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Expansion dynamics of C+ ions ejected from 355-nm laser ablation of graphite target in vacuum has been in
vestigated by pulsed-field time-of-flight (TOF) mass spectrometry. A strong nonlinear dependence of the 
amount of desorbed C+ ions on laser fluence is interpreted by the mechanism that C+ ions are produced directly 
from the graphite via conversion of the multiphoton energy into thermal energy. The temporal evolution of C+ 
ions was measured by varying the delay time of the ion repelling pulse with respect to the laser irradiation, 
which provides significant information on the ablated plume characterization. The TOF distributions of ablated 
ions showed a bimodal shape and could be fitted by shifted Maxwell-Boltzmann distributions. The velocity of 
the fast component increases with the delay time, whereas the slow component (< 500 m/s) exhibits a constant 
velocity. Also studied were the effects of the laser fluence on the energetics of C+ ions.

Introduction

Pulsed laser ablation provides a convenient method for 
processing a wide variety of solid materials. Recently, laser 
ablation of graphite target has proved to be one of the most 
suitable methods for the thin film preparation of fascinating 
materials like fullerenes, single-walled nanotubes, and dia
mond like carbon (DLC) films.1-3 In order to produce high 
quality films with unique characteristics, however, it is desir
able to know the composition and energetics of the particles 
being deposited and to understand the mechanisms that pro
duce these particles.

An understanding of the temporal behavior of ejected spe
cies in the ablated plume is important in order to deposit thin 
film with desired properties. Although laser-ablated plasmas 
have been studied to some extent, the dynamics of laser 
interaction with materials as well as the detailed aspects of 
laser-induced plume formation and expansion are not fully 
understood, particularly in the case of carbon. Studying the 
spatial and velocity distribution of the ablated species, par
ticularly during initial ejection and expansion, can provide a 
better knowledge of the ablation dynamics.

A detailed understanding of the elementary processes in 
the irradiated material leading to ablation, as well as the 
interactions in the plume occurring after the ejection events, 
is essential for characterization of the final velocity distribu
tion. Several experimental studies such as emission spectro- 
scopy,4 optical absorption spectroscopy,5 laser-induced fluo
rescence spectroscopy,6,7 time-integrated and time-resolved 
imaging,8 and time-of-flight mass spectroscopy techniques9,10 
were applied to clarify the nature of the ablated plume. 
There is no clear understanding, however, of the physical 
processes leading to the observed time dependent velocity 
profile of the ejected particles since laser ablation is a tran
sient process involving complex physical phenomena.

In this work our emphasis is on elucidating the details of 
the C+ laser ablation mechanism and its temporal propaga

tion dynamics. The laser-induced plume from the graphite 
target in a high vacuum condition are characterized by mea
suring their TOF mass spectra and obtaining time dependent 
velocity profiles using a pulsed-field time-of-flight mass 
spectrometric technique. We show that when the observed 
correlation between the spatial and velocity distributions is 
transformed into a relation of arrival time of TOF mass spec
tra, the flow velocity of ejected ionic species can be deter
mined. The flow dynamics of plume expansion as well as 
the ablation mechanism are also investigated as a function of 
laser fluence.

Experiment지 Section

The experimental apparatus for laser ablation/pulsed-field 
TOFMS system was reported previously.10,11 Briefly, laser 
ablation of a graphite target was carried out in a vacuum 
chamber (base pressure < 5 x 10-7 Torr) combined with a 
TOFMS, where positive ions were accelerated by a pulsed 
electric field and detected with a microchannel plate (MCP) 
detector. A target disk (10 mm in diameter, 2.5 mm thick) of 
graphite (99.95% purity) was placed at the repeller of the ion 
optics. A laser beam at 355 nm provided by the third har
monic of a ^-switched Nd : YAG laser is focused and is irra
diated on the target with an angle 45o normal to the surface. 
The laser fluence used in these experiments ranges from 
0.51 to 0.96 J/cm2 with a pulse duration of 10 ns and repeti
tion rate of 10 Hz. Following a delay of typically Td = 0-1.0 
Rs after the laser shot, the positive ions are extracted by a 
+1500 V pulsed electric field, applied to the repeller, and 
enter the 1-mm small orifice of the collecting electrode. The 
ion signal from MCP detector is recorded by a 300 MHz dig
ital oscilloscope (LeCroy 9350A), which is interfaced to an 
IBM computer. The mass spectra in the present experiment 
are obtained by a cumulative collection of 300 laser shots.

The TOF mass spectrometer can be operated in two modes 
depending on the delay time of the pulsed repelling field. In 
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mass spectrometer mode, the ions are accelerated without 
delay time (Td = 0) right after the laser ablation, thus the 
mass spectrum can be obtained. In the translational spec
trometer mode, the velocity distribution of the ablated ions 
can be determined by measuring its TOF distribution at a 
variable Td with respect to the timing of the laser pulse. Since 
the ions in the ejected plume propagate in the field-free 
region of the source during the delay time Td, the velocity 
components at directions normal to the ablation surface can 
be calculated from the arrival time of ion, the delay time Td, 
and the geometric parameters of mass spectrometer.11,12 This 
method thus reflects the spatial and velocity distribution of 
ions above the target surface.

Results and Discussion

Figure 1 illustrates a typical TOF mass spectrum of cat
ions produced by 355 nm laser irradiation on a graphite tar
get in high-vacuum with a laser fluence of 0.51 J/cm2. The 
spectrum is obtained with the mass spectrometer mode (Td = 
0 ms). It exhibits a major sequence of carbon cluster ions up 
to twenty atoms. The intensity distribution is nearly identical 
to that observed at low laser fluence (< 1 J/cm2) of A= 532 
nm by Gaumet et al.13 In addition, intensity alterations with 
higher intensities of Cn+ and C15+ peaks are similar to those 
for laser ablation followed by a supersonic expansion with 
helium gas.14 Eyler, et al. measured the ionization potentials 
(IP’s) of carbon clusters on the basis of charge-transfer tech
nique.15,16 These authors found that the odd-numbered car
bon clusters represent each minimum in a plot of IP’s over 
the cluster size. The unusual abundance of these cluster ions 
may thus be due to their low IPs rather than to a special 
degree of stability. The relatively low dissociation energies 
of even-numbered cluster ions also reveal the n-odd species 
to be more stable than the n-even species for n = 1-15.17

It is also found that the laser fluence changes drastically 
the relative intensity distribution of cluster ions. The enhance
ment of the C1+ and C3+ ion signals becomes more prominent 
as the laser fluence is increased, indicating that the concen

tration of the small cluster ions increases with laser fluence 
mainly due to the fragmentation of larger clusters within the 
hot plume. Therefore, it is believed that fragmentation pro
cess is much faster than the time scale of plume propagation 
after the laser irradiation. The peaks at 15.1 卩s and 19.6 卩s 
correspond to the trace impurity elements, known to exist in 
the graphite target surface, such as Na and K. Both elements 
were used as internal references for the mass calibration.

The inset of Figure 1 represents the expanded TOF mass 
spectrum corresponding to C1+-C3+ ions. As can be seen from 
the spectrum, each peak of monatomic and cluster ions shows 
a bimodal distribution, which is ascribed to the two different 
velocity components of ablated ions. The peaks at longer and 
shorter TOF correspond to the slow and fast velocity compo
nent, respectively, as will be described in more detail later. 
The fact that different velocity components are obtained for 
same mass clearly reveals the formation of two separated 
ionic clouds during the plume formation and expansion.

In order to understand the ablation mechanism of C+ ions, 
the effect of laser fluence at the target surface was investi
gated over a range of 0.51-0.96 J/cm2. Figure 2 displays the 
TOF spectra of laser ablated C+ ions in high vacuum as a 
function of the laser fluence. The delay time between the 
laser shot and the ion extraction pulse was set at Td = 0 卩 s. 
The signal intensities obtained at ⑦=0.51 J/cm2, 0.64 J/cm2, 
and 0.80 J/cm2 were increased by the factor of 20, 15, and 5 
to facilitate comparison. Increasing the laser fluence, the 
spectra are characterized by the increase of ion intensities, 
indicating that more materials are ablated and emitted from 
the target. The temporal distribution of ions in each spec
trum exhibits quite a broad distribution as the laser fluence 
increases.

Another distinct feature to be noted is that each TOF spec
trum consists of two components, which correspond to fast 
and slow velocity component. Furthermore, it is observed 
that increasing the laser fluence, the arrival time of fast com
ponent keeps getting short while the slow component shifts 
toward the longer flight time. The peak width also becomes 
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Figure 1. Typical TOF mass spectrum of laser ablated ions 
produced by laser irradiation (九=3 55 nm) of a graphite target in 
high vacuum. The laser fluence is 0.51 J/cm2.

Figure 2. Time-of-flight spectra of laser ablated C+ ions in high 
vacuum as a function of laser fluence at Td = 0 卩 s. The signal 
intensities ⑦=0.51 J/cm2, 0.64 J/cm2, and 0.8 J/cm2 were increased 
by the factor of 20, 15, and 5 to facilitate comparison.
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more and more wide. This behavior can be ascribed to the 
Coulomb interaction of ions and electrons inside the plume. 
As the energy density is raised, more material is ablated 
from the target and the plume density is increased. For this 
reason, the Coulomb repulsion of ions within the dense 
plume as well as the Coulomb attraction of the ions by nega
tively charged electrons escaping from the plume boundary 
will be increased. Therefore, the fast velocity component is 
accelerated forward, and the slow one is moving backward 
at directions normal to the ablation surface.

The ion intensity increases nonlinearly with laser fluence, 
i.e., I = aFq, where I is the integrated C+ signal, a is a con
stant, and F is the laser fluence. Because the power law is 
characteristic for a multiphoton process, we consider that the 
ablation of C+ ion is caused by the q-photon process at the 
present fluence range of 0.51-0.96 J/cm2. From the best lin
ear fit of the logI versus log ⑦ plot, q = 6.5 is obtained. Only 
4 photons (hv= 3.5 eV) are sufficient for ionization of 
valence shell electron, considering the ionization potential of 
carbon monovalent ion (Eip = 11.3 eV).18 For the formation 
energy of C+ ions, E(C+), from the graphite surface, how
ever, the bond-breaking energy Ed(C) of a carbon atom from 
an atomic monolayer composed of sp2 bonding character 
should be taken into account, i.e., E(C+) = Ed(C) + Eip.12 The 
calculated number of photons necessary for generating C+ 
ions is found to be q = 5.3. The discrepancy between the 
observed q value with theoretical value is presumably due to 
the additional photofragmentation of high cluster ions during 
the nanosecond laser pulse, which results in an additional 
increase of C+ ions at high laser fluence.

The pulsed-field time-of-flight mass spectrometric tech
nique, which observes the TOF ion signal as a function of 
the delay time between the laser shot and the repelling elec
tric field applied, offers an excellent means to investigate the 
distribution of the ionic species at the initial stage of plume 
expansion. The TOF spectra corresponding to the C+ ions 
were plotted as a function of the delay time, as shown in Fig
ure 3. The spectra were obtained with laser pulse energy of 
0.96 J/cm2. An increase in the delay time results in a small 
decrease of ion intensities, indicating that the ablated plume 
does not spread greatly in space above the target surface dur
ing the delay time of current study. The result is consistent 
with the previous observations that the expansion of the 
plume is one dimensional during shorter time intervals while 
for larger time scales the expansion is essentially three 
dimensional.19 The maximum peak intensity at Td = 0.07 卩s 
is attributed to the narrow peak width of the spectrum due to 
the space focusing effect of linear TOFMS.20 Its integrated 
intensity is, however, smaller than those of spectra at Td = 0
0.05 您 region.

Another important observation is that each TOF spectrum 
consists of two components as a result of the two separated 
ionic clouds. The arrival times of each component shift to a 
longer flight time with increasing Td. This is because the ions 
move away from the target surface during Td, thus acquire 
less kinetic energy U after repelling electric field is applied. 
In addition, it is also noted that the arrival time of the fast

Figure 3. TOF spectra of laser ablated C+ ions in high vacuum as 
a function of delay time between the laser shot and the extraction 
pulse. The laser fluence is 0.96 J/cm2. Us and Uf denote the slow and 
fast velocity components, respectively.

velocity component (uf) is shorter than that of slow one (us) 
at Td < 0.05 您. The observation of the sin이e peak structure 
at Td = 0.07 卩s is indicative of the same arrival time of two 
velocity components in spite of their different positions after 
the plume expansion. This space focusing is due to the fact 
that an ion initially closer to the ion detector (fast expansion 
velocity) acquires less energy within the repelling electric 
field and is therefore eventually overtaken by ions that have 
slow expansion velocity. After Td = 0.08 ms the twin peak 
structure of the TOF spectra appears again, where the arrival 
time of the fast component shows a longer flight time than 
that of the slow one.

It is interesting to note that the two kinds of the velocity 
distributions can be distinguished in each spectrum, suggest
ing that the particles emitted on the surface of the target are 
separated into two components at the early stage of the abla
tion. This phenomena are also observed with the continuous 
extracting field, i.e., Td = 0, which means that the bimodal 
peak shapes are not affected by the experimental conditions. 
The observation of two velocity components may be caused 
either by a delayed emission of ejecta after the laser irradia
tion or by the hydrodynamic effects within the ablated plume. 
Namely, higher fluence than the critical energy density may 
produce ions deep inside the solid that exhibit some time
delay because of collisions with ions desorbed from the sur
face region. In Figure 3, the arrival time of C+ ion is distrib
uted in the range 10.4-10.8 您 at Td = 0. If the two velocity 
components could be ascribed to the delayed emission of C+ 
ions with the same velocity distribution, the broad arrival 
time distribution with increasing Td would be expected due 
to the spatial spread of ions during the delay time after the 
laser shot. The observation of the narrower peak width of C+ 
ions at Td = 0.05-0.1 您 region eliminates the possibility of 
delayed emission of ablated ions.

In a fast intensified-CCD photographic studies on the laser 
ablation of YBCO target, Geohegan has reported that the 
fast component expands nearly one-dimensionally and the 
slow, stationary component occupies a region out to d = 1 
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mm from the target surface.21,22 Kelly et al. have also sug
gested that the collisions between the ejected species during 
the initial expansion produce a stopped or backward-moving 
component close to the target and a strongly forward-peaked 
velocity component away from the target.23,24 These results 
are in reasonable agreement with our current observation 
since there is ample time for the particles to undergo colli
sions within the plume during the nanosecond duration of 
the laser pulse. It is, therefore, concluded that the accelerated 
motion of the ions at the front side of the plume slow down 
the ions that ablate near the end of the laser pulse.

As another possible route that could produce the two velocity 
components of C+ ions could involve the different formation 
processes of ejected species. The C+ ions formed by the direct 
ablation have, in general, larger translational energy than neu
tral atoms due to the charge separation induced by the elec
trons escaping from the plume boundary. The slow velocity 
component might come from the ions formed by either frag
mentation of the larger cluster ions or collisional ionization 
of neutral atoms.

The TOF spectra taken at different delay time enable us to 
deduce the time-dependent kinetic energy information of 
ablated ions at the initial stage of plume expansion. The 
arrival time distribution of C+ ion can easily be transformed 
into velocity distribution using a shifted Maxwell-Boltz
mann (MB) distribution.11,12 In fact, due to collisions among 
the evaporated particles in the first stage of plume expansion 
in vacuum, laser ablation from solid surface behaves like a 
nozzle source, creating a strongly forward-peaked particle 
flux with a large center of mass velocity vz along the normal 
to the target surface. For the bimodal distributions that we 
observe the fit function is of the form25

f(Uz) = Au3 exp[-m(Uz-us)2 / 2kTs] + Bu3

exp[-m( Uz-Uf)2 / 2kTf] (1)

where Us,f denote the flow velocities and Tsf the translational 
(or stream) temperatures for the slow and fast components, 
respectively, m is the mass number of species, k is the Boltz
mann constant, and A and B are parameters used to fit the 
relative intensities of the two components.

Figure 4 shows the results of the best curve fit (closed cir
cles) and experimental TOF spectra (solid lines) of C+ ion 
with a laser fluence of 0.96 J/cm2 at Td = 0.09 and 0.14 ji s. 
Each peak in the TOF spectra is well fitted by a shifted MB 
distribution of ejected ions given in Eq. (1), implying that 
the ions desorbed by the laser ablation reach thermal equilib
rium at each expansion stage. 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 results 
also indicate that the expansion process of ionic species in 
the plume is similar to that of the supersonic nozzle expan- 
sion.26 The fast and slow flow velocities at Td = 0.09 卩s are 
determined to be 2090 m/s and 410 m/s, respectively. At Td = 
0.14 i s, the fast velocity in the plume is increased to 3990 
m/s. The errors of stream velocities are found to be in the 
range of ±20 m/s.

The large arrival time difference of 0.13 卩s between the

Figure 4. The shifted Maxwell-Boltzmann fit of the TOF spectra 
of C+ ion with a laser fluence of 0.96 J/cm2 at (a) Td = 0.09 and (b) 
Td = 0.14 ms. The solid lines are experimental data and the closed 
circles are the best fit. Fit parameters (a) Ts = 110 K, Us = 410 m/s, 
Tf = 210 K, Uf = 2090 m/s, (b) Ts = 350 K, Us = 200 m/s, Tf = 190 K, 
Uf = 3990 m/s.

two peaks observed at zero delay time (see Figure 3) does 
not allow us to obtain a reliable fit for the velocity distribu
tion. This is because these peaks correspond to C+ ions with 
their initial velocity direction towards (the peak at shorter 
TOF corresponding to positive Uz) and away from (the peak 
at longer TOF corresponding to negative Uz) the detector. 
The double peaks at Td = 0 thus can only be explained in terms 
of a Coulomb repulsion between the ions within an high- 
density cloud close to the surface in the very early stage of 
ablation. In this reason, the theoretical fit of TOF data at 
short delay time of less than 0.02 卩 s does not provide any 
meaningful information on the flow velocity and its distribu
tion.

The time resolved observation presented here character
izes the axial expansion of the plume, i.e., strictly along a 
direction perpendicular to the target surface. The flow veloc
ities Us,f of C+ ions, plotted as a function of delay time at dif
ferent laser fluences of 0.51 J/cm2 and 0.96 J/cm2, are 
represented in Figure 5. It is quite interesting to note that at 
0.51 J/cm2 the flow velocity of fast component increases 
rapidly with delay time showing a free expansion behavior 
and reaches a plateau (Uf = 2400 m/s) after Td = 0.09 您.On 
the other hand, that of slow velocity component (less than 
500 m/s) remains almost unchanged. The increase in the fast 
velocity component can be a result of the increased tempera
ture and pressure of the plume formed above the target sur-
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Figure 5. The flow velocity of C+ ions as a function of delay time 
between the laser irradiation and the extraction pulse at (a) 0.51 J/ 
cm2 and (b) 0.96 J/cm2 laser fluence.

face. Initially, the expansion is isothermal during the time 
interval of the laser pulse. After the laser pulse terminates, 
the plasma expands adiabatically in the vacuum and the ther
mal energy of the plasma is converted into kinetic energy. 
The plasma cools rapidly and the stream velocity starts to 
increase.

At high laser fluence of 0.96 J/cm2, the increasing tendency 
of the fast velocity with the delay time is similar to that of 
Figure 5(a) but its maximum velocity is substantially increased 
to 5600 m/s. This is because the higher-energy density leads 
to a higher initial temperature of the plasma, which in turn 
gives rise to higher plume velocities. The sudden decrease in 
the velocity of these species after 0.3 卩s, however, shows the 
deceleration of the C+ species after a long delay time.

Conclusion

The pulsed-field TOFMS technique was used to character
ize the temporal evolution of C+ ions in a laser ablated plume 
produced by irradiating a graphite target at different laser 
fluences, with an Nd:YAG laser operating at 355 nm. The 
obtained relationship between the amount of ions and the 
laser fluence indicates that the ablation is caused by mul
tiphoton process when 九=355 nm laser is used as a light 
source. The TOF distributions of C+ ions are simulated very 
well by a shifted Maxwell-Boltzmann distribution superim
posed on a flow velocity. The time resolved analysis of the 
ablated ions shows the two velocity distributions with the 

fast (1000-6000 m/s) and slow (< 500 m/s) components, 
indicating that the ablated species emitted above the target 
surface separates into two components during plume propa
gation. It is also found that the fast velocity component is 
greatly affected by the laser fluence as well as the delay time 
after the laser irradiation.
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