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Abstract

®

CrossMark

This article characterises the effects of cathode photoemission leading to electrical discharges in
an argon gas. We perform breakdown experiments under pulsed laser illumination of a flat
cathode and observe Townsend to glow discharge transitions. The breakdown process is
recorded by high-speed imaging, and time-dependent voltage and current across the electrode
gap are measured for different reduced electric fields and laser intensities. We employ a 0D
transient discharge model to interpret the experimental measurements. The fitted values of
transferred photoelectron charge are compared with calculations from a quantum model of
photoemission. The breakdown voltage is found to be lower with photoemission than without.
When the applied voltage is insufficient for ion-induced secondary electron emission to sustain
the plasma, laser driven photoemission can still create a breakdown where a sheath (i.e. a region
near the electrode surfaces consisting of positive ions and neutrals) is formed. This
photoemission induced plasma persists and decays on a much longer time scale (~10s us) than
the laser pulse length (30 ps). The effects of different applied voltages and laser energies on the
breakdown voltage and current waveforms are investigated. The discharge model can accurately
predict the measured breakdown voltage curves, despite the existence of discrepancy in
quantitatively describing the transient discharge current and voltage waveforms.
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1. Introduction

Plasma discharges have been a topic of continuous great
interest because of their numerous applications in surface
treatment and spectroscopy, space propulsion, environmental
and agricultural fields, and plasma medicine [1-13]. They are
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widely explored for the development of new technologies [14—
16] as well as in commercial ventures [17-21]. On the other
hand, continuous efforts are being made to prevent plasma
discharge and breakdown in particle accelerators, space com-
munication systems, vacuum electronics, and pulsed power
systems [22-27]. The optimisation of plasma technological
processes in discharge devices largely depends on plasma
breakdown conditions [14].

Laser-induced photoemission of electrons offers opportun-
ities to trigger and control plasmas and discharges [28]. An
intense laser pulse can deliver energy to a target surface for a
very short interval of time. As a result, instant photoemission,
ionisation, and vaporization of the material can take place,
depending on the intensity of the laser pulse [28]. At relatively

© 2023 The Author(s). Published by IOP Publishing Ltd
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low laser intensity, it induces only photoelectron emission,
which initiates or influences the plasma, particularly at low
reduced electric fields, E/N, where E and N stand for the elec-
tric field and the background gas number density, respectively
[29]. However, the effects of laser driven photoemission on the
resultant plasmas and discharges are not well understood.

Photoemission itself is a highly nonlinear process
through mechanisms including multiphoton absorption, above
threshold ionisation, field enhanced hot electron emission,
and optical field emission or tunnelling, etc [30]. The dom-
inant process depends on the work function of the material,
photon energy and associated optical fields, surface heating,
background fields, etc. The mechanisms of laser driven pho-
toemission from metal surfaces have been studied extensively
[31-43] with the aid of classical treatment models (i.e. the
three-step model [36-39], the Fowler—DuBridge model [32—
35], as well as recent quantum mechanical models [30, 40—43].
It is found that both photoemission current and photoelectron
energy distribution can be controlled with the laser properties
(e.g. laser intensity, laser pulse duration, laser wavelength,
laser frequency mixture), material properties, and background
fields [30, 40, 41, 44-46]. This offers strong flexibility to
control plasmas using photoemission.

Studies have been conducted to measure laser induced
plasma properties such as the radiation power density required
to cause breakdown [47] and the evolution of plasma
temperature [48]. The works of Phelps and Petrovic are
notable in the characterisation of laser induced low cur-
rent discharge oscillations [49, 50]. However, significant gap
remains in our understanding of pulsed photoemission induced
plasma discharge and breakdown. For instance, the paramet-
ric dependence of the breakdown voltage and current on the
energy of a pulsed laser as well as the reduced electric field is
not clearly characterised.

In this paper, the effect of photoemission on breakdown
is characterised. Breakdown experiments are performed and
interpreted using a 0D discharge model [49-51] and a quantum
model of photoemission [30, 40, 41]. The experimental
method for our study is described in section 2. Section 3
presents the model of transient voltage and current in low cur-
rent discharges. In section 4 we discuss the experimental res-
ults and compare them with the predictions of our model. In
section 5, we summarise our work and discuss scopes of future
work.

2. Experimental method

In this section, we describe the experimental setup and meas-
urement techniques and present the representative transient
voltage and current waveforms induced by photoemission.
Figure 1(a) shows a schematic of the experimental setup.
Discharges were generated between two parallel aluminium
plate electrodes (22 mm x 13 mm) separated by a 3.5 mm gap.
The electrodes were enclosed within a vacuum chamber with
optical access for imaging using an intensified charge-coupled
device (ICCD) and illumination of the cathode by a pulsed

laser source. The flow rate of high-purity (99.9995% pure)
argon gas through the vacuum chamber was controlled by a
mass flow controller and a programmable interface control-
ler (MKS, 946 Vacuum System Controller) to maintain the
desired pressure. The flow rate was kept near 0.3 standard litre
per minute at each pressure to avoid accumulation of impurit-
ies by adjusting a valve inserted between the vacuum chamber
and the vacuum pump (Edwards, nXDS6i). The pressure was
monitored using a capacitance manometer (MKS, Baratron)
with an accuracy of 0.5% according to the manufacturer. The
vacuum chamber was mounted on a translation stage to enable
precise alignment with the pulsed laser light.

High voltage feedthroughs on the vacuum chamber were
connected to the electrodes to allow for grounding and applic-
ation of high voltage pulses. A high voltage pulse generator
(HVPG) (DEI, PVX-4140) powered by a DC high voltage
power supply (Stanford Research Systems, PS325) was con-
nected to the upper electrode in figure 1(a) using a high-
voltage co-axial cable and a 1 M2 current limiting resistor,
Rum. The value of Ry is 76 ) and the capacitance of the co-axial
cable was measured with an inductance, capacitance, and res-
istance (LCR) metre (B&K Precision, 885) and found to be
206 pF, C in figure 1(a). The capacitance of the 1 M2 resistor
and the parallel plate electrodes was measured to be 21 pF.
Stray inductance and resistance were too low to be reliably
measured by the LCR metre. The HVPG was synced to the
pulsed laser source using a delay generator (Stanford Research
Systems, DG 535). The voltage on each side of the 1 M2 res-
istor, Ry in figure 1(a), was monitored using voltage divider
circuits connected to a digital oscilloscope (Teledyne LeCroy,
HDO06104) with a 1 GHz bandwidth. From these voltage meas-
urements the voltage and current waveforms, V(¢) and I(7) in
figure 1(a), were calculated, allowing currents as low as 0.5 uA
to be determined.

Pulsed laser light was supplied by a tunable laser source
(EKSPLA PL2230) consisting of a Nd:YAG laser, optical
parametric amplifier, and frequency doubler. The laser was
tuned to 230 nm, providing up to 150 uJ of energy per pulse
at a repetition rate of 50 Hz and pulse width of 30 ps. The
energy of 230 nm photons is 5.4 eV, well above the work func-
tion of the electrodes (nominally 4.1 eV for aluminium). Two
lenses were used to reduce the spot size of the laser and two
mirrors were used to direct the light onto the cathode at an
angle of incidence of 19 degrees. The linear polarisation of
the light was vertical so that the optical field direction was at
an angle of 109 degrees with respect to the cathode surface.
The result was an elliptical-like shape on the cathode with a
major axis of length 8.3 mm (oriented along the x-dimension,
see figure 1(b)) and a minor axis of length 3 mm. The electric
field in the gap is uniform over the spatial extent of the laser
illumination.

Care was taken to maintain the electrode surfaces. The elec-
trodes were mechanically polished to a mirror finish and thor-
oughly cleaned with methanol. After placement within the
vacuum chamber, the electrodes were kept at pressures lower
than 10~ Torr using a turbomolecular pump (Pfeiffer, TMU
261) for at least 48 h. Before each data acquisition, the pulsed
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Figure 1. (a) Schematic of the circuit and optical imaging setup. Pulsed laser light incident on the cathode induces photoemission and
plasma breakdown. (b) Linear-scale image of the plate-to-plate discharge acquired with the ICCD at pd = 1 Torr cm. The region designated
by the dotted white lines was spatially integrated along the x dimension to examine the breakdown evolution.
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Figure 2. Voltage and current waveforms, V(¢) and I(¢), respectively, for different drive conditions at pd = 1 Torr cm with an applied DC
voltage (Vo) of (a) 1000V, (b) 270 V, (c) 269 V, and (d) 231 V. In (d), the time axis has been zoomed to the region designated by the
dotted lines in (c). The effect of pulsed photoemission from the cathode at time 0 ms becomes observable at low currents, as can be seen

in (c) and (d).

discharge was operated in argon for at least 15 min (at a repeti-
tion rate of 50 Hz), which was observed to provide repeatable
discharge conditions. It is to be noted that, during the first 90 s
of pulsed discharge operation, with imaging it was possible to
observe removal of adsorbed material from the cathode sur-
face by the laser and its subsequent ionisation in the plasma.
This effect could not be observed in the current and voltage
waveform data.

Figure 1(b) shows an image of the discharge acquired by the
ICCD (Andor Technology, iStar DH334T). A 750 nm band-
pass filter (Thorlabs, FB750-10) was placed in front of the
ICCD to isolate photon emission due to transitions from the
argon 2p; state to the s, state within the discharge. The 2p;
state is excited from the ground state by electrons with an
excitation threshold energy of 13.48 eV, close to the first ion-
isation energy of argon, 15.76 eV. The relation of the excit-
ation rate into the 2p; state and the ionisation rate depends
on the relation of the respective cross sections. For the case
of electrons having energies less than 17 eV or so the cross
sections are of similar value and energy dependence [52],
allowing the assumption that imaging of the 750 nm line emis-
sion provides a qualitative indication of regions of ionisation
within the discharge. For example, considering figure 1(b),
most of the ionisation appears to occur above the cathode
sheath in the region where the electrons freed from the cathode
have gained sufficient energy to excite the 2p; state. Further
analysis of the ICCD images is provided below. Scattered laser
light does not appear in the image because it is blocked by the

750 nm bandpass filter and the quantum efficiency of the ICCD
is close to zero at 230 nm.

Figure 2 shows representative voltage and current wave-
forms, V(z) and (¢) in figure 1(a), for different current drive
conditions at pd = 1 Torr cm. The delay generator that controls
the HVPG was configured so that the laser pulse arrives 2 ms
after the start of a 4 ms long high voltage pulse (time 0 ms in
figure 2). The high voltage pulse was applied with a repetition
rate of 50 Hz, matching the laser repetition rate. Shot-to-shot
memory effects are assumed to be negligible. In figure 2(a),
1000 V DC was supplied to the HVPG, resulting in breakdown
of the gas between the electrodes and 758 A of current. The
current can be reduced by decreasing the DC voltage supplied
to the HVPG. When the current is sufficiently reduced, oscilla-
tions are observed like those shown in figure 2(b). These oscil-
lations can be described by circuit models capturing the non-
linear ionisation and feedback processes in an argon discharge
[53]. Oscillations are not a focus of the current study; however,
itis to be noted that the discharge conditions could be modified
such that the pulsed photoemission at time 0 ms would initi-
ate oscillations, extinguish oscillations, or change the phase
of oscillations. Next in figure 2(c), the current was reduced to
8 1A, resulting in a Townsend-like breakdown. At time 0 ms, a
surge of current and a drop in voltage is observed that is caused
by the electrons freed from the cathode by pulsed photoemis-
sion. In figure 2(d), the current was reduced to O A and the
surge of current at time 0 ms is still observable. In this case,
breakdown was only possible with pulsed photoemission.
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3. Model of transients in low current discharges
with photoemission

To describe the measured transient currents and voltages, we
employ the model of transients in low current discharges pro-
posed by Phelps et al [50]. In this model, we assume a small
space-charge distortion of the electric field in the observed
range of currents. The times for significant changes in the elec-
tric field and current are assumed to be long compared to the
electron and ion transient times.

We also assume that electrons are produced at the cathode
only by ions, i.e. contributions from photons (from plasma)
and metastables are small. The effective yield of electrons per
ion arriving at the cathode is given by:

v =% +kvV+kil, ()

where -+, represents the ‘potential ejection’ of electrons
(i.e. the energy for electron escape is supplied by the potential
and not the kinetic energy of the ion [54]), kv is an approx-
imation to the contribution of ‘kinetic ejection’ of electrons
[50], and k; represents first-order effects of space charge on the
electric field (and thereby on the electron yield from the cath-
ode) [55, 56]. In this model, ionisation by heavy particles are
neglected and only ionisations by electrons are accounted for.
Then, the spatial ionisation coefficient («) is given by [57, 58]:

P

a=Cpe PVE, 2)

where p is the gas pressure in Torr, E is the electric field in
Vcem™!, and C and D are fitting coefficients for a specific gas
(C=29.2Torr ' em~!and D = 26.6 V2 Torr "2 cm "2 for
argon [14, 57, 59]). If electron and ion currents are considered
uniformly distributed over the surface of the electrodes (i.e. the
system is one dimensional), then the round-trip electron num-
ber gain (g) resulting from an electron released from the cath-
ode becomes a unique function of the gas pressure (p), elec-
trodes separation (d), and discharge voltage (V) [50]:

g()) =7 (0 [(14+8)e @ ~1], )

where ¢ represents the yield of ions produced by backs-
cattered electrons, per electron arriving at the anode. With
these assumptions, the electron current at the cathode 7. (0,7 +
T) atthe time ¢ 4 T (where 7 is the ion transit time) is related to
the current /. (0,7) at time # and photoelectric current produced
by irradiation 7,,(0, ) by [50]:

L (0,14 T) =1, (0,1 + T) + I (0,1) [ea@d . 1}
+ 071 (0,2) e, )

Using Taylor’s expansion, I, (0,7 +T) = I (0,1) + 7400

dr
we can eliminate I, (0,7+ T) in equation (4) as follows:
1, (0,7)

dl. (0,1) [g—1]
d T + T

1. (0,1). &)

The electron current emitted from the cathode is given by:
Ie (Ovt) = ’VIJr (Ovt) ) (6)
where I (0,¢) is the positive ion current. Therefore, the total

current [ = I, + I, is related to the electron current I, (0, ¢) at
the cathode by:

=7 %

Combining equations (1), (5), (6), and (7) we obtain
Phelps’s discharge characteristic equation [50]:

d [+ | (=D Iky dV
dr ~T T y(14) dt
Iy 17!
I+ — . 8
X[ 7(1+7)] ®)

The discharge voltage V(¢) can be expressed in terms of
the discharge current (¢) and the circuit components shown
in figure 1(a) as—

dv 1 d/
— = —V—I(Ry+Run)] — Rm—.
dr R;C [VO Vv ( s+ m)} mdt (9)

The coupled equations (8) and (9) are used to model the
transient voltages and currents due to pulsed photoelectron
emission current induced by lasers on the cathode. It is import-
ant to note that the discharge characteristic equation assumes
the time scale of change for current and voltages is long com-
pared to electron (ion) transient time, i.e. ~10710 s (~107% 5)
for the given experimental conditions. Thus, it is incapable
of handling the ultrafast details of the photoemission current
from the cathode illuminated by the laser pulses, where the
photoelectric current pulse length is on the order of the laser
pulse length [30] (i.e. ~30 ps in the experiment), much smaller
than the electron transit time. In order to still use equations (8)
and (9) to model the plasma behaviours, we have to neglect the
detailed time dependence of the photocurrent and are only con-
cerned with the integrated effect of the very short pulse, fol-
lowing Phelps et al [50]. This is also implied in the derivation
of equation (5), where we have assumed I, (0,7) = 1, (0,1 + T,
because the time scale of change of quantities, including /,,, has
to be on the order of 7, as constrained by the Taylor’s expan-
sion . (0,t+T) =1.(0,¢) + T% that we applied. Thus,
both photocurrent I, and its duration 7 are adjusted as fitting
parameters to best fit the measured current—voltage (/V) curves
for a given set of voltage and laser conditions [49]. The res-
ulting time variations of IV curves are caused by the transfer
of the photoelectron charge per laser pulse Q; = fOT Ipdz (pC),
which is compared with the total photoelectron charge emis-
sion from the quantum model for photoemission [30, 40].

The quantum model for photoemission is based on the
exact analytical solution of the time-dependent Schrodinger
equation subject to the oscillatory surface barrier due to the



J. Phys. D: Appl. Phys. 56 (2023) 505204

A Igbal et al

combined laser field and background field [30, 40, 41], from
which the emission current density J can be calculated by

J—e /D(e)N(e) e, (10)
0

where N () = 245% 1n[1 + exp(%B 7)] is the supply function

derived from the free electron model for metal, with Ef, kg,
and T, being the Fermi level, the Boltzmann constant, and the
temperature, respectively, and N (¢)de gives the flux of elec-
trons inside the metal imping normal on the metal surface with
initial energy between € and ¢ +de. The electron emission
probability from energy level of ¢ is,

oo

S wa(e),

n=—oo

D(e) = (11)

where w, (¢) denotes the electron transmission probability
through n-photon process, with n < 0 representing multi-
photon emission process, n = 0 direct tunnelling process, and
n > 0 multiphoton absorption process. The detailed expres-
sions for w, (¢) can be found in [40, 41]. The total emitted
photoelectron charge per laser pulse is integrated over the laser
pulse length as Q. = OT‘““ JAdt (pC), with A being the emis-
sion area.

4. Results and discussion

In this section, the laser induced transient voltage and cur-
rent waveforms are analysed together with streak images. The
effects of different applied voltages and laser energies on
the breakdown voltage and current waveforms are discussed.
The experimental measurements are compared with numerical
results.

Figure 3 shows the temporal evolution of the pulsed photoe-
mission induced breakdown. The measured waveforms (solid
lines) in figure 3(a) are the same as in figure 2(d). The ‘streak
images’ in figures 3(b) and (d) were formed by spatially integ-
rating the region designated by the dotted lines in figure 1(b)
along the x dimension. Transient current and voltage wave-
forms obtained from numerical calculations (dotted curves)
using equations (8) and (9) are also shown in figures 3(a) and
(c). Empirical values of discharge parameters are used in the
numerical calculations to fit the measured discharge currents
(see appendix A for further discussion of the discharge para-
meters used in the numerical calculations). For convenience of
later discussions, we define the parameters Vi, and I, as the
minimum and maximum values of V(¢) and I(¢), respectively
(shown in figures 3(a) and (c)), within the time range of 0 to
100 us of each scope trace.

Considering first pd = 1 Torr cm in figures 3(a) and (b),
during the arrival of the 30 ps laser pulse at time, = O us, elec-
trons are emitted from the cathode (bottom electrode shown in
grey in figure 3(b)) and then accelerated across the gap. These
electrons attain sufficient energy to ionise the gas and ionisa-
tion growth by electron avalanche is observed in the region

nearer to the anode. The ions then drift towards the cathode,
changing the potential across the gap and forming a cathode
sheath. Secondary electron emission by (primarily) ions sup-
plies new electrons that are accelerated across the sheath and
ionise the gas. After about 1 us, the sheath begins to grow and
eventually the current decreases and the breakdown is extin-
guished because the applied voltage across the gap is too low
to allow generation of one electron for each electron lost. A
similar breakdown evolution is observed at pd = 10 Torr cm
in figure 3(d), however the time step has been decreased from
250 ns in figure 3(b) to 50 ns in figure 3(d), capturing the
formation of a striated anode column that does not appear at
pd =1 Torr cm. The formation of the anode column corres-
ponds to the formation of the cathode sheath. It is to be noted
that the light emission from the region directly above the cath-
ode that appears to be located within the sheath (especially
noticeable between time 0.2 and 0.5 us in figure 3(d)) is an
artefact caused by the imaging optics and surface reflections
and should be ignored. Such artefacts also appear in figures 6
and 7.

Figure 4 shows the transient current (figures 4(a) and
(c)) and voltage (figures 4(b) and (d)) waveforms for dif-
ferent amplitudes (Vo) of the applied DC voltage (i.e. Vjuise
in figure 1(a)) obtained from the experimental measurements
(solid curves) and numerical calculations (dotted curves) for
pd = 1 Torr cm (top row) and 10 Torr cm (bottom row) when a
230 nm (5.39 eV), 36 ©J pulsed laser is incident on the cathode
at time, t = 0 us. In the numerical calculation, the photoelec-
tric current (/) produced by irradiation is approximated with a
Gaussian shaped simulation pulse. The total transferred phto-
toelectron charge Q; = fOT I,dt (pC) for different applied DC
voltages are given in tables 1 and 2 for pd = 1 and 10 Torr cm,
respectively.

Figure 4(a) shows that the value of I (described in
figures 3(a) and (c)) decreases as the DC voltage supplied
to the HVPG (V,) decreases. We also observe that at pd =
10 Torr cm (figure 4(c)) a larger Vo(> 300 V) is required
to obtain pulsed photoemission induced breakdown compared
to those in figure 3(a) for pd =1 Torr cm and the corres-
ponding values of I;,,x are also higher. From figure 4(b), we
observe that as V|, increases, the value of V,,, (described in
figures 3(a) and (¢)) first increases for 151 < V < 191 V and
then decreases for Vy > 191 V. This is because at Vy ~ 190 V,
a transition from a Townsend to glow discharge occurs res-
ulting in a significant increase in the discharge current and a
decrease in the value of V,,;,. This transition is more obvious
in figures 4(c) and (d) at Vy ~ 310 V. This will be further dis-
cussed in figures 6 and 7.

For pd =1 Torr cm, Vy <191 V as well as for pd =
10 Torr cm, Vy < 320 V, the measured current amplitudes
(figures 4(a) and (c)) and the corresponding charge trans-
fer (tables 1 and 2) are quite low compared to the other
current amplitudes (figures 4(a) and (c)) and charge trans-
fer (tables 1 and 2) values. This is because Vy < 191 V for
pd=1 Torr cm and Vy < 320 V for pd = 10 Torr cm rep-
resent the pre-breakdown regimes of the discharge (i.e. the
applied voltage < breakdown voltage), which will be further
discussed in figures 6 and 7.



J. Phys. D: Appl. Phys. 56 (2023) 505204

A Igbal et al

1 Torr-cm
—V(t) measured 4
260 ===+ /(1) calculated -
I ——I(t) measured 3
max ... |() calculated 7
oopl VR a0 i s
g ..... g E 2
= 180 0= =1
140 °
0
0 25 50
Time (us)
(a)
10 Torr-cm
—V(t) measured
-+=== V(1) calculated
SU0 1o —1(t) measured 300
- oo l(f) caleulated |
........... 205 &
=300 i
= P 1_‘ 150 :
200 E
% 75
100 e
0
Time (us)

(c)

1 Torr-cm

0 5 10
Time (us)
(b)

10 Torr-cm
10°
10
10% E
102
10"

Time (us)

(d)

Figure 3. (a), (b): Temporal evolution of the pulsed photoemission induced breakdown for pd = 1 Torr cm; (a) V (¢) and I (¢) waveforms
obtained from experimental measurements (solid curves) and numerical calculations (dotted curves) using equations (8) and (9); (b) streak
image formed by spatially integrating the region designated by the dotted lines in figure 1(b) along the x dimension. (c), (d): same plots as
those of (a), (b) for pd = 10 Torr cm. Minimum values of V(¢) (blue circles for measured values and blue diamonds for values obtained from
numerical calculations) and maximum values /(¢) (red circles for measured values and red diamonds for values obtained from numerical
calculations) are labelled in (a) and (c) as Vmin and Inax, respectively. Note the different time scales in (b) and (d).

The charge transfer due to photocurrent pulse (/,) needed
to fit the measured current amplitude for pd = 10 Torr cm
for voltage Vy > 320 V (figure 4(c)) is much higher than
that for pd = 1 Torr cm (figure 4(a)), as seen from tables 1
and 2. This is because the measured current amplitudes for
pd = 10 Torr cm (solid curves in figure 4(c)) are much higher
than those for pd =1 Torr cm (solid curves in figure 4(a)),
which may be attributed to the higher breakdown voltages
(assuming Rs >> Rplasma, the internal plasma resistance), more
photoelectron charges emitted due to plasma irradiation of the
surface at higher applied voltages, and the higher gas num-
ber density (N) at pd = 10 Torr cm resulting in a higher num-
ber of electrons produced per unit time under similar voltages,
k;N, where k; is the rate coefficient for ionisation. In addi-
tion, according to equation (2) and the assumption of the 0D
model that the voltage drop occurs uniformly across the gap,
the first Townsend ionisation coefficient () for the applied DC
voltages is smaller at pd = 10 Torr cm than at pd = 1 Torr cm.
Thus, the model requires higher values of I, and [ Idt to
match the breakdown data at higher pd.

It is also noteworthy from table 1 that a small charge
transfer (107! C t010~!% C) due to photocurrent pulse (/)
is necessary to fit the observed current amplitude for pd =

1 Torr cm (figures 3(a) and 4(a)), which is much smaller than
the emitted charge due to photoemission from the cathode
(2.1033 x 1071° C) calculated from equations (10) and (11),
the quantum model of photoemission [30, 40]. Similar obser-
vation was previously made by Petrovi¢ and Phelps [49].
Howeyver, the values of fOT I,dt for pd = 10 Torr cm with Vy >
320 V (from table 2), are of the same order of magnitude as the
emitted charge calculated from the quantum model of photoe-
mission (i.e. 2.1033 x 1071° C). The discrepancy between the
fitted charge transfer and emitted charge from photoemission
might be caused by the limitations of the 0D transient model:
it does not differentiate between the convection current in the
gap and the induced current in the electrodes according to the
Ramo-Shockley theorem [60, 61]; it assumes that the voltage
drop and electron multiplication occurs uniformly across the
gap although in reality it takes place primarily across the cath-
ode sheath; it does not account for the spatial nonuniformity
of the electric field across the gap which can be very different
for different pd values (especially at high currents when the
electric field may experience significant space-charge distor-
tion); it cannot account for the details of the ps-scale photoe-
mission current. In addition, the assumed linear dependence
of v on V(r) and I(¢) in equation (1) may not be universally
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Figure 4. Top row: transient (a) current and (b) voltage waveforms for pd = 1 Torr cm resulting from the photoemission due to a 230 nm
(5.39 eV), 36 pJ pulsed laser incident on the cathode at time # = 0 us, with different amplitudes of the applied voltage pulse, Vy. The solid
curves are obtained from the experiments described in section 2 with C = 206 pF, d = 0.35 cm, Ry = 76 2 and Ry = 1 M2, respectively.
The dotted curves are the results of calculations using equations (8) and (9). Bottom row: transient (c) current and (d) voltage waveforms for
pd =10 Torr cm with the same parameters as those in the top row. Note that in (c), the discharge current waveform for Vo = 300 V is
almost completely overlaid on the discharge current waveform for Vo = 310 V.

Table 1. Photoelectron charge transferred during the Gaussian-shaped 7, with pulse-width of 7 = 25 ps and pd = 1 Torr cm.

Applied voltage (V) 231 211 191 181 171 161 151

fOTIpdt(pC) 5.04 359 154 0908 0.567 0425 0.284

Table 2. Photoelectron charge transferred during the Gaussian-shaped 7, with pulse-width of 7 = 25 us and pd = 10 Torr cm.

Applied Voltage (V) 420 390 360 330 320 310 300

fOTIde (pC) 1159 109.7 9726 703 455 0.124 0.104
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Figure 5. Measured transient (a) current and (b) voltage waveforms due to different energies, Eyaser = 12,21,30, and 36.5 pJ, of a pulsed
laser incident on the cathode at time # = 0 us. Here, pd = 1 Torr cm and applied DC voltage amplitude, Vo = 231 V.

applicable for different pd values, thus affecting the quantit-
ative results. Further studies with higher spatiotemporal fidel-
ity models, such as Monte Carlo [62, 63], kinetic (convective
scheme) [64], and particle in cell (PIC) [65], are required to
resolve these issues.

Differences between the discharge voltage waveforms
(figures 3(a), (c) and 4(b), (d)) obtained from experi-
mental measurements (solid curves) and numerical calcula-
tions (dotted curves) can also be largely attributed to the sim-
plifying assumptions of the 0D transient model (as described
above) [50]. In addition, the voltage source in the experiment,
Vpuise» consists of a parasitic capacitance, the value of which
may vary with time due to the feedback from the external
circuit components (see appendix B for detailed discussion).
Such temporal fluctuation of the source capacitance can also
contribute to the difference between the calculated and meas-
ured discharge voltages. We shall show in appendix B that
the temporal variation of the parasitic source capacitance is
maximum near the extremum values of the transient voltage
and current profiles. It is, therefore, noteworthy that when the
extremum values of the transient voltage and current profiles
have small excursions from their steady state values (i.e. for
small amplitude of the applied DC voltages Vy < 161 V in
figure 4(b) and Vy < 310 V in figure 4(d)), the transient voltage
profiles obtained from numerical calculations show a relat-
ively better agreement with their experimentally measured
counterparts.

Figure 5 shows the measured transient current and voltage
waveforms with different energies of the incident laser pulse
(Epraser = 12,21,30,and 36.5 p©J). We observe from figure 5
that the effect of the laser energy on pulsed photoemission
induced breakdown is much less prominent than the effect of
the applied DC voltage amplitude (i.e. top row of figure 4). To
understand the reason for this, we employ a quantum model
of photoemission [30, 40, 42] and estimate the total emit-
ted charge (Q.) through photoemission using equations (10)
and (11) when a laser pulse is incident on an aluminium

surface. To align with the quantum model with a surface bar-
rier under a perpendicular laser field to the surface, we use
the orthogonal component of the laser field (19 degrees incid-
ent angle) and an elliptical emission area as described in
the experimental setup in section 2. We find the total emit-
ted charge, Q. =7.0109 x 10~11,1.2269 x 10~19,1.7527 x
10719, and 2.1325 x 1071 C for Ep e = 12,21,30, and
36.5 pJ respectively (i.e. as Ep qq¢r increases from 12 to 36.5 pJ,
Q. increases by approximately 3.04 times). Fitting the curves
in figure 5 using the transient model equations (8) and (9) gives
the transferred photoelectron charge Q; = 4.92,5.35,5.5, and
5.6 pC approximately, for Epasr = 12,21,30, and 36.5 uJ,
respectively (i.e. as Epagr increases from 12 to 36.5 ul, O
increases by approximately 1.14 times, close to that estimated
by the quantum model). For higher laser intensity, in addi-
tion to the increased optical field to suppress the surface bar-
rier to increase electron emission, the laser heating also pro-
motes more electrons to higher energy levels, resulting in a
higher probability of emission and therefore a higher emitted
charge [30].

Figure 6 shows the voltage dependence of breakdown at
pd =1 Torr cm without (top row) and with (bottom row)
pulsed photoemission. The DC voltage supplied to the HVPG
was varied in 10 V steps from 500 to 60 V. Images were
acquired with integration times of 50 us, integrating the tem-
poral variation shown in figure 3(b). Images and scope traces
were acquired at times before and during the pulsed photoe-
mission to allow for comparison and repeatable electrode
conditions.

Considering the case of no pulsed photoemission in
figures 6(a) and (b), the current decreases linearly and the
voltage decreases slightly as the DC voltage supplied to the
HVPG is decreased from 500 V, corresponding to the regime
shown in figure 2(a). From 270 to 240 V oscillations like
in figure 2(b) appear. At 230 V and below, the current is
0 pA, Viin equals the DC voltage supplied to the HVPG,
and no breakdown occurs. Similar conclusions can be drawn
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Figure 6. Top row: (a) measured values of Vinin and Imax (as defined in figure 3) for different DC voltages (Vy) supplied to the HVPG for
pd =1 Torr cm without pulsed photoemission, (b) corresponding streak images acquired with integration times of 50 us, integrating the
temporal variation shown in figure 3(b). Bottom row: same figures as those in the top row, with pulsed photoemission. Blue diamond shaped
markers in (c) shows the Vi, values obtained from numerical calculations in figure 4(b).

from figure 6(b) which shows the growth of the cathode
sheath with decreasing voltage until below 235 V when no
breakdown occurs. Therefore, we can consider the minimum
voltage required for breakdown without pulsed photoemission
at pd =1 Torr cm to be 235 (£5) V, consistent with previ-
ous measurements [29]. It is to be noted that Townsend-like
breakdown like in figure 2(c) never occurred when stepping
the voltage. This type of breakdown could only be achieved
by slowly and carefully adjusting the voltage in a continuous
manner by hand.

Next, considering the case of pulsed photoemission in
figures 6(c) and (d), there is a similar trend as in figures 6(a)
and (b) except that breakdown occurs at voltages less than
230V, and this breakdown is like that shown in figure 3(b). For
this case of pd = 1 Torr cm, it is difficult to define the min-
imum voltage required for breakdown as the current appears
to exponentially decay to O ©A and (within the precision of the
measurements) reaches 0 pA at 110 V. However, Vi, begins
to trend downwards between 180 and 190 V. We observe from
figure 6(d) that unlike figure 6(b) (and figure 7(d), discussed
below), a transition from glow to Townsend discharge with
decreasing voltage is not abrupt in this case. Figure 6(d) shows
that the streak image starts resembling a more Townsend-
like breakdown at approximately 185 V. Therefore, we can
consider the minimum voltage required for breakdown with
pulsed photoemission at pd = 1 Torr cm to be 185 (£5) V. It
is also noteworthy that although the calculated values of Vi,

with the laser (blue diamond shaped markers in figure 6(c)
obtained from the waveforms in figure 4(b)) differ from their
experimentally measured counterparts, the breakdown voltage
obtained from the numerical calculation (~190 V) agrees well
with the measured breakdown voltage in figure 6(c). We show
below that this value is consistent with other pd values where
the transition to Townsend-like breakdown is less ambiguous.
Figure 7 shows the voltage dependence of breakdown at
pd =10 Torr cm without (top row) and with (bottom row)
pulsed photoemission. The same trends appear as in figure 6,
and we find the minimum voltage required for breakdown
without pulsed photoemission to be 425 (+5) V. Comparing
figures 7(c) and (d) to figures 6(c) and (d), the transition to
Townsend-like breakdown with decreasing voltage is clear
and occurs at 315 (£5) V. This value agrees with the break-
down voltage obtained from the numerical calculation using
equations (8) and (9), i.e. blue diamond shaped markers in
figure 7(c) obtained from the waveforms of figure 4(d).
Currently, we do not have an explanation for why the
transition to Townsend-like breakdown occurs differently for
1 and 10 Torr cm. Some differences are observed between
the two cases. Considering figures 7(a) and (b), at voltages
where oscillations like in figure 2(b) occur (420 —480 V),
a striated positive column appears that is not present in
figure 6. Considering this same voltage range in figures 7(c)
and (d), the pulsed photoemission appears to influence the
striations. For voltages less than 420 V in figures 7(c) and
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Figure 7. Top row: (a) measured values of Viin and Imax(as defined in figure 3) for different DC voltages (V) supplied to the HVPG for
pd = 10 Torr cm without pulsed photoemission, (b) corresponding streak images acquired with integration times of 50 us, integrating the
temporal variation shown in figure 3(d). Bottom row: Same figures as those in the top row, with pulsed photoemission. Blue diamond
shaped markers in (c) shows the Vi, values obtained from numerical calculations in figure 4(d).
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Figure 8. Minimum voltage required for breakdown, Vg, with and without pulsed photoemission at the cathode as a function of pd. The
blue dotted curve with diamond markers is obtained by solving Townsend breakdown criterion (equation (A1) in appendix A) with
secondary electron emission coefficient, v = 0.005 (approximated from equation (1) with the empirical values of kv and &; for

pd = 1 Torr cm described in appendix A), C =29.2 Torr~! cm™! and D = 26.6 V2 Torr= "2 cm ™12 [57].

(d), the breakdown is like that shown in figure 3(d) and
includes a striated positive column. Exponential decrease
in Iy, below 420 V, as observed in figure 6(c), may
still occur but is not observed due to the 10 V sampling
steps.

Finally, figure 8 plots the minimum voltage required for
breakdown, Vg, with and without pulsed photoemission for
different values of pd. For pd values of 1,3.16, 10, 13.6,
and 100 Torr cm, Vg was 235,285,425,495, and
1645 V, respectively, without pulsed photoemission, and
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185, 215,315,365, and 1290 V, respectively, with pulsed
photoemission. Plotted on a logarithmic scale in figure 8,
the pulsed photoemission is shown to shift the ‘Paschens
curve’ downwards. The Vy with photoemission is con-
sistently about 75% of the breakdown voltage without
photoemission.

It is noteworthy that equation (1) assumes that the yield of
electrons is determined by the discharge voltage V, as would
be the case for discharges where the positive ions cross the
discharge under free-fall conditions. Such an assumption is
appropriate only for low-pressure discharges [50]. Therefore,
the transient model has not been applied to pd = 100 Torr cm
in figure 8.

5. Conclusion and future works

In summary, this article characterises pulsed photoemis-
sion induced breakdown in argon plasma. At low currents
(<100 pA), laser induced photoemission can be sufficiently
de-coupled from space charge effects to be observable.
Photoemission induced plasma breakdown is investigated with
high-speed imaging for different reduced electric fields and
laser intensities, using a tunable picosecond laser. The laser-
induced breakdown voltage was found to be lower than the
Townsend breakdown voltage. The effect of the laser energy
on transient waveforms of the voltage and current is found to
be less prominent than the effect of the applied DC voltage
amplitude.

Phelps’s circuit model and a quantum model of photoe-
mission are employed to interpret the experimental meas-
urements. Numerical calculations with the simple OD dis-
charge model can accurately predict the breakdown voltage
curve as well as qualitatively explain the relative effects of
the applied DC voltage and the laser energy on breakdown.
However, it falls short in terms of quantitatively describing the
transient voltage and current waveforms, even with empirical
approximations, implying the necessity for a higher fidelity
model.

Higher order effects of photoemission are difficult to cap-
ture in modelling in the present study. Higher dimensional
kinetic models may be needed to address this issue in place
of the OD discharge characteristics equation. Another major
disadvantage of the OD discharge model used in this work
is its inapplicability for high pressure discharges and ions
with large charge-transfer cross sections due to the simpli-
fied assumptions made in equation (1) [50]. To overcome these
limitations, future studies may focus on simulations in higher
dimensions.

Although pulsed photoemission in our experiments
induced breakdown and formed a plasma sheath, the
applied voltage was found to be insufficient for second-
ary electron emission to maintain the plasma. Finding
methods to sustain pulsed photoemission induced plasma
for longer durations, e.g. using multiple consecutive
laser pulses, might be interesting for various plasma
applications.
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Appendix A. Discharge parameters

As per Townsend breakdown criterion, the product of the
excess electron multiplication and the yield equal unity, i.e.

1= (A1)

We employ this condition to obtain empirical val-
ues of ~ corresponding to experimentally measured
breakdown voltages without laser (solid blue curve in
figure 8). A linear approximation to the v values sub-
sequently yields ky = 97 = 1.4688 x 105 V~! for pd=
1 and 10 Torr cm. The following empirical expressions
of k; are used to fit the measured current waveforms in
figures 3 and 4.

k; = 0.0072(E/N)* — 10.4 (E/N) + 3814; pd = 1 Torr cm.
(A2)

k; = 0.0043(E/N)* —10.7 (E/N) + 6814; pd = 10 Torr cm.
(A3)

Here (E/N) has the unit Td.
Ton drift velocity (in cm/s) is estimated with the following
empirical expressions -

va =337.9+0.1702 (E/N);E/N < 612 Td (A4)
Vg = 5.13 x 10~ 14e%05(E/N) | 336 60-00051(E/N),
E/N > 612 Td. (A5)

The ion transit time is then estimated as T = d/vq (ranging
from 5 — 12 us at different applied electric fields for the given
experimental conditions).
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Figure 9. Schematic of the circuit with the high voltage pulse generator, Vpuise, of figure 1 replaced by the components inside the dashed

rectangle, i.e. Vg, Ry, and Cj.
Appendix B. Parasitic capacitance in the high
voltage pulse generator (HVPG)

Figure 9 shows the schematic of the circuit of figure 1 with the
high voltage pulse generator, Ve, replaced by a DC voltage

C =

[Vae = V(1) = 1(1) (R) + Ry + Run)] — [CRuRs + Ry CRy) 2 — [R.C+ R, C]

source (Vg ), a source resistance (R;), and a source capacit-
ance (Cy). Prior to the circuit connection, the values of Ry and
C) are measured to be 50.9 2 and 0.29 uF, respectively. While
connected to the circuit, the value of C; can be estimated in
terms of /(t) and V(t) as follows.

dv(r)
t

d (B1)

d?Vv(1)
S dR2

dv(r)

dt

R\CR + Ry

Using C =206 pF, d=0.35 cm, Ry=76 2 and Ry =
1 MQ, (as described in section 2) and the measured val-
ues of /(t) and V(t) from figures 4(a) and (b), we find from
equation (B1) that the source capacitance, C;, changes with
time as a function of I (t), V(t), and Vg (figure 10). While for a
long period during the circuit operation (i.e. time > 10 us), C;
remains close to its measured value prior to the circuit connec-
tion (0.29 uF), it shows significant deviation from that value
while the measured /(t) and V(t) are near their extremum val-
ues (i.e. 5 us < Time < 7 ps) as shown in figures 4(a) and
(b)). It is noteworthy that in figure 10 we observe the exist-
ence of a source inductance (i.e. negative value of C;) as well.
The origin of this dynamic source capacitance and inductance
might be understood by the transient charge distribution on

+ R|R,CRy,

d&1(1)
dr

i
Tdr

+ (RIRS +R1Rm)

the internal circuit element of the high voltage pulse gener-
ator. When the external circuit experiences very fast voltage
and current fluctuations, they induce a charge redistribution
in these elements. However, such redistribution of electrical
charges may not take place instantaneously. That is, the tran-
sient behaviours of capacitors (and inductors) can be different
from their low-frequency behaviours. The delay time in charge
redistribution under very fast voltage and current fluctuations
(as is the case in our operating condition) might cause the
dynamic behaviour of the parasitic capacitance which is dif-
ferent from its measured DC value prior to circuit connection.
The detailed investigation of this phenomenon in our experi-
ments is beyond the scope of this article and can be a subject
of future study.
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Figure 10. C; vs time estimated from equation (B1) using the measured values of /(t) and V(t) from figures 4(a), (b).
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