-

reasonable agreement with the theoretical values, trum consists of two components as a result of the two
indicating that laser ablation of graphite Jat= 355 separated ionic clouds. An increase in the delay time
nm occurs by the multiphoton energy. In studies on results in a monotonic decrease of ion intensity as
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Fig. 4. TOF spectra of laser ablated @ns in high vacuum as a function of delay time between the laser shot and the extraction pulse:
extraction zone distance is 10 mm. The ions were ablated by 355 nm with a pulse energy of 6.8 J/cm

well as the broad temporal distribution of each peak. [20] in the later stages of the expanding ablation
These observations, as expected, indicate that thecloud, resulting in the small, shoulder contribution of
ablated plume spreads in space above the targetthe slow ions. However, the collision-induced ioniza-
surface during the delay time after the laser irradia- tion probability is expected to be very low in the
tion. The arrival time of each component shifts to a present experiments with low laser fluence and in high
longer flight time with increasing, because the ions  vacuum conditions.
move away from the target surface during thus In a recent study on the CCand excimer laser
acquiring less kinetic enerdy after repelling electric ~ ablations of the Ti target, Metev et al. [21] have
field. For this reason, the arrival time of the fast observed the two different temporal shapes of the ion
velocity component is longer than that of the slow one current pulse in the plasma probed using a modified
in each spectrum, as will be described in more detail quadrupole mass spectrometer. The observation of
later. two components in the propagation of the ablated
The twin peak structure of Cions can be assigned  plume has also been reported before using fast inten-
because of the occurrence of species corresponding tosified-CCD photography of YBCO laser ablation
those generated by the dissociation of higher clusters, [22,23]. These features are in reasonable agreement
giving rise to the slower velocity component and to with our current observations. The collisions between
those generated by a direct ablation process giving the ejecta during the initial expansion are theorized to
rise to the fast peak. But this is not likely because result in a Knudsen layer or unsteady adiabatic
single peak distribution is not observed, even at low expansion zone that produces a stopped or backward-
laser fluence where the minor contribution of the moving component close to the target and a strongly
fragmentation process is expected. Another possible forward-peaked velocity component away from the
explanation could be the collision-induced ionization target [24,25]. This phenomenon is also consistent
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with the view that there is ample time for the particles sum of the flight times spent in the acceleratidn)(
to undergo collisions within the plume during the and field-free drift regionsT()

nanosecond laser pulse. This tends to accelerate the
motion of the ions ;)t the front side of the plume, and TOR(umg, Uy = (2m"A(aE) (UM~ Uz
consequently, slow down the ions that ablate near the + (m/2)Y2D,u Y2 (6)
end of the laser pulse. It is, therefore, concluded that
the particles emitted on the surface of the target are
separated into two components at the early stage of

whereD:y is the distance of the field-free drift region.
From the measured TOF distributidft) of ablated

ions, the velocity distribution is determined by the

the ablation. followi lati
The TOF distributions give the arrival time of ions ollowing relation
at a certain point in space with a known flight length | (TOF)dTOF = f(v,) dv, (7)

and these can easily be transformed into velocity o o o ]
distribution. In order to get a more clear evaluation of In_ th.ese. fittings, it is assu_med that_ the initial veloc_|ty
distribution of an ablated ion remains constant during

the delay time. Although the estimated velocity dis-
tribution f(v,) includes the instrumental resolution
factor of TOFMS, its flow velocity of an ablated ion
can be precisely obtained from the experimental data
and Eq. (7). Here flow velocitiess; and stream

the velocity component, of the ions at directions
normal to the ablation surface, we employed the
shifted Maxwell-Boltzmann (MB) distribution to fit
our TOF data. For the bimodal distributions that we
observe the fit function is of the form [26]

f(v,) = AvZ exp[-m(v, — v)?% 2kTJ] temperatured g ; are used as adjustable parameters.
. ) Fig. 5 shows the results of the best curve fit (closed
+ Bu; exp[—m(v, — vy) 7 2kT] (4) circles) and experimental TOF spectra (solid lines) of

a C' ion with a laser fluence of 0.8 J/Cmat 74 =
0.08 and0.12 us. The errors of flow velocities are
found to be in the range of 20 m/s. Each peak in the
TOF spectra is well fitted by a shifted MB distribution
of ejected ions given in Eq. (4), implying that the ions
desorbed by the laser ablation reach thermal equilib-
rium. Such thermal equilibrium results from many
collisions between ions because the ion density is very
high at the early stage of the ion flight. The fast and
slow flow velocities atry = 0.08 us are determined

to be 1800 m/s and 300 m/s, respectively. At=
0.12 us, the fast velocity in the plume is increased to
2900 m/s. The results indicate that the expansion
process of fast ionic species in the plume is similar to
U = qE,(S,— v + U, (5) that of the supersonic nozzle _expansion [27].

The time resolved observation presented here char-
wheres, is the distance between the repelling and acterizes the axial expansion of the plume, i.e. strictly
collecting electrodes. The first term is the acquired along a direction perpendicular to the target surface.
energy of an ablated ion Wy, after the delay time. The flow velocitiesvg; of C* ions, plotted as a
U, is the initial kinetic energy of the ablated ion prior function of delay time at a laser fluence of 0.8 Jcm
to acceleration, which is dependent on the initial are represented in Fig. 6. The observationvpf-
velocity v,. Thus, the TOF of the ion with respect to 3500 m/s at &ong delay time is in agreement with the
the onset of the acceleration voltage is given by the result by Kokai et al. [15]. It is quite interesting to

where vg; denote the flow velocities andlg; the
translational (or stream) temperatures for the slow and
fast components, respectively, is the mass number
of speciesk is the Boltzmann constant, akdandB

are parameters used to fit the relative intensities of the
two components.

Following a delay timer after the laser shot, the
TOF in the laboratory frame of an ablated ion is
dependent on the component of the initial velocity of
the ions along the detection axis as well as accelera-
tion because of the electric fiel&,. For an ablated
ion of the mas#n and the chargg, the kinetic energy
U after acceleration is given by
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v, =1800 m/s

v =300 m/s
T,=170K

It)

(b) 7, =0.12 (us)

v, =2900 m/s
T, =360 K
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10.6 10.9

TOF (us)

Fig. 5. The shifted Maxwell-Boltzmann fit of the TOF spectra of &i6n with a laser fluence of 0.8 J/émat (a) 74
0.12 pus. The solid lines are experimental data and the closed circles are the best fit. Fit paraméters (0 K, vg

TOF (us)

= 0.08, and (b)ry =
= 300 m/s,T; = 170

K, vy = 1800m/s, (b)T, = 100 K, vy = 240 m/s,T; = 360 K, v; = 2900 m/s.

note that the flow velocity of a fast component
increases rapidly with delay time, showing a free
expansion behavior, and reaches a plateau=(
3000-3500m/s) afterry = 0.12pus. The increase in
the fast velocity component after the laser irradiation
can be a result of the hydrodynamic effects of the
plume formed above the target surface. Initially, the
expansion is isothermal during the time interval of the
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Fig. 6. The flow velocity of C ions as a function of delay time
between the laser irradiation and the extraction pulse at 0.8%J/cm
laser fluence.

laser pulse. After the laser pulse terminates, the
plasma expands adiabatically in the vacuum and the
thermal energy of the plasma is converted into kinetic
energy. The plasma cools rapidly and the stream
velocity starts to increase. On the other hand, the slow
velocity component (less than 500 m/s) remains
almost unchanged. This slow-moving component is
presumably due to the fact that the ions ablated near
the end of the nanosecond laser pulse are decelerated
via collisions and/or Coulomb interactions inside the
dense plume, but a complete understanding awaits a
further study.

4, Conclusion

Laser ablation of a graphite target at 355 nm has
been investigated by a TOF mass spectrometer. A
strong nonlinear dependence of the amount,bidhs
on laser fluence is interpreted by the mechanism that
C,. ions are produced directly from the surface via
conversion of the multiphoton energy into the thermal
energy. The pulsed-field technique was used to char-
acterize the temporal evolution of *Cions in a
laser-ablated plume. The TOF distributions of C
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