
Introduction

The thermal energy generated by elec-
trical discharges in macroscale gaps has
been used for fusion welding of metal for
well over a century (Ref. 1). For example,
the gas tungsten arc welding process gener-
ates heat input with enough intensity to join
all metals and has widespread application
and usefulness. In contrast, the characteris-
tics and potential welding and materials
processing applications of electrical dis-
charges in nanoscale and submicroscale
gaps have been much less studied. The work
reviewed in this article (Refs. 2–7) was
aimed at studying characteristics and devel-
oping fundamental understanding leading
to the eventual development of materials

processing and joining applications of elec-
trical discharges in small gaps.

In air at ambient pressure and condi-
tions, the mean free path of electrons is
about 500 nm (Ref. 8). Consequently,
electrons emitted from a cathode in small
gaps have fewer collisions with ambient
gas atoms or molecules and development
of an ionized discharge by avalanche
breakdown is more difficult. The investi-
gations reviewed in this article studied the
breakdown of submicroscale gaps and the
mechanisms associated with the mainte-
nance of discharges in such small gaps. In

particular, the influence of materials
evolved from electrodes on the initiation,
evolution, and maintenance of electrical
discharges in small gaps was studied.

A unique feature of some of the re-
viewed research is the pulsed laser stimu-
lation that was used as a means of trigger-
ing discharges at predictable times and
adjustable gap lengths. Both experiments
and simulations were used to characterize
the mechanisms by which ultrashort laser
pulses stimulated electrical breakdown in
nanoscale and microscale gaps between
sharpened metal cathodes and plane
metal anodes. The importance of materi-
als evolved from electrodes on initiation
and maintenance of laser-stimulated dis-
charges was also investigated.

The objectives of the work reviewed in
this article were to experimentally and nu-
merically determine the following: 1) the
conditions necessary for formation of dis-
charges in nanoscale and microscale am-
bient-atmosphere gaps between sharp-
ened metal cathodes and plane metal
anodes by application of DC electrical po-
tential; 2) the effects of voltage source re-
sistance on duration of discharge current
pulses; 3) mechanisms responsible for
stimulation of discharges by the applica-
tion of femtosecond laser pulses to the
gaps excited by DC potentials; 4) mecha-
nisms responsible for the limited duration
of current pulses; and 5) the heat input
and extent of melting of plane anodes pro-
duced by these discharges.

Experimental Apparatus and
Procedures

The apparatus used in the experiments
(shown schematically in Fig. 1) consisted
of a scanning probe microscope system
(Quesant Q-Scope 250), a source-
measure unit (SMU, Keithley SMU 236)
operated in constant-voltage mode, and a
chirp-pulse amplified Ti:Al2O3 femtosec-
ond pulsed laser (Clark-MXR CPA 2110).
In the experiments dealing with laser-
triggered discharges, the tip of the probe
was illuminated by a focused femtosecond
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ABSTRACT

Characteristics of electrical discharges in submicron gaps between platinum nan-
otip cathodes and plane gold anodes and their associated electrode modifications are
reviewed. The breakdown field strengths in small gaps were large — several hundred
volt/μm — but decreased when femtosecond laser pulses were used to trigger dis-
charges. The average duration of current pulses in 500-nm gaps energized by a volt-
age source with no series resistance depended on applied potential, being approxi-
mately 5 ns at potentials of 25 V or less, and much longer at potentials greater than
40 V. The addition of a series resistance larger than 1.5 kΩ limited the discharge du-
ration to 4 ns, regardless of applied potential. When a series resistance of 1 MΩ was
used to minimize anode heat input, melt diameters ranged from approximately 1.2 to
0.07 μm as potential varied from 80 to 27.5 V. Experimentally, laser triggering of dis-
charges was associated with minor ablation of material from the sharpened cathodes.
Electrode vaporization was represented in particle-in-cell (PIC) simulations by dis-
tributions of ionized electrode material in the gap region. When ionized electrode ma-
terials were continuously added with a volumetric source, the predicted current pulse
duration was controlled by the source duration. With preloaded electrode materials,
the current pulses predicted by PIC simulations were considerably shorter than ex-
periments, but had comparable peak values. When the simulated current pulse dura-
tions were normalized so that transferred charge was equal to experiments, the anode
heat input distributions predicted by PIC simulations produced anode melt spot di-
ameters comparable to experiments.
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laser beam, which had
a pulse repetition rate
of 2 kHz and pulse
length of 150 fs. The
pulse energy was con-
trolled by rotating the
angle of the linearly
polarized beam with
respect to the plane of
a polarizing beam
splitter. Prior to deliv-
ery to the probe
tip/substrate gap, the
beam polarization
was set parallel to the
STM tip. The laser
beam was controlled
by a mechanical shut-
ter with opening time
of 1 ms. Thus, 2 to 3
full-strength pulses
were incident on the
tip-substrate gap for
each shutter opening
“trial.” The beam was
focused by a 200-mm
achromatic lens to a
spot diameter of ap-

proximately 100 μm. The laser focus was
centered on the tip-substrate gap with the
aid of a video camera image obtained
through a long-standoff microscope lens
— Fig. 1.

An AC current probe (Tektronix CT-1)
with a bandwidth from 25 kHz to 1 GHz
was used to measure cathode current
pulse signals due to gap breakdown from
applied potential and/or laser irradiation.
The current pulse signals were displayed
on a 300 MHz, 2.5 Gs/s digital oscilloscope
(Tektronix 3032B). In experiments, the
circuit current was limited by series carbon
film resistors of various resistances or con-
stant current diodes (CLDs) with regula-
tion current levels of 35 μA, 500 μA, and
2 mA. The CLD is a two-terminal junction
field effect semiconductor device that
presents a varying resistance to regulate
the current in the forward-biased direc-
tion to a specified value whenever the volt-
age drop across the device is above a
threshold value (Ref. 9).

The cathodes were electrochemically
etched 250-μm 80% platinum-20% irid-
ium wires, and the anode was 100-nm gold
film on silicon wafers. For most experi-
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Fig. 1 — Experimental apparatus showing the STM system, source measure
unit voltage source, current limiting resistance, current probe, and femtosecond
laser illumination. The inset shows a video microscope image used to align the
laser beam focus spot to the probe tip, positioned 500 nm over a reflective gold
film.

Fig. 3 — A — Variation of gap length for untriggered breakdown as a func-
tion of applied potential in air. Histograms of a gap length for 50 experiments
are shown at each potential, along with maximum, minimum, and standard
deviation (displayed by error bars); B — variation of untriggered self break-
down gap length as a function of applied potential in air and argon gas. The
data points represent the average and standard deviation of a sample set of
50 experiments and shows that atmosphere has no effect at these small gap
lengths; C — variation of untriggered breakdown mean field vs. gap distance
in air and argon gas. The breakdown fields were almost identical in both at-
mospheres and are comparable to electrical breakdown fields of macroscale
vacuum gaps.

Fig. 2 — Conceptual diagram of regions for formation of laser-stimulated dis-
charges in terms of primary process variables of applied potential, gap length,
and laser irradiance.
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ments, the etched cathode tips had radii in
the range from 100 to 500 nm. Some ex-
periments noted in the discussion used
tips with radii in the range from 10 to 100
nm. The anode was moved by a fixed in-
crement after each pulse so that a fresh
area of substrate was exposed and the lin-
ear array of substrate modifications could
be subsequently located and character-
ized. Tips were typically used for several
dozen discharge experiments when a se-
ries current limiting resistance of 1 MΩ
was included in the spark circuit. Prior re-
sults showed no systematic change in dis-
charge electrical or laser stimulation char-
acteristics with such reuse. In experiments
designed to study the effect of ambient en-
vironment on the gap breakdown charac-
teristics, argon gas was supplied at a flow
rate of 2 × 10–4 m3/s from a 10-mm nozzle
adjacent to the probe tip.

In the experiments without laser pulse
irradiation, the tip was engaged with the

surface, retracted to a relatively large dis-
tance, and a negative voltage was applied
to the tip. The tip elevation was then de-
creased by a 5-nm increment at 1- to 2-s in-
tervals until discharge current was de-
tected, triggering current waveform
acquisition on the oscilloscope. The gap
distance at breakdown was also recorded.
When laser pulses were applied to stimu-
late a discharge, the gap was preset by en-
gaging the tip to the surface and retracting
it a desired amount and then applying the
negative bias voltage before laser illumi-
nation. It is noted that the tip was nega-
tively biased in all experiments discussed
in this article.

Modifications of the nanoprobe tip cath-
odes were studied by comparing FE-SEM
images (Hitachi S-4300) of the tips before
and after experiments. Anode modifica-
tions were studied by FE-SEM images and
atomic force microscope (AFM, VEECO
Dimension 5000) scanning.

Conditions for Formation of
Discharges and Electrical
Characteristics

The principal variables affecting the
formation of laser-stimulated electrical
discharges in small gaps between
nanoprobe tip cathodes and conductive
anodes are gap distance, applied poten-
tial, and laser irradiance. The various ef-
fects that define the limits of these vari-
ables for laser-stimulated discharges are
sketched in the conceptual diagram in Fig.
2. Untriggered self-breakdown dis-
charges, which were not a desired mode of
operation, were formed for sufficiently
large applied potentials and short gap
lengths. At high laser irradiance, damage
to the nanoprobe tip by ablation and melt-
ing occurred. Conversely, no discharges
were triggered when applied potential and
laser irradiance were too low or the gap
was too large. An additional lower bound

163-sWELDING JOURNAL

W
E

L
D

IN
G

 R
E

S
E

A
R

C
H

Fig. 4 — A — Threshold laser irradiance for stimulation of a breakdown and irradiance for reliable stimulation of breakdown in 500-nm and 4-μm air gaps as
a function of applied potential. Irradiance of 0.35 TW/cm2 was used in subsequent experiments; B — threshold laser irradiance for stimulation of a breakdown
and irradiance for reliable stimulation of breakdown in 500-nm and 4-μm air gaps as a function of applied mean electrical field. (For both images, please refer
to discussion in the text for definitions of these irradiances.)

Fig. 5 — A — Experimental cathode current waveforms for low-magnitude current pulses formed at selected applied potentials from 20 to 35 V; B — high-mag-
nitude current pulses were sometimes observed at potentials at 27.5 V and above. The duration of these high-magnitude current pulses was two orders of mag-
nitude longer than low-magnitude current pulses plotted in image A and was limited by cathode tip melting.
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on feasible gap length (large inverse gap
length) was imposed by electrical shortage
between the probe tip to the substrate dur-
ing the discharge. These effects combined
to define the upper and lower bounds for
existence of laser triggered discharges. Be-
tween the lower and upper feasible
bounds was a region in which laser stimu-
lation of discharges was possible, although
a transition between unreliable and rela-
tively reliable stimulation was observed
along each axis.

Untriggered Self Breakdowns

Prior to discussing results for laser-
stimulated discharges, it is helpful to pres-
ent results for untriggered discharges for
comparison. In these experiments, cath-

ode current pulses occurred when the
mean electrical field in the gap due to the
applied potential and gap length was suf-
ficiently large. Variation of self breakdown
gap length with applied potential in two
ambient atmospheres is shown in Fig.
3A–C. Figure 3A clearly shows that there
is considerable variation in the gap length
at which an electrical discharge formed in
a gap with applied potential. The distribu-
tion of air breakdown gap lengths at vari-
ous applied potentials are shown in Fig.
3A approximated the expected Weibull
distribution (Ref. 10). The pressure-gap
length product of the breakdowns ranges
from 0.025 Pa m at 80 V to 0.004 Pa m at
20 V. These values are well below the
large-gap Paschen minimum for air of ap-
proximately 0.6 Pa m (Ref. 11).

As shown in Fig. 3B, the average and
standard deviations of self breakdown gap
lengths in air and argon atmospheres were
nearly the same. This result is notable be-
cause the difference in electron attachment
cross section for air and argon typically
causes a significant difference in
macroscale gap breakdown characteristics
(Ref. 12). The breakdown potential in-
creased linearly with an average gap length
over the experimental range. The slope of
the gap vs. breakdown potential line was
286 V/μm. At tip-to-substrate potential of
20 V, the average breakdown gap was 45
nm, and the mean breakdown field was 20
V/0.045 μm ≈ 440 V/μm. At 80 V potential,
the average breakdown gap length was 240
nm, corresponding to a mean breakdown
field of 329 V/μm. The mean self-break-
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Fig. 6 — Peak cathode currents measured at selected applied potentials and the
probability of occurrence of a small magnitude current pulse (out of a total 30 dis-
charge trials at each applied potential) is plotted on the right-hand vertical axis.
At applied potentials of 25 and 20 V, all discharges were low-magnitude current
pulses whereas at an applied potential of 40 V, only 3% of discharges were such
low-current pulses. Error bars show the maximum and minimum of the low-
current pulse measurements.

Fig. 8 — Effect of voltage and gap length on cathode current waveforms in a cir-
cuit having 1 MΩ series resistance. A — Unstimulated current pulses; B — laser-
stimulated pulses with the same gap lengths as unstimulated pulses; C — laser-
stimulated current pulses in a 500-nm gap.

Fig. 7 — Cathode current waveforms measured at the applied potential of
80 V and selected cathode resistances.

Fig. 9 — FE-SEM images before (labeled 1, top row) and after (labeled 2,
bottom row) laser irradiation with no electrical discharge. A — 3.5 × 1011

W/cm2 with single trial; B — 3.2 × 1011 W/cm2 with single trial; C — 2.5 ×
1011 W/cm2 with single trial; D — 2.5 × 1011 W/cm2 with 10 trials.
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down fields are more than two orders of
magnitude times the generally accepted
breakdown field for macroscale plane-
parallel air gaps, which is approximately 0.3
V/μm (Ref. 13). Our experimental break-
down fields are comparable to the mean
breakdown fields for clean metal point
plane vacuum gaps, which are on the order
of 100 V/μm (Ref. 14). The steady increase
in both average and standard deviation of
the breakdown field that occurred at
smaller gap lengths in both air and argon at-
mosphere is also noted. Prior researchers
have also reported increased variability of
the breakdown field at small breakdown
gap length for both air and vacuum break-
downs (Ref. 15).

The similarity of breakdown gap
lengths in air and argon suggests that the
ambient atmosphere was not significantly
involved in the self breakdown of gaps
plotted in Fig. 3B and C. The fact that the
experimental gap length range (40–250
nm) is comparable to the elastic mean free
path of low-energy electrons in ambient
air (about 200 nm, Ref. 16) suggests that
the gap breakdown mechanism in the cur-
rent experiments could be similar to those
for vacuum breakdowns. This is consistent
with the finding that the observed mean
breakdown fields are similar to vacuum
breakdown fields. An accepted mecha-
nism for initiation of vacuum breakdown
discharges is cathode and/or anode heat-

ing, melting, and vaporization due to field
emission from cathode asperities (Refs.
17–19). A comprehensive review of vac-
uum breakdown literature has been pub-
lished (Ref. 20). The prior research has es-
tablished that, depending primarily on
material properties, cathode asperity
shape and gap, field emission current may
lead to failure of cathode asperities, melt-
ing, and ejection of material from the
anode surface or perhaps both.

Laser-Stimulated Discharges

The stimulation of discharges by fem-
tosecond laser pulses was first studied ex-
perimentally at fixed 500-nm gap lengths
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Fig. 10 — Gold anode modified by femtosecond laser-stimulated discharges
with 500-nm gap length, 1 MΩ current limiting resistance, and different volt-
ages. A — 80 V; B — 60 V; C — 40 V; D — 30 V; E — 27.5 V (note smaller
scale in D and E).

Fig. 12 — Axisymmetric particle-in-cell simulation domain showing the
truncated cone cathode tip, planar anode, and breakdown gap.

Fig. 11 — Peak currents and anode gold film melt diameters for laser-stimu-
lated breakdowns in 500-nm gaps with 1 MΩ series resistance. The minimum
gold film melt diameter of 70 nm was produced by a 27.5-V discharge. No gold
film modifications are produced for discharges formed at applied potentials
of 20 V and less.

Fig. 13 — Comparison of cathode current pulses for a simulation with a con-
stant, continuous plasma source rate of 1 × 1029 cm–3 s–1 and for a simulation
with a source of the same rate that was terminated at time of 180 ps. The current
pulse ended by 400 ps for the simulation with a terminated source (dash line) but
continued indefinitely for the simulation with a constant source (applied poten-
tial was 40 V).
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in air, a value large enough to prevent
spontaneous self-breakdown discharges at
the studied applied potentials. For a given
gap length and applied potential, a mini-
mum laser pulse irradiance below which
no detectable (by our instrumentation)
current pulse was stimulated in 50 trials
was determined. As laser irradiance was
increased, the probability of detection of a

current pulse increased. For this research,
the threshold laser pulse irradiance for
stimulation of a breakdown was defined as
the largest irradiance for which no dis-
charges were stimulated in 50 trials, and
the irradiance for reliable stimulation of
breakdown was defined as the smallest ir-
radiance for which 47 discharges were ob-
served in 50 trials. The plot in Fig. 4A

shows the threshold laser pulse irradiance
for simulation of current pulses (denoted
as Pr = 0%) and the laser pulse irradiance
for reliable stimulation of current pulses
(denoted as Pr > 95%) at various applied
potentials. The error bars for the data
points in this plot correspond to the fluc-
tuation of the output power of the laser as
measured by a silicon semiconductor
power meter. The 0.35 TW/cm2 irradiance
marked in the plot was chosen for subse-
quent experiments that further investi-
gated laser stimulation of discharges. The
applied voltage and gap length data plot-
ted in Fig. 4A was used to calculate the
corresponding mean field, which is plotted
as a function of laser intensity in Fig. 4B.
These mean fields are one to three orders
of a magnitude smaller in comparison to
the self-breakdown fields plotted in Fig.
3C, a difference that illustrates the effec-
tiveness of ultrafast laser pulses for dis-
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Fig. 14 — Time history of particle (e–, Ar+, Pt+) numbers and current (I) for
discharges formed at the applied potential of 40 V. The inset figures shows the
same data within 10 ps.

Fig. 16 — Anode melting diameter predicted by PIC simulations compared to ex-
perimental measurements. The anode melting diameters predicted with anode
heat inputs from PIC simulations of low current pulses were comparable to ex-
perimental measurements. (Error bars on experimental data points are based on
standard deviation of 30 measurements.)

Fig. 15 — Time-varying peak temperature of the anode surface predicted by
an analytical heat transfer model for a discharge formed at an applied poten-
tial of 30 V. The melting temperature isotherm and the time scale factor based
on equality of electrical charge transfer by experimental and simulated current
pulses are noted.

Fig. 17 — Current waveforms of discharges at various applied potentials
with current controlled by a 2-mA CLD.

Table 1  — Thermal Properties of Gold Used in the Calculations

Melting temperature (K) 1337

Boiling temperature (K) 3129

Thermal conductivity at 1000 K (W/m K) 278

Heat capacity at 1000 K (J/kg K) 150

Thermal diffusivity at 1000 K (m2/s) 0.93 × 10–4
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charge stimulation.
Laser polarization had no effect on the

laser irradiance needed for stimulation of
detectable current pulses shown in Fig.
4A, B (detailed data are presented in a re-
cent publication, Ref. 21). This is a notable
result because femtosecond laser polar-
ization is known to have significant effects
on emission of photoelectric current from
nanoprobe tips (Refs. 22, 23). The fact
that current pulse stimulation was found
to be independent of polarization indi-
cates that photoemission of electrons
from the sharpened cathode was not criti-
cal for formation of detectable current
pulses in our experiments.

Current Waveforms and Effects
of Current-Limiting Resistance

Typical cathode current waveforms ob-
tained for laser-stimulated discharges in cir-
cuits with no current limiting resistor at var-
ious applied potentials and 500-nm gap
length are shown in Fig. 5. At potentials of
30 V and smaller, the current pulse dura-
tions were less than 10 ns and peak currents
were less than 0.15 A. The magnitudes of
experimental current pulses plotted in Fig.
5A increased from 2 to 150 mA as applied
potential was increased from 20 to 35 V. In
this paper, such pulses are referred to as
“low-magnitude current pulses.” As applied
potential was increased, “high-magnitude
current pulses” with much larger duration
and magnitude were more likely to be ob-
served. Figure 5B contains two examples of
such waveforms. These larger current
pulses were typically several amperes in
magnitude and several microseconds or
more in duration. Invariably, the durations
were limited by catastrophic melting of the
cathode tip and associated increase in cath-
ode-anode gap length. In contrast, the
macroscale appearance of cathode tips was
not changed by low current pulses (more
detailed results concerning microscopic tip
modifications are discussed below).

The probability of occurrence of low
current pulses and the variation of experi-

mentally measured low-current pulse mag-
nitude versus applied potential are plotted
in Fig. 6. The probability of an experimen-
tal current waveform being a low- current
pulse was 100% (out of 30 trials) at applied
potentials of 20 and 25 V. When applied po-
tential was increased to 27.5 V, 93% of
measured current waveforms were low-cur-
rent pulses. The probability of a discharge
waveform being a low-current pulse de-
creased as applied potential was further in-
creased, being only 3% at 40 V and 0% at
higher potentials.

The effect of series resistance in the
spark circuit between the voltage source
and cathode tip at large applied potential
was studied. Laser-stimulated discharge
cathode current waveforms measured at ap-

plied potentials of 80 V and several differ-
ent series resistances are plotted in Fig. 7.
At the large applied potential used in these
experiments, large magnitude current pulse
waveforms would be expected. However,
the series resistance dramatically reduced
the magnitude and duration of the current
pulses. The current waveforms consisted of
an initial spike with a duration of approxi-
mately 4 ns and magnitude of 250–300 mA
and a lower-magnitude trailing portion with
variable duration. The magnitude of the
leading current spike was smaller at higher
series resistances, but the duration was
nearly the same at all resistances. The total
discharge duration was limited to 50 ns or
less at resistances of 220 Ω, and larger re-
sistances produced current pulses with
shorter durations. The trailing portion of
the waveform was totally eliminated in all
four of the waveforms measured with a se-
ries resistance of 1500 Ω. Further tests
showed that further increases in resistance
produced spike-shaped current pulses with
about the same duration, but even lower
peak currents. A series limiting resistance of
1 MΩ was used in the remainder of the ex-
periments to limit heat input to the anode
surface.

Current waveforms with 1 MΩ series
resistance and various initial discharge
voltages are shown in Fig. 8. Without laser
stimulation, the electrical discharge cur-
rent waveforms reached a peak value in
approximately 2 ns and ended within 4 ns
— Fig. 8A. The peak values decreased
from 80 to 10 mA as applied potential was
decreased from 80 to 20 V. The breakdown
gap lengths decreased with applied poten-
tial as noted on the plot. When laser pulses
were applied to stimulate electrical dis-
charges in the same gap lengths as those
without laser stimulation (Fig. 8B), nearly
identical current waveforms and peak cur-
rents were observed. When a constant gap
length of 500 nm was used (Fig. 8C), cur-
rent waveforms had similar shapes, but the
peak values were slightly (on the order of
10%) lower. The maximum current was
about 70 mA at 80 V and decreased lin-
early with a voltage to 15 mA at 40 V. At
an applied potential of 20 V, gap of 500
nm, and 1 MΩ series resistance, the peak
current was only 2 mA.

Cathode Tip and Anode
Substrate Modifications

The effects of laser irradiance and the
number of experiment trials on nanoprobe
cathode tips were studied first. Sharp STM
tips (minimum radii on the order of 10 nm)
were analyzed by FE-SEM before and after
laser irradiation. No potential was applied
for these tests, and the laser irradiance was
equal to or smaller than the value (3.5 × 1011

W/cm2) used in the laser-stimulated dis-
charge experiments discussed previously.

FE-SEM images in Fig. 9A–10C show that
there was observable tip modification for a
single laser illumination trial (1-ms shutter
opening at 2-kHz laser pulse repetition fre-
quency) at a laser irradiance of 3.5 × 1011

W/cm2. Less modification was observable
for a trial at irradiance of 3.2 × 1011 W/cm2

and none was observed for a single trial at
2.5 × 1011 W/cm2. However, as shown in Fig.
9D, ten experimental trials produced clearly
detectable tip damage even at this lower ir-
radiance. This finding, combined with the
lack of dependence on laser polarization,
strongly suggests that laser stimulation of
discharges in our experiments was more re-
lated to femtosecond laser ablation of cath-
ode tip material than to laser-stimulated
field emission from the sharp cathode tip.
For comparison with results from literature,
it is noted that the laser irradiance of 3.5 ×
1011 W/cm2 corresponds to a fluence of 0.05
J/cm2 and irradiance of 2.5 ×1011 W/cm2 cor-
responds to a fluence of 0.04 J/cm2. Our re-
sults showed damage to the Pt80/Ir20 tips at
this fluence, which is comparable to previ-
ously determined thresholds for detectable
damage of flat surfaces of Ti (0.03 J/cm2)
(Ref. 24) and Cu (0.02 J/cm2) (Ref. 25).

FE-SEM images of gold surface anode
modifications produced by laser stimulated
discharges with 1 MΩ current limiting re-
sistance and at different discharge poten-
tials are depicted in Fig. 10. The shapes of
modifications were similar, but the maxi-
mum size decreased from about 1 μm to 200
nm as the voltage decreased from 80 to 30
V. The images show that the modified re-
gions of gold surface were modified by the
discharge. See Refs. 4, 6 for a more detailed
characterization of anode surface modifica-
tions. Also, note that the predicted maxi-
mum anode temperatures in Fig. 15 are
above the melting temperature of gold.

The peak currents associated with
breakdown discharges and resulting diame-
ters of the modified regions produced at
gold film anodes by laser-stimulated break-
down discharges in 500-nm gaps with 1 MΩ
series resistance are summarized in Fig. 11.
No modified gold film regions could be de-
tected at 25 or 20 V, indicating that the min-
imum potential for surface melting is be-
tween 25 and 27.5 V. The modified region
formed with a laser-stimulated discharge at
27.5 V and 1 MΩ circuit resistance had a
maximum diameter of 70 nm.

Numerical Simulation of
Discharges and Anode Melting

Refinement of nanodischarge-based
processes requires understanding of the
physical mechanisms and characteristics
of femtosecond laser-stimulated electrical
discharges in nanoscale gaps. The experi-
mental results presented above suggest
that the femtosecond laser stimulation of
microdischarges in submicron gaps is

167-sWELDING JOURNAL

W
E

L
D

IN
G

 R
E

S
E

A
R

C
H

Chen et al Supplement September 2011_Layout 1  8/11/11  4:15 PM  Page 167



caused by laser ablation of cathode asper-
ities and accompanying release of charge
carriers. The particle-in-cell/Monte-
Carlo-collision (PIC-MCC) simulation
method (Refs. 26–30) was used to study
the effects of principal experimental vari-
ables (gap and mean applied field) as well
as ablated cathode materials on the for-
mation of breakdown discharges and dis-
charge properties in argon gas at ambient
pressure and room temperature. Briefly,
PIC-MCC models predict the phase space
distribution of locations and velocities of a
collection of charged particles by solution
of the Boltzmann equation. The forces on
the particles arise from electric and mag-
netic fields associated with the particle
distribution, these fields being computed
at fixed simulation grid points at each sim-
ulation time step.

A two-dimensional domain with the
symmetry axis at the bottom of the sketch
in Fig. 12 was simulated. The gold anode
surface was defined as a grounded con-
ductor, and the platinum cathode tip
geometry was represented as a truncated
cone with a 100-nm end radius and spaced
500 nm from the anode. A 5 × 5 μm2 ax-
isymmetric simulation domain was chosen
based on simulation tests that demon-
strated negligible boundary effects at this
size. Similarly, a value of 100 physical par-
ticles per simulated computer particle was
likewise chosen as a value that demon-
strated minimal parameter dependence.
For stability and accuracy, the mesh size
and simulation time step were determined
based on estimates of Debye length,
plasma frequency, and a Courant condi-
tion given by Equations 1–3 (Refs. 12, 31).
The minimum Debye length and plasma
characteristic time (2/ωp) observed from
our simulations were 22 nm and 35 fs, re-
spectively. Based on an approximation
that an electron travels from the cathode
to the anode without collisions, the esti-
mated highest velocity was taken as 5 × 106

m/s. From these calculations, the mesh
size of 20 nm (5/256 μm) and time step of
2.5 fs were chosen for the PIC simulation.

In the above equations, Δr, Δz, vr, and
vz denote mesh size and electron drift ve-
locity along two axes, Δt is time step, and
λD and ωp are Debye length and plasma
frequency.

Self breakdowns without laser irradia-
tion were first simulated so that results
could be compared to subsequent laser-

stimulated discharge simulations. It was
found that 200 VDC potential applied to
the cathode tip was sufficient to cause self
breakdowns of 500-nm gaps with the sim-
ulated conditions. At this cathode poten-
tial, electrons emitted from the cathode
tip by Fowler-Nordheim field emission
were accelerated to large enough energy
that they ionized neutral argon gas atoms
during collisions. A comparable experi-
mental value of approximately 155 V for
breakdown of a 500-nm gap is obtained by
extrapolating the curve in Fig. 3B.

Femtosecond laser ablation of materials
(positive and negative ions and neutral
atoms) from surfaces occurs over a period
of nanoseconds or longer as discussed
above and in previously cited literature
(Ref. 31). Moreover, other cathode
processes such as asperity explosion (Ref.
17) and thermal evaporation from both the
cathode and anode also emit charged parti-
cles and neutral atoms into the gap. It is also
noted that some significant vaporization of
material from the anode can be expected at
any temperature above melting (Ref. 32).
For an initial assessment of the effects of
electrode vaporization duration on current
pulse durations, simulations that intro-
duced ablation products into the discharge
gap at a constant rate for a specified ad-
justable time were performed.

The time-histories of cathode current
pulses at an applied potential of 40 V for
a simulation with a constant, continuous
plasma source consisting of single ionized
platinum ions, electrons,  and neutral plat-
inum atoms generated at a rate of 1 × 1029

cm–3s–1 and for a simulation with a source
of the same rate but terminated at a time
of 180 ps are compared in Fig. 13. It was
found that discharge current flow was con-
tinuous when sufficiently large plasma
source rates were used for the simulation.
For a simulation where a sufficiently large
plasma source was terminated at 180 ps,
the anode current pulse decayed to almost
zero by 400 ps. These results show that
constant evolution of material from the
cathode tip at a sufficient rate significantly
increased the duration of the predicted
current pulses. The fact that predicted dis-
charge current decreased and eventually
ceased after termination of the plasma
source demonstrates that the duration of
the cathode current pulse was effectively
determined by the duration of particle
generation in these simulations.

To better define the mechanisms re-
sponsible for cessation of discharge cur-
rent flow in the simulations, the time-
varying electric fields and gap potentials
for 40-V discharges with constant source
and terminated constant source simula-
tions were compared at a time of 400 ps.
The time-varying anode fields were simi-
lar for the discharges with both the con-
stant source and terminated constant

source. In contrast, the cathode field di-
minished steadily in magnitude after the
constant plasma source was terminated.
Due to the sensitivity of the Fowler-Nord-
heim emission current on cathode field
magnitude, a relatively small cathode field
magnitude was associated with the cessa-
tion in cathode current depicted in Fig. 13.

Because a detailed study of electrode
ablation kinetics was beyond the scope of
the present investigation, an alternative
approach was taken to modeling of the
self-terminating, low-magnitude current
pulses. Electrode ablation species consist-
ing of single ionized platinum ions, elec-
trons, and neutral platinum atoms and
electrons were initially preloaded before
the start of simulations with a Gaussian
distribution as described earlier and a
peak density of 7 × 1018 cm–3. This peak
density is consistent with laser ablation at
the intensities used in experiments dis-
cussed in this article (Ref. 5). Figure 14
shows an example of the time history of
the species number and current from such
PIC simulations at an applied potential of
40 V. This applied potential was selected
as a representative of a relatively high-
energy discharge. The inset plot in Fig. 14
shows the time history of the number of
argon and platinum ions and free elec-
trons within the first 25 ps of discharge
simulation. The simulations predicted
that the number of argon ions and free
electrons began to increase immediately,
and the discharge electron current began
to arrive at the anode at a delay time of
about 2 ps. The inset plot shows a small,
sharp anode current pulse that vanished
less than 1 ps after the start of the simula-
tion. Analysis of particle phase plots re-
vealed that this current spike, which was
smaller than 4 mA in magnitude, was due
to collection of preloaded electrons on the
anode. The preloaded platinum ions, hav-
ing lower mobility, remained near the
cathode tip throughout the simulation
time. These ions enhanced the negative
field on the cathode tip and increased the
Fowler-Nordheim emission to a level that
caused an avalanche breakdown of the
background gas and preloaded platinum
neutrals. The numbers of argon ions and
electrons both increased approximately in
unison and reached saturation levels
within 50 to 75 ps, depending on applied
potential. The saturation number of plat-
inum ions was an order of magnitude
smaller than that of argon ions or elec-
trons because neutral and ionized plat-
inum was only preloaded near the cathode
surface and with a peak density less than
that of the neutral argon background gas.
An abrupt (approximately exponential)
increase in the anode current occurred at
about 20 ps for 40 V applied potential. As
time progressed, the discharge plasma
reached a stable configuration and current

Δ Δr, z < Dλ ( )1

Δt << 2/ pω ( )2

v t < r ; v t < z 3)r z⋅ ⋅Δ Δ Δ Δ (
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ceased to flow to the anode. This occurred
at approximately 200 ps after initiation of
the 40 V discharge simulation. The
charged particle numbers decreased
slightly, although the sequence of events
described above was similar for discharges
formed at all applied potentials.

The temperature rise of the gold film
anode surface was calculated based on an
analytical solution of the heat equation.
The energy flux f(r,t) due to the summed
energy of n incident particles ΣEi,r on a ra-
dial anode segment r during a simulation
time step Δt at time t was calculated as

In order to apply an available analyti-
cal solution for the temperature rise, the
Gaussian radial distribution

was fitted to the simulated distributions by
adjusting the radius d(t) and flux at the
center of the Gaussian spot F(t) to obtain
values that minimized the squared error
between the Gaussian radial distribution
function and the radial fluxes in Equation
4. The time variation of the flux at the cen-
ter of the distribution was normalized by
the flux at the center of the Gaussian spot
at the time of its maximum value Fmax so
that

The resulting time-varying, best-fit ra-
diuses and peak values were used to cal-
culate the surface temperature T(r,t,z) of a
semi-infinite gold substrate according to
the relationship (Ref. 33)

where z is distance below the anode surface,
p(t) is normalized heat input pulse magni-
tude (0 ≤ p(t) ≤ 1), κ = K/ρc is thermal dif-
fusivity, K is thermal conductivity, ρ is
density, and c is heat capacity. The thermal
properties of gold used in the calculations,
assumed as invariant with temperature, are
summarized in Table 1 (Refs. 34, 35). In
these simulations, all temperatures are sur-
face temperatures, calculated for z = 0.

As noted above, the durations of current
pulses simulated by the material preloading
technique were several orders of magnitude
shorter than those measured from experi-
ments. Based on comparison of the contin-
uous plasma source simulation results and
the preloaded material simulations, it is hy-

pothesized that sustained evolution of neu-
tral and/or charged particles from the elec-
trodes was the primary reason that experi-
mental current pulse durations were much
longer than durations of simulated current
pulses generated using preloaded material.
This hypothesis was also motivated by prior
research publications related to vacuum dis-
charges that has shown significant out-
gassing of chemisorbed species from elec-
trodes (Ref. 36) and effects on discharges.
Additionally, the laser intensities used for
discharge stimulation in this work cause su-
perficial ablation of the nanoprobe cathode
tips as shown in Fig. 9 and associated ejec-
tion of charged and neutral species into the
discharge gap. Prior experiments have
shown the ablation of materials from sur-
faces irradiated by femtosecond laser pulses
occurs over a period of nanoseconds or
longer (Refs. 37–39).

Because of the disparity between the du-
rations and amount of charge transferred by
current pulses simulated with preloaded
electrode ablation material and experimen-
tal pulses, the time axes of energy flux wave-
forms were scaled for use in anode temper-
ature calculations. The time scales of the
simulated heat flux waveforms for a given
applied potential were “stretched” by mul-
tiplying simulation time steps by the charge
transfer ratio. This technique normalized
the time scales of the simulation waveforms
by a factor that depended on applied volt-
age so as to ensure equal amounts of charge
were transferred by experimental and sim-
ulated current pulses. It is emphasized that
this correction was only based on the
amount of electrical charge transferred by
the cathode current pulse. The amount of
heat input to the anode surface, which is
also fundamentally dependent on the en-
ergy of the condensing particles, was only
indirectly affected by this correction. Thus,
the extent of anode melting predicted by the
simulation and measured by the experi-
ments was still an interesting comparison. It
is also noted in passing that previous calcu-
lations (Ref. 40) show that heating by the
femtosecond laser pulse alone at the low
fluence of 0.05 J/cm2 used in our experi-
ments makes negligible contributions to
anode heating and melting.

Predicted time-varying axisymmetric
anode surface temperature distribution for
a discharge at applied potential of 30 V is
shown in Fig. 15. The solid-liquid transition
isotherm is shown on the plots to indicate
the relative extents and melting. The extent
of the melting isotherm indicates that sig-
nificant melting of the gold substrate would
be expected within a radius of approxi-
mately 500 nm of the center of the 30-V dis-
charge. A comparison of predicted and ex-
perimentally measured anode melting
diameters for discharges formed at various
applied potentials is shown in Fig. 16. The
predictions are comparable to the measure-

ments, being within one standard deviation
of the measured values.

Constant Current Discharges

Because the anode heat input from elec-
trical discharges is related to discharge cur-
rent magnitude, some experiments were
done using a series solid-state current-
control device known as a current-limiting
diode (CLD) to measure the discharge cur-
rent waveforms produced by such a circuit.
In contrast to a zener diode, which has an
approximately constant voltage drop over a
range of series currents, the CLD varies its
resistance to maintain an approximately
constant series current over a wide range of
voltage voltages. Consequently, when in-
serted in a series with the output of a con-
stant voltage power supply, it converts the
constant voltage V-I characteristic to a con-
stant current characteristic. Discharges pro-
duced in circuits containing current limiting
diodes had similar current waveforms as
discharges in circuits with fixed resistors.
The current waveforms consisted of a sharp
leading edge spike followed by a longer du-
ration, fluctuating current flow with a value
that roughly corresponded to the CLD reg-
ulation current. Typical current waveforms
obtained with a 2-mA CLD and various ini-
tial discharge voltages are shown in Fig. 17.
Each of the displayed waveforms is the av-
erage of several discharges, which were
found to be relatively repeatable after ad-
justment to the same starting time. The
maximum current in the leading edge spike
was about 2–4 mA, and the duration in-
creased with CLD current limit and varied
somewhat with supply voltage. The dura-
tion increased from 9 ns at a CLD current
limit of 175 μA to 22 ns at a CLD current
limit of 2 mA. The data for discharge cur-
rent regulated by a 2-mA CLD is shown in
Fig. 17 while discharge current waveforms
for the smaller CLD current limits are not
shown. The reader is referred to Ref. 2 for
more details. It is interesting to compare
these waveforms to those produced with
several different series resistances as shown
earlier in Fig. 7. The most remarkable dif-
ference is that the CLD was able to sustain
a small, relatively constant current dis-
charge for a much longer time than the con-
stant-resistance circuits. This difference is
presumably due to the variation of series re-
sistance throughout the discharge time that
is produced by the self-regulating property
of the CLD.

Conclusions

Characteristics of and electrode modi-
fications by electrical discharges in submi-
cron and nanoscale gaps between plat-
inum nanotip cathodes and plane gold
film anodes were studied. When sufficient
voltages were applied to 0.5-μm gaps,
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breakdown discharge duration was limited
by electrode tip melting at voltages of 40
V. At applied voltages less than or equal to
30 V, discharge currents tended to be brief
(approximately 5 ns), low magnitude (< 1
A) pulses. The addition of a series resist-
ance larger than 1.5 kΩ limited the dis-
charge duration to 4 ns, regardless of ap-
plied potential. With a series resistance of
1 MΩ, anode surface melt spots diameters
decreased from approximately 1.2 μm to
slightly smaller than 0.07 μm as the poten-
tial was decreased from 80 to 27.5 V. Trig-
gering of discharges in nanotip-plane gaps
by femtosecond laser pulses was only ef-
fective at intensities that resulted in mea-
sureable ablation of nanotips.

In particle-in-cell (PIC) simulations, tip
ablation was modeled by the addition of
partially ionized electrode material the gap
region. When ionized electrode materials
were continuously added to the gap region
at a sufficient rate, the simulated current
pulse duration was directly controlled by the
duration material addition. When electrode
materials were preloaded into the simula-
tion domain, the current pulses predicted by
PIC simulations had comparable peak val-
ues but were shorter in duration than ex-
periments. Consequently, PIC-simulated
anode heat input distributions were time-
scaled so that transferred charge was equal
to experiments. The anode melt spots pre-
dicted by these PIC simulations has melt di-
ameters that were comparable to experi-
ments. Control of the spark current with a
series current-limiting diode shows promise
for providing controllable, adjustable heat
inputs from small scale discharges.
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