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Abstract

Comparative study of CO, laser-produced tin-droplet plasma with and without pre-pulse laser has been presented. A pre-
pulse laser and the CO, laser was combined and focused to tin-droplet with a diameter of 180 um. The emitted Sn ions
were detected by several Faraday cups to obtain angular distribution of ions in the laser-produced tin-droplet plasma.
The influence of pre-pulse laser energy and delay time between pumping laser and pre-pulse laser on the ion
characteristics was investigated. It is illustrated that ion average kinetic energy from CO, laser-produced plasma (LPP)
can be reduced when the tin-droplet target has been replaced by the preformed Sn plasma. The obtained optimal delay
time with the lowest ion average kinetic energy is about hundreds of nanoseconds. The ion time-of-flight spectra show
a twin peak structure in laser-irradiating preformed Sn plasma. And a superimposed Maxwell-Boltzmann (MB)
distribution is proposed to describe this twin peak ion time-of-flight spectra. The fitting results quite agree with the raw
ion time-of-flight spectra in current experiment. Then, the fitted plasma temperatures and mass-center velocities with
various delay times in laser-irradiating preformed plasma are obtained, and the fitted plasma temperatures can be
comparable with ion average kinetic energy in double-pulse LPP, which justified the rationality using this
superimposed MB distribution.
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1. INTRODUCTION laser-produced tin-droplet plasma (Fujioka et al., 2008).
However, the debris generated along with EUV emissions
will directly impact the collector mirror, which placed
about 150-200 mm from the plasma source. This debris
mainly contains energetic ions and neutral atoms in laser-
produced Sn plasma. To protect the collector mirror in
EUVL source, the energetic ions of which the debris are
reduced to a low population by some approaches, such as
magnetic fields (Ueno et al., 2008; Roy et al, 2014),
mass-limited targets (Higashiguchi ef al., 2007). Hence, the
ions kinetic characteristics of the laser-produced tin-droplet
plasma is worthy of attention.

Except for improving the CE, pre-pulse technology is ben-
efit to reduce the energetic ions for extending the lifetime of
EUVL source. A 1064 nm picosecond laser is induced as a
pre-pulse in Tao’s study of ions mitigation in laser-irradiating
solid tin target (Tao & Tillack, 2006). Compared with that
without pre-pulse, the flux peak of the ion kinetic energy
has been reduced to more than 30 times without loss of
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Laser-produced plasma (LPP) has broad prospects for appli-
cation, such as inertial confinement fusion, laser-induced
breakdown spectroscopy, x-ray sources, etc. (Salik et al.,
2014; Pisarczyk et al., 2015; Roy et al., 2015; Wu et al.,
2016). Within the laser parameters of 10" < [\ < 10%2,
which I, (W/cm?) is the laser intensity and Ap (um) is the
laser wavelength, LPP has been developed as a practicable
candidate for the extreme ultraviolet lithography (EUVL)
sources. Due to it emits strongly in the in-band EUV
region (13.5 nm with 2% bandwidth), tin has been identified
as the most efficient target material of interest for
LPP-EUVL sources (Richardson et al., 2004; George
et al., 2007), especially pure tin-droplet target has been em-
ployed in the high volume manufacturing EUVL source
(Mizoguchi et al., 2015). To improve the EUV conversion ef-
ficiency (CE), a pre-pulse technology is employed in CO,
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Okazaki et al. (2009) investigated Sn atoms kinetic behavior
by a laser-induced fluorescence method and a high-speed im-
aging, respectively, where the target is irradiated by a CO,
laser combined with a pre-pulse Nd:YAG laser. It is found
that pre-pulse technology is useful for the mitigation of the
particle debris. With the same combination of CO, laser
and a Nd:YAG pre-pulse laser, Hassanein (2011) studied
the combined effects of pre-pulse and target geometry on
EUV emission. Their results suggest an optimal spot size is
of the order of 300 um, which is for the CO, laser irradiating
on 100 um droplet-target with the pre-pulse to generate the
highest EUV CE.

It is generally known that the critical density in plasma for
a 10.6 pum CO, laser is two orders of magnitude smaller than
that for a 1.06 um Nd:YAG laser (Banine et al., 2011). Thus,
shorter wavelength Nd:YAG laser easily produces dense
plasma that is opaque for longer wavelength CO, laser,
which make the CO, laser radiation more easily absorbed
during the plasma expansion. Because of this, a long
wavelength laser with a shorter wavelength pre-pulse laser
is commonly employed in pre-pulse technology. Many of
the droplet-based studies are focus on single-pulse laser-
produced Sn plasma. It is illustrated that the Sn ion average
kinetic energy increases with the angle closing to the incident
Nd:YAG laser beam (Gambino et al., 2014). Meanwhile, the
ion kinetic energy has been found to increase with increasing
the ionization stage of Sn ion in study of Nd:YAG laser-
produced Sn plasma (Rollinger et al., 2010; Giovannini
et al., 2015). As to laser-produced tin-droplet plasma with
a pre-pulse laser, there are few studies on the characteristic
of ions kinetic energy yet. Further study of the ion debris
in CO, laser-produced tin-droplet plasma with a pre-pulse
laser is necessary.

In this paper, the kinetic characteristics of Sn ions was in-
vestigated by CO, laser-irradiating tin-droplet target with and
without a Nd:YAG pre-pulse laser in vacuum. Ion average
kinetic energy has been comparatively studied between
Nd:YAG and CO, laser-produced tin-droplet plasma. The
dependence of ion average kinetic energy on the delay time
between pre-pulse and pumping pulse has been studied.
And we discussed the variation mechanism of ion average ki-
netic energy in terms of ion acceleration during plasma ex-
pansion. In addition, a superimposed Maxwell-Boltzmann
(MB) distribution formula is proposed to analyze the detect-
ed Sn ion signals from CO, LPP with the pre-pulse. The
plasma temperature and mass-center velocity in CO, laser-
produced preformed plasma are obtained as well by fitting
the MB formula with measured ions average kinetic energy.

2. EXPERIMENT ARRANGEMENTS

The schematic of the experimental arrangement is illustrated
in Figure 1. A self-made tin-droplet generator has been used
for generating uniform 20 kHz tin-droplets with 180 um di-
ameter in 107 Pa vacuum. A continuous Helium-neon
laser beam is set to probe the regenerative tin-droplets.
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Fig. 1. The schematic of the experimental arrangement for CO, laser-
irradiating tin-droplet with a Nd:YAG pre-pulse laser (SDG, signal delay
& generation system; PD, photoelectric detector).
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Then the generated pulsed signal of Helium—neon laser is de-
tected by a photodiode, and transmitted to a self-made signal
delay & generation system, which has a 250 ps time-delay ac-
curacy. This system can produce multiple-independent sig-
nals with division and time-delay to trigger one or more
lasers. In present operating, the high-frequency tin-droplet
signal is divided to 1 Hz, and then triggers the pulse laser
working. By coupling the jet velocity of droplet and laser
trigger delay, it ensures that one tin-droplet can be accurately
hit by the laser pulse below the illumination position of the
Helium—neon laser beam. Two lasers are employed: one is
1064 nm Nd:YAG laser with 7.5 ns full-width at half-
maximum (FWHM); another one is 10.6 pm CO, laser
with 75 ns FWHM, which has a tail of the order of 1 ps.
The Nd:YAG laser and CO, laser are combined by a self-
made mirror, and the combined laser beam is focused by a
commons lens with a focal length of 100 mm. The focal
spot sizes are 300 and 60 pm, corresponding to the CO,
laser and Nd:YAG laser, respectively.

A series of Faraday cups (FCs), which has an open aper-
ture diameter of 6 mm, are employed to detect ions signal.
The FCs are biased with a —30 V dc voltage to reject elec-
trons from the laser-produced tin-droplet plasma and protect
the secondary electron emission, which placed at the same
equatorial plane with the laser axis. The distance from the tin-
droplet target to the FCs is 163 mm, and the latter is placed at
various angles from 30° to 135° with respect to the laser
beam incident direction, which displayed in Figure 1.
What’s more, the laser temporal waveforms are acquired by
a photoelectric detector to obtain the delay time of CO, laser-
irradiating preformed plasma that is the peak interval be-
tween CO, laser and Nd:YAG laser. An oscilloscope is
used to record signals from the FCs, which is triggered by an-
other oscilloscope used to recorded laser temporal waveform.
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3. RESULTS AND DISCUSSION

In the current experiment, the Nd:YAG laser energy is 48 mJ
with the laser intensity of 2.2 X 10" W/ cmz, and the CO,
laser energy is 600 mJ with the laser intensity of 1.2 X
10" W/cm?. Many of the Sn droplet-based researches are
concentrated on the plasma produced by Nd:YAG laser
(Rollinger et al., 2010; Gambino et al., 2014; Chen et al.,
2015; Giovannini et al., 2015). There is rarely comparison
of Sn ions kinetic energy between Nd:YAG laser and CO,
laser yet. Hence, the ions kinetic characteristic are compared
between Nd:YAG LPP and CO, LPP firstly. The Sn ion sig-
nals in plasma are detected at different angle 6 along with the
laser beam incident direction, which are shown in Figure 2
where (a) is for Nd:YAG LPP and (b) is for CO, LPP. The
time marker of ions signal is from the detected laser signal,
and the corresponding laser temporal waveform is attached
in Figure 2. As shown in Figure 2a, the Sn ion signal from
Nd:YAG laser irradiation is a smooth single peak, which
decays with the 0 increasing. This broad and intense signal
of Sn ion is called main peak. The main peak of Sn ion
signal from CO, laser irradiation is not a smooth single
peak, and an underintense peak that appears earlier than
the main peak is called fast peak, which can be observed in
Figure 2b. This fast peak is usually generated by the tail of
CO, laser. If the laser tail is cut off by a plasma shutter,
the fast peak will disappear, while the main peak is almost
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Fig. 2. The Sn ion signals of the plasma with the angle 6 of 45°, 90° and
135°. (a) for Nd:YAG LPP; (b) for CO, LPP.
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Fig. 3. Ion kinetic energy spectrum for Nd:YAG laser and CO, laser-
produced Sn plasma at angle 6 of 45°, 90° and 135°.

unchanged in CO, laser-irradiating Sn target (Takahashi
et al., 2008).

The ion kinetic energy distribution f (E) in eV ™' derived
from the signals in Figure 2 are shown in Figure 3. Consid-
ering of the Sn ion signal from CO, laser irradiation presents
more than one peak, the ion average kinetic energy E, is cal-
culated to represent the ion kinetic characteristic in LPP. In
the case of CO, laser-irradiating tin-droplet target, the E,
are calculated as 281, 207, and 166 eV corresponding to
the 0 of 45°, 90°, and 135°, respectively. In the case of
Nd:YAG laser-irradiating tin-droplet target, the E, are calcu-
lated as 94, 63, and 41 eV corresponding to 45°, 90°, and
135°, respectively. It is illustrated that CO, laser irradiation
promotes more energetic ions than Nd:YAG laser irradiation,
although the laser intensity of CO, laser is smaller than that
of Nd:YAG laser. A similar result has been observed at the
plate-based Sn target in Takahashi et al.’s study (Takahashi
et al., 2008) The reason could be attributed to the significant
difference in the critical density between CO, laser and
Nd:YAG laser. Compared to CO, laser, Nd:YAG laser has
stronger penetrability and thus the laser radiation absorption
appears in deeper region of target surface (Freeman et al.,
2011). Accordingly, the collision with the surrounding parti-
cles will lead to more ion kinetic energy loss during plasma
expansion in case of the Nd: YAG laser compared with that of
CO, laser.

In the plasma generated by CO, laser with a Nd:YAG pre-
pulse laser, the Sn ion signals with several delay times at the
0 of 45° are shown in Figure 4. The corresponding Sn ion sig-
nals from Nd:YAG laser irradiation and CO, laser irradiation
are presented for a comparison. At 13 ns delay time, the main
peak of Sn ion signal is a single peak that sharper than it for
Nd:YAG laser irradiation. From delay time of 92 to 217 ns, a
slow peak of Sn ion signal comes on which is the underin-
tense signal after main peak. Then the slow peak disappears
at 305 ns delay time where the main peak is close to that for
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Fig. 4. The Sn ion signals (black lines) at the 8 of 45° from the plasma generated by CO, laser with a 48 mJ Nd:YAG pre-pulse. The
signals with various delay times are under the same intensity scale as that for 48 mJ Nd:YAG laser (leftmost part).

Nd:YAG laser irradiation. There is no fast peak appears when
employing the Nd:YAG pre-pulse in the current experiment.

In order to understanding the variation of the E, in CO,
laser-irradiating preformed plasma, a 32 mJ pre-pulse has
also been employed in this experiment for a comparison.
The consequent E, with various delay times at the 0 of 45°
are shown in Figure 5. The dash lines indicate the corre-
sponding E, in 48 and 32 mJ pre-pulse laser-produced Sn
plasma. As shown in Figure 5, the maximum E, up to
180 eV in CO, laser-irradiating preformed plasma which is
smaller than the E, of 281 eV for CO, laser irradiation tin-
droplet target. It is illustrated that ion average kinetic
energy in CO, laser-produced Sn plasma can be reduced
by employing a Nd:YAG pre-pulse. At the same delay
time, CO, laser-produced Sn plasma with 32 mJ pre-pulse
presents smaller ion average kinetic energy than that with
48 mJ pre-pulse. With increasing the delay time, the E, in
Sn plasma generated by CO, laser irradiation with both of
32 and 48 mJ pre-pulse are follow a trend: rapidly increases,
then decreases and finally recovers, which in comparison
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Fig. 5. The variation of E, versus delay times at the 0 of 45° in CO, laser-
produced Sn plasma with two pre-pulse energies.
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with that of the plasma generated by Nd:YAG pre-pulse
laser irradiation. With 32 mJ pre-pulse, the maximum E, of
CO, laser-produced Sn plasma appears at 10 ns delay time
which is earlier than the 23 ns in the case of 48 mJ pre-pulse.
The minimum E, of CO, laser-produced Sn plasma with
32 mJ pre-pulse appears at 100 ns delay time, which is also
earlier than the 164 ns in the case of 48 mJ pre-pulse, as
shown in Figure 5. What’s more, the angle dependence of
the E, in the case of 48 mJ pre-pulse are shown in Figure 6.
It is illustrated that the decreases with the increasing of the
angle 0. This is attributed to that the laser energy deposited
into preformed plasma mainly focus on the side of incident
laser.
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Fig. 6. The angle dependence of the E, versus delay times under 48 mJ
pre-pulse.
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Here, the results and the variation mechanism of ion aver-
age kinetic energy are interpreted and discussed in terms of
the interaction between the laser pulse and the expanding
plasma in vacuum. In range of 10" < ;A < 10", where
L. (W/ sz) is the laser intensity and Ay (um) is the laser
wavelength, the dominant mechanism of ion acceleration is
due to the electrostatic field created by fast electrons leaving
the plasma (Murakami et al., 2005). The strength of the ac-
celerated electric field is related to the Debye length where
quasi-neutrality breaks down in plasma. Under the quasi-
neutrality conditions, the plasma has an initial density scale
length [ which is greater than or equal to the local Debye
length. The plasma can be regarded as a composition of the
positive and negative layers separated by a neutral zone,
such as the capacitor model (Eliezer et al., 2014), which is
generally called double layer (DL) (Bulgakova et al.,
2000). Hence, the electric field associated with the [ can
be written as (Grismayer & Mora, 2006)

E = kBTe/61557 (1)

where kg is the Boltzmann constant, 7, is the initial electron
temperature in plasma, and e is the elementary charge. This
electric field plays a crucial role in the ion acceleration of
the plasma and distinguishes between the pumping laser
with and without pre-pulse. In nanoseconds LPP, the forma-
tion time of initial plasma is much shorter than the duration
of the laser, and most of the laser energy are deposited onto
the generated plasma. With the CO, laser-irradiating tin-
droplet, this cold target has a sharp density profile with
s = 0. When the tin-droplet target has been pre-irradiated
by the pre-pulse laser, the preformed Sn plasma has a
smooth density profile with the I/ > 0. According to Eq.
(1), the electric field for ion acceleration is significant re-
duced when the performed plasma instead of the tin-droplet
target in LPP. And T. Grismayer and Mora (2006)’s simula-
tion results demonstrate that the efficiency of the ion acceler-
ation is reduced with larger [y in the plasma. In addition, the
laser intensity in the present experiment is at a moderate
range that is ; \{ < 10'°. The electrons in the plasma present
a single thermal population and the initial electron density in
corona region of the plasma will approximately equal the crit-
ical density (Burdt et al., 2010). The lower initial electron
density for CO, laser leads to relatively more energy depos-
iting per electron and higher initial electron temperature. In
contrast with Nd:YAG laser, CO, laser is easily to produce
stronger electric field for accelerating ions in LPP in accor-
dance with Eq. (1). This can also explains the different E,
between Nd:YAG LPP and CO, LPP presented above.

It is interesting to compare the E, of CO, combining pre-
pulse laser-produced Sn plasma with that of pre-pulse laser-
produced Sn plasma only. Due to the rise time of CO, laser is
approximately 35 ns, the tin-droplet target is actually irradi-
ated by both of Nd:YAG pre-pulse laser and CO, laser
within a short delay time. The superposition of Nd:YAG
laser and CO, laser leads to higher ion charge stage and
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thus the larger ion acceleration in plasma. With increasing
the delay time, the Nd:YAG pre-pulse laser will far away
from the time domain of CO, laser gradually. This leads to
the decreasing of CO, laser energy directly depositing into
preformed Sn plasma. Furthermore, the electron temperature
rapidly decreases during the adiabatic expansion of pre-
formed plasma since the end of pre-pulse. From Eq. (1),
the reduced T, and increased [y for the preformed plasma
resulting the reducing of E and thus the E, of CO, laser-
produced Sn plasma with pre-pulse.

There is a moderate delay time for reducing the E, of CO,
laser-produced Sn plasma with pre-pulse below that of pre-
pulse laser-produced Sn plasma only, as shown in Figure 5.
In fact, the preformed plasma cloud is expands with a
high speed after the ending of the Nd:YAG pre-pulse
laser-irradiating tin-droplet. And the density in preformed
plasma core is greatly decreased at a longer delay time,
such as 150 ns for 48 mJ pre-pulse. Then, the preformed
plasma ion, where the pumping laser energy deposition,
will be accelerated all directions due to the unrestrained elec-
tron flight. This is similar to the fast electrons could leave
target surface or through the target when the pulse laser-
irradiating thin-foil target (Eliezer et al., 2014). And for a
common plate target, the fast electrons only escape along
the target normal due to the target constraint. When the
CO; laser irradiate the un-dense preformed plasma in the cur-
rent experiment, the electrons that are moving inward will
weaken the associated electric field and against the DL for-
mation. It is the reason that the decreasing of E, of preformed
plasma when it has been irradiated by pumping laser. At this
moderate delay time, the CO, laser energy deposits deeper
into the preformed plasma compared with that with shorter
delay time. Only the ions close to the preformed plasma
core have been affected and decelerated by the pumping
laser, which resulting in the double-peak structure of Sn
ion signals shown in Figure 4.

With further increasing the delay time, the associated elec-
tric field decreases with the preformed plasma scale exceed-
ing the region of CO, laser gradually. In fact, the velocity of
ions expanding is of order of 10° ~ 10°cm/s (Gambino
et al., 2014), and the un-ablated target material are broken
into the fragment and ejected at opposite direction of the
laser incident direction (Mizoguchi et al., 2015). Therefore,
the E, in CO, laser-produced Sn plasma with the pre-pulse
is firstly up and downward later, finally upward again with
increasing the delay time. The maximum enhanced E, is
about two times of the E, of pre-pulse laser-produce Sn
plasma only, and the maximum reduced E, is of the order
of one-third of the maximum E,. This amplitude of enhance-
ment or reduction for the E, of CO, combining pre-pulse
laser-produced Sn plasma is the same for both with the 32
and 48 mJ pre-pulse.

According to the mechanism of E, variation with delay
time shown in Figure 5, the interaction process between the
CO, laser and the preformed plasma could be considered
as three different stages associated with delay time. These
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Fig. 7. The different stages of ion kinetic energy changing in the interaction between CO, laser and preformed plasma. (a) the E,
increasing stage; (b) the E, decreasing stage; (c) the E, re-increasing stage.

three different stages are shown in Figure 7, which (a) is the
E, increasing stage, (b) is the E, decreasing stage, and (c) is
the E, re-increasing stage. The delay time plays a crucial role
in the variation of the E,. As a consequence, there exists an
optimal delay time for reducing ion average kinetic energy
of CO, laser-produced Sn plasma with a Nd:YAG pre-pulse
laser. With 48 mJ pre-pulse, the optimal delay time is of the
order of 164 ns, which is longer than 100 ns for that with
32 mJ pre-pulse. This phenomenon can be explained by
that larger pre-pulse energy is more easily to produce the
dense plasma with longer duration.

In addition, many ion measurements performed under LPP
conditions demonstrate that the ion signal can be fitted a
shifted Maxwell-Boltzmann (SMB) distribution (Hess,
1989; Kools et al., 1992), which can be written as

2
S(r) ~ €73 exp{—m(é — u) /2kg Teff}» 2

where S(¢) is the signal intensity at distance / from the target
and at time ¢ after the laser pulse arrived the target; C is a di-
mensional normalization factor, m is the ion mass. The u is
the velocity of the plasma center of mass along the normal
to the target surface. And T.¢ with unit of K is the kinetic
temperature in a coordinate system flowing with velocity u
based on local thermodynamic equilibrium (LTE) assump-
tion. The velocity of moving plasma cloud can be deduced
from ion signal fitting. And this SMB distribution has been
well applied on the ion signal generated by single-pulse irra-
diating tin solid target (Harilal et al., 2006). However, angu-
lar distributions have shown that ion distributions for
different angles cannot be described by one pair of parame-
ters. Kools et al. (1992) proposed the elliptic MB distribution
by taking into consideration the angular dependence. The
form of elliptic MB distribution in polar coordinates is writ-
ten as

Isin 0

2
S(r) ~ Cr3 exp{—m( ) /2kp Ty

2
_m<l“;se - u> /ZkBTZ},

3
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where [ is the distance from target to the detector and 0 is the
angle with respect to the incident laser direction. The T,
from Eq. (2) has been be decomposed into T,, and T,
which are called transversal and longitudinal temperatures
(elliptical temperatures) in Eq. (3). And u in Eq. (3) is regard-
ed as the plasma mass-center velocity along with laser beam
incident beam. The Sn ion signals at various angles from 30°
to 135° from the plasma generated by 48 mJ Nd:YAG laser
have been fitted by Eq. (3) The fitting results are as follows:
T,, =69 X 10*K (59 eV) that is approximate to 7, =72 X
10* K (62 eV) and u = 6.0 km/s; the R* is 0.99. Then limit-
ing T\, equals to T, which taking T, instead of T, and T,
the re-fitting results are as follows: To = 66 X 10*K (57 eV)
and u = 6.7 km/s; the R? is 0.99. The thermal motion of Sn
plasma is well described by Eq. (3) with T = T, = T, de-
spite this elliptical temperatures missing clear physical mean-
ing (Morozov, 2015). A similar process of the fitting based
on Eq. (3) for Nd:YAG laser-irradiating tin-droplet target
can be observed elsewhere (Chen et al., 2015).

As to the plasma generated by CO, laser irradiation with a
48 mJ Nd:YAG pre-pulse, the Sn ion signals at delay time of
23 and 164 ns have been fitted by Eq. (3) with limiting T, =
T,. The fitting results of delay time of 23 and 164 ns are
shown in Figures 8a and 6b, respectively. The heavy lines
are the fitting values and the thin solid lines are the raw
signal values. As shown in Figure 8, the fitting values not
well agree with the raw signal values, especially for the
double-peaked signals. Although the ion signals at 23 ns
delay time are single-peaked, the raw signal values seems
to sharper than the corresponding fitting values. Equation
(3) is a single-peaked mathematical expression and not
quite suited to fit the Sn ion signals from CO, laser irradia-
tion with pre-pulse.

In fact, the Sn ion signal detected by FC is contributed by
the various components with different charge stages. The ki-
netic energy distributions of the Sn ions for each charge state
at both Nd:YAG and CO, laser radiation are fitted by the
functions of Gaussian form in Burdt er al. (2010) studies.
In current experiment of dual-pulse laser irradiation, the asso-
ciated Sn ion signal can be regarded as a superimposed ion
signal that is contributed by Nd:YAG laser irradiation and
CO; laser irradiation. Since the preformed plasma interacted
with CO, laser, the energy equilibrium time in particles
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Fig. 8. The fitting curves by Eq. (3) with limiting T, = 7. (a) for 23 ns delay time; (b) for 164 ns delay time. The heavy lines (red) are the

fitting values and the thin solid lines (black) are the raw signals.

collision is much smaller than the ions fight time to the de-
tector. What’s more, a multi-peaked ion signal has been
fitted by a multi-component MB distribution in Zhenhui
et al. (1997)’s study of pulse laser ablation of tantalum
oxide, which the detected multi-peaked ion signal is from
the linear superposition of the ion signals with different ion
species. Hence, assuming the preformed plasma irradiated
by CO, laser remains in LTE state, a superimposed MB dis-
tribution based on Eq. (3) can be proposed as:

n n . 2
S0~ s = ¢ exp{ —m <l Sltn 9) 2k T,y
i=1 i=1

2
—m(’c‘fe - ul-) /2kBT,-,z},

in which, n is the number of energy source which equals to 2
in current experiment. This superimposed form can be ex-
panded to more energy sources in theory with n > 2. The
raw signals at each 0 in Figure 8 are taken to fit by Eq. (4)
with limiting 7;,, = T;.. And the subsequent fitting results
of delay time of 23 and 164 ns are shown in Figure 9a, 9b,
respectively. The heavy lines are the fitting values and thin
solid lines are the raw signal values. In contrast with that
shown in Figure 8, the Figure 9 illustrates that the Sn ion sig-
nals from the plasma generated by CO, laser irradiation with
Nd:YAG pre-pulse are quite fitted by Eq. (4) whether the ion
signal is single-peaked or double-peaked. The R? is nearly to
0.99 for each raw signal fitting in Figure 9. Taking these pa-
rameters of different components corresponding to different
pulse is meaningless for that the energy contribution to gen-
erate plasma cannot distinguish between Nd:YAG laser and

C)
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CO, laser. The temperatures and velocities are the macro-
scopic characteristics of the plasma thermal motion in this
superimposed MB distribution. Thus, the temperature T
and velocity u of CO, laser-produced Sn plasma with a
Nd:YAG laser can be written as

Ci*Ti i
T= . U= . 5)
Zi:l Gi Zi:l G

In addition, the Sn ion signals from CO, laser irradiation
with a 48 mJ pre-pulse are fitted by Eq. (4) with limiting
T; «, = T; . for various corresponding delay times in Figure 5.
The variation of plasma temperatures and mass-center veloc-
ities with various delay times are calculated by Eq. (5) and
the result are shown in Figure 10. The larger errors of the cal-
culated temperature is mainly due to the region of CO, laser
irradiation is not centered with the preformed plasma. This
leads to the velocity of plasma cloud deviating from the
laser incident direction, which conflict with the meaning of
u in Eq. (4). With increasing the delay time, the plasma tem-
perature for CO, laser irradiation with the pre-pulse increases
firstly, then decreases and finally recovers near to the plasma
temperature for pre-pulse laser irradiation only. In CO, laser-
produced Sn plasma with the pre-pulse, plasma temperatures
with various delay times present the same trend as the ion av-
erage kinetic energy, which has been shown in Figure 5. The
variation of plasma mass-center velocities also agree with the
plasma temperatures with various delay time. Compared with
pre-pulse LPP only, the Sn plasma produced by CO, laser
with the pre-pulse presents lower plasma temperature and
higher mass-center velocity. It is attributed to that the
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Fig. 9. The fitting curves by Eq. (4) with limiting
fitting values and the thin solid lines (black) are the raw signals.

preformed plasma has a smooth density profile, which is
underdense relative to the initial formed plasma for pre-pulse
laser irradiation only. Then, the particle collisions moderate
at this underdense preformed plasma, despite CO, laser
energy depositing into preformed plasma. By contrast, CO,
laser irradiation promotes the velocity increasing in the
plasma generated by CO, laser irradiation tin-droplet target
with the pre-pulse. Consequently, the plasma temperatures
obtained by Eq. (5) are reliable in current fitting. And the su-
perimposed MB distribution model provides a new way to
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Fig. 10. The variation of plasma temperatures and mass-center velocities
versus delay time in CO, laser-irradiating tin-droplet plasma with a
Nd:YAG pre-pulse laser.
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T\, = T.. (a) for 23 ns delay time; (b) for 164 ns delay time. The heavy lines (red) are the

analyze the double-peaked ion signal from pumping LPP
with a pre-pulse laser.

4. CONCLUSIONS

The ions measurement of laser-produced tin-droplet plasma
has been carried out by FCs. The Sn ion average kinetic
energies in plasma generated by CO, laser irradiation with
a Nd:YAG pre-pulse were obtained. The results illustrate
that more low-energy Sn ions are produced in case of
the Nd:YAG laser irradiation with the laser intensity of
22x 10" W/cm? With lower laser intensity of 1.2x
10'°W/cm?, the CO, laser-irradiating tin-droplet produces
more higher-energy Sn ions. With increasing the delay
time, the ion average kinetic energy of CO, laser-produced
Sn plasma with the pre-pulse increases first and then decreas-
es, finally presents a recovery. The ion acceleration distin-
guishes between the CO, laser irradiations with and
without pre-pulse and the related mechanisms of varying
ion average kinetic energy has been analyzed. The preformed
plasma has a smooth density profile and it leads to relatively
low ion average kinetic energy. And the optimal delay time
for lowest ion average kinetic energy in CO, laser-produced
Sn plasma with pre-pusle is about 164 ns for 48 mJ pre-pulse
and 100 ns for 32 mJ pre-pulse. In addition, based on the
assumption of LTE, a superimposed MB distribution is pro-
posed to describe the thermal motion of CO, laser-produced
Sn plasma with a Nd:YAG pre-pulse laser. Compared with
regular MB distribution, this superimposed MB distribution
agree well with the Sn ion signals, especially with the
double-peaked Sn ion signals from the CO, laser irradiation
with pre-pusle. And the temperatures and mass-center veloc-
ities are calculated with various delay times in the plasma
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generated by CO, laser with 48 mJ pre-pulse. The results il-
lustrate that the plasma temperature and mass-center velocity
presents the same variation trend as the ion average kinetic
energy of CO, laser-produced Sn plasma with pre-pulse.
Compared with that for pre-pulse laser irradiation only,
CO, laser-produced Sn plasma with the pre-pulse presents
lower plasma temperature and higher mass-center velocity.
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