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FIG. 1. A schematic of the spark discharge coupled laser multicharged ion (SD-LMCI) source showing the target chamber and a spark system to deposit energy
into the plasma plume; V.. is the Faraday cup voltage and Vj is the suppressor voltage. Inset shows the experimental setup used for the spark discharge; C is
capacitor, V is voltage applied to the capacitor, R is current limiting resistor, and L is inductor.

thickness of 100 um, and with an open area of 70% (Precision
Eforming) is placed 15-cm in front of the target.

The spark is composed of two parallel Al electrodes of
diameter 3.2 mm, separated by ~3 mm, and placed ~5 mm
in front of the Al target, as shown in the inset of Fig. 1.
The 0.1 uF capacitor is connected to a variable DC power
supply through a 5 MQ current limiting resistor. One of the
electrodes is connected to the capacitor through a 0.15 uH
inductor. The other electrode is grounded through a 25 cm
long wire. The capacitor was charged up to 5 kV. No self-
breakdown occurred for these voltages. A high voltage probe
(Tektronix P6015A) and a current pick up coil (Pearson Elec-
tronics, Inc., 0.001 V/A current monitor) are used to record
the voltage drop across the discharge and the discharge current
using an oscilloscope. The laser beam strikes the Al sample
through the ~3-mm electrode separation. The laser plasma
plume expands between the electrodes triggering the spark
discharge.

The diameter of the MCI generation chamber is 15 cm.
A 125 cm long, 10.2 cm internal diameter (ID) transport tube
is connected to the chamber. A Faraday cup of diameter 5 cm
made out of Alis placed at the end of the drift tube to collect the
MCIs. The interaction of the ions with the Faraday cup emits
secondary electrons. To suppress these electrons, a higher
negative voltage than the Faraday cup biasing is applied to the
suppressor electrode. Throughout the experiment, the Faraday
cup voltage was maintained at —70 V and the suppressor elec-
trode voltage was at —110 V. The Faraday cup is connected to
the oscilloscope through a capacitor (5 uF), in order to remove
the bias voltage from the recorded MCI signal. The MCI
system is operating in high vacuum (background pressure in
1077 Torr range) by using a combination of a turbo-molecular
pump for initial pumping followed by an ion pump. The total
scattering cross section for different MCIs was measured and
reported by several groups.’*=*? According to their results, for
our experimental condition, the ion travel distance from the Al
target to the Faraday cup is much shorter than the mean free
path of the generated different MCIs, reducing the MCI loss
due to charge transfer with the background gas to a negligible
value.

lll. RESULTS AND DISCUSSIONS

The spark discharge operation depends on the circuit
parameters, separation of the electrodes, electrode distance
from target, and the laser ablation plume characteristics.?**
The value of the inductor L was adjusted in order to best
couple the spark discharge energy to the ablated plume. Fig. 2
shows the voltage measured across the spark discharge (a),
current through the discharge (b), and the power dissipated in
the plume by the spark (c) when the capacitor C was charged to
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FIG. 2. (a) Voltage measured across the spark electrodes. (b) Discharge
current. (c) Deposited electric power in the plasma. The spark was triggered
by the Al plasma plume when a 72 mJ laser pulse ablated the Al target. The
capacitor C was charged to 5.0 kV.
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5.0kV and a laser energy pulse of 72 mJ was used to ablate the
Al target. At this voltage, the total stored energy in C is 1.25 J.
As the spark is initiated, the voltage across the two electrodes
shows a sudden decay in 1.2 us. The corresponding current
shows damped oscillations with a maximum of ~670 A, as
shown in Fig. 2(b). The peak power deposited into the plasma
plume is ~0.67 MW, which decays to ~0.1 MW in ~1 us then
oscillates while diminishing with time as shown in Fig. 2(c).
Integrating the power dissipating in the discharge, shown in
Fig. 2(c), the total energy deposited into the plasma plume
is 0.9 J with 0.4 J deposited in 1.0 us after initiation of the
spark discharge. Discharge power dissipation time of ~1 us
or less can best couple the discharge energy with the laser
plume and is needed to preserve the shape of the ion signal
showing the different ion states separated in time for time-of-
flight detection.

The total charge reaching the Faraday cup Q; is given
by Q; = t J Ve(t)dt, where Vig(t) is the voltage signal on
the Faraday cup and Ry is the 50 Q internal resistance of the
oscilloscope. The process we use to deconvolve the Faraday
cup signal into curves for each charge state has been explained
in arecent publication on the LMCI source without the spark.
The ions, extracted from the plasma plume by the electric field
between the target and the grounded mesh, are detected by
their TOF signal measured by the Faraday cup. Due to plasma
shielding, the ions are not accelerated to the full potential
applied between target and grid. The electric field due to
the voltage applied to the spark also decelerates the MCls.
If effects due to plasma shielding and the spark electrodes
are not considered, an ion generated at the target with zero
energy would reach the Faraday cup after a time-of-flight of
TOF =t ,+ty = ,[zze—’"vd + ‘/%S, where ¢, is the time an
ion is accelerated from zero velocity at target to velocity v at
the extraction mesh, 7, is the time that ions drift at constant
velocity v from the extraction mesh to the Faraday cup, d is
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the distance from the target to the extraction mesh, S is the
distance from the extraction mesh to the Faraday cup, m is
the mass of Al atom, e is the electron charge, Z is the charge
state, and V is the applied accelerating voltage. The above
equation does not account for ion acceleration in the plasma
which, for our laser parameters, is mainly due to the sheath
potential. The ion accelerating time t,, is small compared to
the ion drift time 74. Identifying the charge state from the
TOF spectra was performed as follows: Since the Al'* has
the lowest velocity, the arrival time of these ions corresponds
to the longest TOF. The effective acceleration potential that
the Al'* ions were subjected to is obtained by calculating the
accelerating voltage required to achieve this TOF for Al*! and
applying this accelerating voltage in the above TOF equation.
This potential is then used in the TOF equation to determine the
TOF of MClIs with other charges. The estimated TOF for MClIs
with different charge states matches well the TOF spectra.

A. Effect of spark energy

The TOF ion signals without and with the spark discharge
are shown in Fig. 3. The pulse laser energy used was 72 mJ,
while the spark discharge was operated at different capacitor
C voltages. Without the spark, up to AI** MCI with a total
charge of ~1 nC is detected as shown in Fig. 3(a). When
using the same laser pulse energy of 72 mJ and activating
the spark by charging the capacitor C to 1.0, 4.0, and 5.0 kV
(corresponding to stored energy of 0.05, 0.80, and 1.25 J,
respectively), the total charge detected is enhanced and higher
charge states are observed. For capacitor voltages of 1.0, 4.0,
and 5.0 kV, the total charges generated are 2.0, 6.6, and 9.2 nC,
respectively as shown in Figs. 3(b)-3(d). The maximum charge
states observed also increase reaching AI®* for V = 5.0 kV.
The initial noise in the TOF signal before the arrival of the
MCISs to the Faraday cup is due to the spark generated RF noise
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FIG. 3. Spark discharge enhancement of multicharged ion generation for 72 mJ laser energy. (a) Only the laser is used. (b)-(d) Spark discharge operating with

energy stored in C of 0.05, 0.80, and 1.25 J, respectively.
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that interferes with the signal detected by the Faraday cup.*®
The TOF of the MCIs also shows some peaks with complex
shapes, for example, in Fig. 3(d), AI’" and Al** MCIs show
double peaks. The shape of the MCI signal depends on the
energy characteristics of the ions which could involve slower
and faster ions depending on the ion generation mechanism
and the propagation of MCls through the spark discharge
electrodes.’’

The effect of the spark is to enhance ion generation and
increase the maximum ion charge state. By integrating the
area under each charge state in Fig. 3, one can determine
the abundance of each charge state. From Fig. 3(a), without
the spark, the ion charges detected are 72% Al'*, 21% Al**,
and 7% AI’*, while with the spark with C charged at 1.25
J, the ion charges were 56% Al'*, 12% AI**, 7% AIP*, 11%
A1**, 7% AP*, and 7% A1®*. The TOF of MClIs is increased
when the spark is used since the spark voltage decelerates the
extracted ions in the gap between the target and the extraction
mesh. In Fig. 4, we show calculation of the most probable
energy of the Al'* based on TOF data in Fig. 3. When the laser
pulse was used without the spark, the most probable energy
of Al'* is ~1.8 keV. As the capacitor C was charged to 1.0,
4.0, and 5.0 kV (corresponding to stored energy of 0.05, 0.80,
and 1.25 J, respectively), the most probable energy of Al'*
became ~1.1, ~0.9, and ~0.8 keV, respectively. The FWHM
of the kinetic energy distribution of Al'* remains unchanged
at ~0.6 keV regardless of the spark operating voltage showing
that the spark discharge did not introduce additional energy
spread in the ion distribution from the laser plasma.

Fig. 5 shows the increase in total charge detected with
the increase of energy stored in spark capacitor C. The laser
pulse energy is fixed at 72 mJ. We observed that, with the
increase of spark energy, total charge generation increased
slowly, and for 1.25 J spark energy, the total charge generation
increased by a factor of ~9 compared to charge generation with
the laser pulse alone. Increasing the spark energy deposited
into the laser plasma is expected to increase the plasma den-
sity and temperature, which in turn increases the total charge
generation.
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FIG. 4. Energy distribution of Al'* without spark (square) and with spark

energy of 0.05 (triangle), 0.8 (circle), and 1.25 J (pentagon) coupled with the
72 mlJ laser pulse energy. Spark energy refers to energy stored in C.
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FIG. 5. Effect of spark energy deposited into the plasma plume on total
charge detected. Error bars represent standard deviation. Spark energy refers
to energy stored in C.

B. Effect of laser energy

In nanosecond laser-matter interaction, an incident laser
pulse of sufficient energy causes evaporation of the target sur-
face. Since the pulse width of the nanosecond laser is relatively
long, the evaporated materials interact with the remaining part
of the laser beam causing progressive ionization of the plasma
plume.*®*° During this process, the electrons are heated by
inverse-bremsstrahlung. The heated electrons transfer their
energy to the ions and neutrals through collisions. In our
experimental conditions, the ablation time is much longer than
the time to transfer energy from energetic electrons to ions.'>*0
The lifetime of the laser ablated plume is determined by the
velocity of the plume expansion, which in turn is related to the
hydrodynamic pressure inside the plume. The average veloc-
ity of the plume expansion is affected by the ion mass.*' In
laser ablated plasma, the ablated plasma density, temperature,
ablated mass, and the ion, electron energy is affected by the
laser pulse energy, intensity, and pulse width. The spark energy
deposited into the plasma plume is expected to increase the
plasma density and temperature leading to higher ionization
rate and higher state charge along with increase in the total
number of MCIs generated.

Fig. 6(a) shows the total charge detected for increasing
laser energy from 45 to 72 mJ without and with the spark
discharge (C charged to 1.00 J). Without the spark, changing
the laser pulse energy from 45 to 72 mJ increases the total
charge detected from ~0.6 to ~1.0 nC. When 1.00 J spark
energy is used in conjunction with the laser pulse, the total
charge detected increased from ~8.0 to ~8.3 nC for laser pulse
energies of 45 and 72 mJ, respectively. The almost lack of
dependence on the laser pulse energy shows that most of the
MCIs are generated by the spark discharge energy with the
spark causing amplification of the laser-generated MCIs by
a factor of ~13 for a laser pulse energy of 45 mlJ. Figs. 6(b)
and 6(c) show the MCI generation for 45 and 63 mJ laser
pulse energy without and with the spark discharge. Without
the spark, 45 and 63 mJ laser energies generate Al MCIs with
charge states up to Al'* and AI**, respectively. With a 1.00 J
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FIG. 6. (a) Measured total charge delivered to the Faraday cup for different
laser pulse energies without the spark (squares) and with 1.0 J spark energy
(circles). The error bars represent the standard deviation. The MCI spectra
for laser energy only (red) and for the combined effect of 1.0 J spark energy
and laser pulse energy (black) of (b) 45 and (c) 63 mJ.

spark, MCI charge states up to Al*> are generated for both laser

pulse energies. The increased TOF for ions when the spark is
operated is due to the ion deceleration by the spark voltage
reducing ion kinetic energy. During the experiment, the laser
focus spot, angle of incidence on Al target, and pulse width of
the laser were kept constant, as described in the experimental
section.

IV. CONCLUSION

A spark discharge coupled laser multicharged ion source
was developed and tested. A 7.4 ns Nd:YAG laser is used
to ablate an Al target generating a plasma plume. The spark
discharge is triggered by the laser plume which significantly
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simplifies the design and provides synchronization of the spark
discharge with the laser plume. The spark discharge amplifies
the total charge generation and results in higher charge states.
The charge state depends mostly on the spark energy deposited
rather than on the laser ablation energy. For a laser pulse energy
of 72 mJ and spark energy of 1.25 J, charge states up to Al5*
were detected. Under this condition, the total charge delivered
to the Faraday cup was ~9.2 nC when the target was at 5 kV.
The SD-LMCIT source is an effective method to generate high
charge states of MCIs with small laser pulse energies. This
approach also minimizes target damage by the laser pulse
since the laser is mainly used to introduce the vapor into the
spark while the energy delivered by the spark is used to heat
the plasma, which increases the MCI state along with total
charge production. The proof-of-concept presented here shows
the significant potential of the SD-LMCI source which can
be used to generate MClIs out of practically any solid target.
Further optimization of the SD-LMCI source is possible by
shortening the discharge energy deposition time in the plume
to increase the plasma density and temperature. This can be
achieved through improvement of the pulse forming network.
Also, providing control on discharge trigger time can lead
to better coupling of discharge energy with the laser plasma.
Other geometries for coupling the discharge energy to the
plasma plume and for MCI extraction can also lead to further
improvements in MCI yield and energy distribution.
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