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Abstract

Temporal evolution of microwave-plasma coupling, vacuum ultraviolet (VUV) light emission
and plasma electron temperature and density is reported for a 2.45 GHz microwave hydrogen
discharge pulsed at 50 Hz. Directional couplers, a VUV spectrometer and a Langmuir probe
are used for the diagnostics of the plasma breakdown. A 5-10 us transient peak of light
emission exceeding the steady-state intensity by a factor of 3.3 is observed in coincidence with
an abrupt drop in the microwave electric field. Observed light emission intensities combined
with cross section data indicate that the electron temperature during the breakdown transient
exceeds the steady-state value of 4-6 eV by a factor >3, which is in good agreement with the
Langmuir probe data. The estimated magnitude of the electron temperature transient
corresponds well with the microwave-plasma coupling characteristics, indicating a drop of

30—40% in the electric field strength due to plasma damping.

(Some figures may appear in colour only in the online journal)

1. Introduction

Transient effects in pulsed electron cyclotron resonance
(ECR) discharges are of high interest for applications, e.g.
particle accelerators and the plasma processing industry [1, 2].
Research on this subject has been conducted mainly with
high-frequency minimum-B ECR ion sources by different
researchers using electrical probes, spectroscopy and radiation
diagnostics under a wide range of parameters for different
plasmas [3-10]. The research on 2.45 GHz microwave
hydrogen ion sources has been, to a great extent, focused
on studying the temporal properties of extracted ion beams
such as species fraction [11] and the effect of pulse pattern on
the horizontal beam emittance [12]. Temporally and spatially
resolved Langmuir probe diagnostics for pulse-modulated
hydrogen discharges in planar microwave plasma reactors at
2.45 GHz have been published recently by Rousseau et al [13]
reporting a temperature peak at the beginning of the discharge
pulse.

0963-0252/13/015026+09$33.00

In this paper, we present an experimental study of plasma
breakdown in hydrogen discharges of a 2.45 GHz microwave
plasma generator developed to study ECR plasmas with the aim
of improving ECR ion sources. The diagnostic setup makes
use of several complementary techniques, i.e. directional
couplers for incident and reflected power measurements, a
vacuum-ultraviolet (VUV) spectrometer and a Langmuir probe
providing data with wus-level temporal resolution. These
diagnostic methods provide data related to the transient
phenomena in fundamentally different ways. The incident
and reflected power sensors provide information on the
interaction between the electromagnetic waves and the plasma,
which depends mainly on the plasma density and absorption
efficiency of the energy carried by the microwave. VUV light
emission is a consequence of the interaction between energetic
(>10eV) electrons and neutrals in excitation reactions. On
the other hand, VUV-emission signal can be considered
as a measure of the ionization rate because the ratio of
the excitation and ionization cross sections for hydrogen is

© 2013 IOP Publishing Ltd  Printed in the UK & the USA
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Figure 1. A view of plasma reactor and its main subsystems: (a)
plasma chamber; (b) ridged waveguide; (c) waveguide adapter; (d)
quartz window; (e) dual directional coupler for synchronization
signal; () two-stub tuner; (g) dual directional coupler for
measuring incoming and reflected power; (%) coil pancakes; (i) gas
inlet; (j) pressure gauge inlet; (k) diagnostic port; (/) pumped and
line-of-sight for optical diagnostics; (m) tilted Langmuir probe.

well defined [14]. The Langmuir probe is sensitive to all
electromagnetic properties of the plasma, e.g. plasma potential,
external magnetic field and charged particle energy and density.
Langmuir probe diagnostics of the given setup have been
reported recently in [15]. Since Langmuir probe diagnostics
are known to be somewhat sensitive to the chosen analysis
method, external magnetic field and exact nature of the electron
energy distribution, as discussed thoroughly by Chen et al
in [16], we have used the complementary diagnostic setup
described in this paper to confirm that the average energy of
the electrons peaks during the plasma breakdown transient.
In this study we focus on a single experimental condition to
describe the interpretation of the data. However, additional
data obtained through the VUV diagnostics are presented
to demonstrate that the conclusions are valid over a wide
range of experimental conditions. This study is intended to
broaden the understanding of the plasma breakdown dynamics
of ECR plasmas. In particular, it reveals similarities of the
plasma breakdown transient effects observed earlier with high-
frequency ECR ion sources intended for the production of
multicharged ions and 2.45 GHz microwave discharges often
used for the production of high-current monocharged ion
beams. Also, to put our research into a wider context, it is
worth noting that the observed transient effects take place
on us scale and, thus, are interpreted to originate from the
temporal evolution of the electron energy distribution rather
than neutral gas heating and subsequent depletion, often
observed in various plasma generators, as first discussed by
Boswell [17].

2. Experimental setup and procedure

The experiments were conducted with a plasma generator
driven by a 2.45 GHz/3 kW adjustable power magnetron pulsed
at 50Hz. The plasma generator is shown in figure 1 with
the main subsystems. The device is a reproduction of the
ISHP (Ion Source of Hydrogen Positive) ion source under
development at ESS Bilbao with the exception of the plasma
electrode and extraction being replaced by an optical diagnostic
port. The plasma chamber (a) is cylindrical with 93 mm

Figure 2. Photograph of the experimental setup. The VUV
spectrometer on the left is connected to the plasma generator on the
right.

length by 90 mm diameter and is made of OFHC copper
including an external water cooling bath for heat removal.
Microwave radiation is coupled into the plasma chamber
through a ridged waveguide section of 280 mm length with a
WR284 waveguide input connection (b). A WR284-WR340
adaptor of 128 mm length (c¢) connects the ridged waveguide
piece with a 30 mm long window holder, which houses a 10 mm
thick rectangular quartz window vacuum break (d). The parts
at atmospheric pressure include a dual directional coupler (e)
that is used to obtain timing synchronization signals, a two-
stub tuner (f) for fine-tuning of the impedance matching
and another dual directional coupler (g) where incoming
and reflected power from the magnetron and the plasma are
measured. Each of these three sections (e—g) is 173 mm in
length. The 2.45 GHz/3 kW magnetron (model MH3000s-
213BB by MUEGGE company, not shown in the figure) is
connected to the directional coupler (g) through a 610 mm long
straight waveguide. The emission head of the magnetron is
protected from the reflected power by a water cooled circulator,
which also effectively mitigates the frequency variation due to
varying load impedance. Four coaxial coils (%) arranged in
two pancakes are excited independently to produce different
impressed magnetic field profiles. The topology and strength
of the magnetic field can be adjusted by tuning the coil currents
and positioning the coil pancakes. Hydrogen is injected into
the plasma chamber through a needle valve in the gas inlet
(i). The gas feed rate is measured by a digital flow meter
and pressure by a gauge connected to the plasma chamber ().
Both sides of the plasma chamber are covered by 2 mm thick
boron nitride disks properly machined to fit the microwave
port, gas inlet and diagnostic portholes. The downstream end
of the plasma chamber (k) is used for pumping and diagnostics
including an axial line-of-sight for optical diagnostics (/) and
tilted feedthrough for the Langmuir probe (m), the latter being
retrofitted for the present experiments.

A view of the experimental setup is shown in figure 2,
where the UVV spectrometer can be seen on the left-hand side
and the plasma chamber surrounded by the coil pancakes on
the right. Figure 3 shows a schematic of the diagnostics and



Plasma Sources Sci. Technol. 22 (2013) 015026

O D Cortazar et al

Vacuum UV
dirc?cl:;:nal dir;)(:l':::':nal Quartz Spectrometer
window
coupler Tuner coupler \
— > » B Plasma
L : oo —= [ "=
MAGNETRON
2.45 GHz .
PULSED MODE
Coils PMT
Transimpedance
amplifier <
OSCILLOSCOPE + v
CH1  Ch2 ([:):3 Langmiur Probe Spectrometer
CH3 Controller Controller
A
4 Synchrony
J_I_ pulses
v Monitor A
—
h d .
| »
- 1l
| COMPUTER | p{ Pulse Delay Generator

Figure 3. Schematic presentation of the diagnostic setup for measuring the temporal evolution of microwave-plasma coupling, VUV light

emission and plasma electron temperature and density.

timing system integrated to the plasma reactor. The timing
signal for data acquisition, provided by the dual directional
coupler, is used for triggering the VUV diagnostics as well as
the Langmuir probe via a delay generator. The positions of
the tuner stubs are adjusted in order to obtain the minimum
reflected power readout corresponding to a stable plasma
and low jitter between the timing signals for consecutive
microwave pulses (jitter is always kept below 0.1 us). Both
dual directional couplers have a 60 dB coupling factor with an
approximated coupling loss of 4 x 10~° dB and a directivity of
25dB. The VUV spectrometer consists of a monochromator
(McPherson, model 302) equipped with a holographic grating,
a photomultiplier tube (PMT, ET Enterprises, model 9406B)
and PC controlling the wavelength in the range 100-250 nm.
A transimpedance amplifier connected to the NI USB-6255
data acquisition card, triggered by the falling edge of the
reflected power signal associated with the plasma breakdown,
is used for recording the photomultiplier current. The
spectral and temporal resolutions of the VUV spectrometer
were 9 nm—set to this value with slits to increase the light
intensity at the PMT—and 2 us, respectively. In order
to reduce noise, 100 consecutive pulses are recorded and
averaged, which translates to data acquisition time of a few
seconds for the VUV light. VUV diagnostics are favored
over the less complicated visible line diagnostics because
excitation cross sections to the first excited states of atoms
and molecules are an order of magnitude higher than the

excitation cross sections to the higher states, e.g. Balmer
series and Fulcher band [14]. Also the excitation energy is
lower, which means that the excitation rate is less sensitive
to the changes of the tail of the electron energy distribution
function (EEDF), which is especially important when studying
transient effects. Measuring molecular emission within the
Lyman band (~161nm) is probably the best diagnostics tool
of the excitation rate because the given transitions do not
suffer significantly from cascade effects from higher excited
states [18].

The Langmuir probe is used for acquiring /-V curves
permitting one to estimate the plasma electron temperature
and density. The probe tip is made of a 6 mm long and 0.5 mm
diameter tungsten wire. Transient effects are studied by
synchronizing the probe with the VUV-emission measurement
via a delay generator and building the /-V curve from the
data obtained over consecutive pulses. The Langmuir probe
driver circuit (ESPION) is made by Hiden Analytical LTD and
it acquires a single 7-V point in 62.5 ns and rearms itself in
another 14.6 us required for data handling. Each point of the
I-V curve is an average of the probe currents acquired over
100 consecutive pulses at a fixed probe voltage. Altogether
it takes several minutes to acquire a complete /-V curve
corresponding to a single temporal data point, which inevitably
exposes the measurement and data analysis to long-term shifts
in plasma conditions and pulse-to-pulse oscillations. These
effects can be minimized by careful tuning of the microwave
coupling and averaging of the data.
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Figure 4. Langmuir probe /-V curves obtained during the
experiments. Curve (a): typical case corresponding to the
breakdown. Curve (b): typical case during the steady-state plasma
condition (15 and 60 us after incoming microwave pulse). Floating
potential and plasma potential are indicated by dotted vertical lines.

The electron temperature 7, is estimated from the /—
V curve assuming a Maxwellian EEDF [19,20]. T, values
are also estimated from the difference of plasma potential
and floating, potential, i.e. V, — V; = (kT/2) In 2m;/mm.),
where k7. is in units of eV [16,21]. For hydrogen
plasmas with varying species fraction this translates to 7, =
0.26...0.28(V,, — V}). Itis plausible that the external magnetic
field increases the coefficient to values >0.3 [16] but due to the
tilt of the probe it is impossible to arrive at a precise estimate.
Thus, we have used the coefficient of 0.26, which corresponds
to the minimum (theoretical) value for 7. and assumes a
perfectly Maxwellian EEDF. Deriving the error directly from
the measured quantities is almost impossible since commonly
accepted probe analysis techniques are not always supported by
theory and include assumptions [16, 19,20]. Figure 4 shows
typical /-V curves obtained during the experiments. Curve
(a) is measured at 15 us, i.e. during the plasma breakdown
transient discussed in the following section and curve (b) at
60 us, i.e. after reaching the steady state. The plasma potential
is determined by taking the derivative of the /-V-curve and
using half of its maximum value as a criterion for the ‘knee’.
The shape of the curve is defined by the EEDF as well as sheath
expansion at high probe voltages [19, 21]. The orientation (tilt)
of the probe with respect to the external magnetic field results
in slight underestimation of the saturation currents since the
electron Larmor radius is smaller than the diameter of the probe
tip causing the field lines intercepting the probe to become
partially depleted due to the limited diffusion rate across the
field [21]. The shape of the curve suggests that the plasma
density is always below the critical density, i.e. 7.44 x 101 m—3
for 2.45 GHz microwaves. The plasma density of the given
plasma generator has been estimated previously by modeling
the ion saturation branch of the /-V curve based on numerical
results by Laframboise [15, 20].

In the experiments reported here the plasma breakdown
transient was studied keeping the repetition rate (50 Hz) and
duty cycle (50%) fixed while varying the microwave power
from 300 to 3000 W and neutral hydrogen pressure from 3.8 to
9.3 x 1073 mbar. The experimental conditions are typical for
microwave discharge ion sources intended for proton beam
production (see, e.g., [22]). Figure 5 shows a 2D cross-
sectional view of the magnetic field profile corresponding to
the experimental condition described in detail in the following
section. The given profile, simulated with FEMM 4.2 [23] and
validated by measurements, results in low reflected power, and
short and reproducible microwave coupling time [24]. The
plasma chamber boundaries are represented by the rectangular
shape defined by the solid black line where the left-hand side
corresponds to the microwave injection side and the right-hand
side side to the diagnostic port. A dotted black line indicates
the position of the 87.5 mT ECR surface. The magnetic field
at the Langmuir probe position (r = 0,z = 46.5mm) is
about 120 mT. Probe data were taken at 1 us interval during
the ignition transient, followed by gradual increase of the time
step to 20 us after reaching the steady state.

3. Experimental results and discussion

Figure 6 shows a typical result for the temporal evolution
of the measured parameters. The corresponding settings are
900 W incident power, 9.3 x 10~ mbar hydrogen pressure and
magnetic field profile depicted in figure 5. The reflected-to-
incident power ratio P,/ P, is shown in figure 6(a). First, the
power absorption is poor, allowing the electric field strength
in the plasma chamber to reach a value characteristic for the
coupling system and cavity. The P./P; ratio can be used
for calculating the relative change of the average microwave
electric field in the plasma chamber as a function of time
from [6, 25]

E@) _ \/(1 F VRD) (1% Rua) (1 — R(1))
(l + vV R(t)) (l + v Rmax) (1 - Rmax)

Emax
where R = P./P; and negative/positive sign corresponds to
under-overcoupled cavity. The result displayed in figure 6(a)
is normalized to the maximum field, corresponding to Rinax
where ~10% of the power is lost in transmission, e.g. in
the waveguide. Because the system is not designed for any
eigenmode and has a small radius-to-wavelength ratio of 0.36,
it is further assumed that the cavity is undercoupled. The
calculation suggests that the electric field drops to ~60% of the
unloaded value during the plasma breakdown. This represents
the upper limit for the average electric field since the plasma
refractive index has been assumed to be equal to its incident
value in vacuum, i.e. unity, which causes an estimated error
of 10% in steady state. The relatively modest drop of the
electric field is explained by a low Q-value of the cavity. The
calculation of the average electric field from equation (1) is
based on the properties of microwave-plasma coupling, not on
modeling the actual electron heating mechanism or the actual
electric field pattern that shifts during the breakdown in an
unknown manner. In order to gain confidence on the result

ey
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Figure 5. 2D cross section of the magnetic field configuration used in the experiments. The plasma chamber is represented by a black solid
line. The dotted black line indicates the position of the ECR surface (87.5 mT).

another approach based on [26], where the electron heating at
the ECR zone is studied theoretically, is presented. Due to the
long wavelength it can be assumed that the incident microwave
power is either reflected or absorbed, i.e. P, = P, + P,. The
absorbed power P, consists of the fraction absorbed by the
plasma and transmission losses, Poss. Following [26] the ratio
of the ‘effective electric field’ to the incident electric field can
be expressed as

Eeff (t) .
E\nax

(Pr+Ploss)/Pi_1
ln (Pr+1fi)loss)

The measured ratio of reflected-to-incident power at the
beginning of the microwave pulse is about 90% indicating
that transmission losses account for 10% of the incident
power. The temporal evolution of the electric field calculated
from equation (2) is also shown in figure 6(a). The result
suggests that the electric field drops to ~65% of the initial
value due to plasma damping. Thus, the results calculated
with the alternative models are in reasonable agreement.
The temporal evolution of VUV light emission at 160 nm,
i.e. at the maximum of molecular Lyman band extending
from 125 to 161 nm, and at 121.6 nm corresponding to the
Lyman-« transition is presented in figure 6(b). Lyman band

@

transitions (B MEAD G ) are caused by electron impact

on excited neutral hydrogen molecules (e + H — Lyman
band). Since electron losses are dominated by diffusion,
the rate of recombination reactions resulting in Lyman band
emission is insignificant in comparison with electron impact
excitation [27]. Lyman-a corresponds to the electronic
transition of hydrogen atom from the first excited state to the
ground state (n = 2 — n = 1). The transient peak of light
emission lasting some us is observed in coincidence with the
dropintheelectric field. After the ignition transient, the Lyman
band and Lyman-« emission intensities exhibit opposite trends,

i.e. molecular/atomic emission decreases/increases slowly and
saturates at ~500 us.

Figure 6(c) shows the temporal evolution of the floating
potential and plasma potential, determined from the zero-
crossing of the (averaged) /-V curve and the ‘knee’ of the
curve, as described previously. It is evident from the data that
both potentials fluctuate during the breakdown process which
increases the uncertainty of the probe analysis in comparison
with the steady state. Figure 6(d) shows the temporal evolution
of electron temperature obtained with two analytical methods,
i.e. with the Laframboise method (used in [15]) and from the
difference of the aforementioned potentials. Altogether, the
probe data indicate the existence of a breakdown transient
before the temperature saturates to about 4—6eV at about 20—
50 us and remains at this level until the end of the microwave
pulse. The temporal evolution of the electron saturation current
(defined at Vjrobe = Vplasma) is presented in figure 6(e). The
electron current at the ‘knee’ of the I-V curve reflects the
plasma density, which is therefore interpreted to increase
monotonically up to 20 us, which is equal to the time it takes
for the average electric field to collapse. The volumetric rate
of ionizing collisions is proportional to the electron and neutral
gas densities and ionization rate. Thus, it is expected that the
electron density first increases exponentially and then saturates
to a level where loss rate of electrons due to diffusion and
recombination equals the ionization rate of the neutral gas,
which agrees well with the data in the P,/ P; ratio and average
electric field is caused by the presence of electrons absorbing
the microwave power and damping the microwave EM field.
A similar effect on the microwave-plasma coupling has been
observed with high-frequency ECR ion sources [6, 28] but has
never been directly correlated with the temporal evolution of
the plasma density.

Figure 7 shows the rates for ionization and excitation
of H, molecules as a function of electron average
energy for Maxwell-Boltzmann and Druyvesteyn EEDFs,
which is considered more representative for plasmas where
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Figure 6. Time-resolved signals and plasma parameters during the
breakdown of a hydrogen discharge in a 2.45 GHz plasma generator.
(a) P/ P; and average electric field, (b) Lyman band and Lyman-«
VUV light emission, (c¢) floating and plasma potential, (d) electron
temperature by two different methods, (e) saturation electron current
and the ratio between Lyman band emission signal and saturation
electron current.

T. > T, [29]. The curves are normalized to the value at an
average electron energy of 7.5 eV corresponding to an electron
temperature of 5eV, i.e. estimated steady-state value, for the
Maxwellian distribution. Cross section o (¢) data are taken
from [14]. The comparison of the Lyman band VUV signal
and the electron saturation current shown in figure 6(e) can
be considered as evidence of the electron average energy
peak. The electron saturation current collected by the probe
can be expressed as .t = ene(ve)A, where A is the area

10 T T T T T T T T T
g - /
—X EQHB Z., Druyvesteyn / .
A - 4
= 8 X'z~ B'Z;, Maxwellian /
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Figure 7. Normalized rates of ionization and molecular excitation
resulting in Lyman band emission for hydrogen as a function of
average electron energy.

of the probe sheath, which is considered to be constant for
Vorobe < Vp. The average electron velocity v, is proportional
to the square root of the average electron energy, i.e. E%.
Thus, o ~ n.(E)*3. On the other hand, the Lyman band
emission signal is proportional to the electron density and the
molecular excitation rate, the latter being proportional to (E)~,
where x > 1, as shown in figure 7. Dividing the Lyman band
VUYV signal by the electron saturation current yields a quantity
that is proportional to (E)”, where y > 0.5 (the plasma
density dependence cancel each other). The peak of the Lyman
band signal/[, , ratio in figure 6(e) is therefore interpreted as
evidence of electron average energy (or temperature) peaking
during the plasma breakdown transient.

The intensity of Lyman band light emission, /g1 SroX 158
is directly proportional to the neutral gas density n, y,, plasma
density n. and the molecular excitation rate (v.o (€)), which
allows the measured Lyman band light signal and figure 7 to
be used for estimating the ratio of the transient to steady-state
electron average energy. The ratio of the transient to steady-
state light emission intensity can be expressed as

I e [ o () f(v) dvl < [[ o) f()dv),
Is  Mosshesl /o) f)dvls — [[o@)f@)dvls’

where f(v)dv is the electron velocity distribution function
and subscripts t and ss refer to transient and steady state.
A similar proportionality can be derived also for Lyman-«
intensity /I,—,_,,—; by considering appropriate reactions and
cross sections [14]. The inequality in equation (3) follows
from two assumptions: (1) the ionization degree of the plasma
is small implying constant neutral gas density and (2) the
electron density not exceeding the steady-state value during
the breakdown transient, i.e. n.; < ne s (see figure 6).
According to figure 6(b) the transient to steady-state
intensity ratio for Lyman band emission is 3.3.  The
normalization of the data in figure 7 allows one to read
the minimum value of the electron average energy during
the breakdown transient at the intersection of the rate curve
and horizontal (dashed) line at 3.3 on the vertical scale. It
follows for Maxwell-Boltzmann and Druyvesteyn EEDFs that
the average minimum electron energies corresponding to the
ignition transient, i.e. peak of the light emission, are (€)e( >
13.5eV and (€).; > 10.5eV, respectively. These values are
somewhat sensitive to the steady-state electron temperature,

3
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configurations labeled according to the distances measured from the microwave window to the simulated ECR surface at 3000 W of

incoming microwave power.

as figure 7 indicates. Altogether, it is concluded that the
observed peaks of VUV light emission are clear evidence of the
electron average energy peaking during the plasma breakdown
process, which is in qualitative agreement with the Langmuir
probe data. As shown in figure 7, the rate of ionization
grows with the average electron energy more rapidly than the

light emission, again in good agreement with the experimental
data.

In a stochastic heating process the energy gain W of an
individual electron is proportional to the square of the average
electric field [26], i.e. € & EZ, which holds for both, ECR
and collisional off-resonance heating. Thus, the temporal
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evolution of the electric field, displayed in figure 6(a), suggests
that the average electron energy, which is proportional to the
temperature of the distribution (e.g. for a Maxwell-Boltzmann
distribution (¢) = (3/2)kT.) should be expected to decrease
to 35-45% of the transient value during the build-up of the
plasma density. The steady-state electron temperature of 5 eV
yields an estimate of 11-15eV for the transient value.

Transient electron energies (temperatures) obtained
through these independent analytical methods are very similar
and they are in reasonable agreement with the Langmuir probe
data exhibiting transient behavior. The microwave coupling
and VUV-emission data are considerably more reliable than
the plasma properties obtained by analyzing the Langmuir
probe -V curves. They provide direct information of the
plasma characteristics while the probe curves and their analysis
are somewhat sensitive to temporal fluctuations of plasma
properties. It was confirmed by modeling that averaging
the /-V data over consecutive pulses artificially inflates the
electron temperature when the plasma potential fluctuates
from pulse-to-pulse even if the slope of the /-V curve and
saturation current remain constant. Similar effects are induced
if the tail of the EEDF oscillates with time from pulse-to-
pulse. Thus, the reliability of the probe data in steady-
state plasma conditions can be considered much better than
during the ionization cascade when the plasma potential is
in a transient phase, as shown in figure 6. VUV-emission
spectroscopy and microwave-coupling diagnostics are non-
invasive techniques providing ‘global’ information of the
plasma with their sampling power not being restricted to a
small localized volume. For the given reasons it is important
to estimate the electron temperature during the transient peak
by cross-checking the probe data with independent analytical
methods as discussed above. This highlights the versatility
and temporal resolution of the diagnostic setup which, to our
knowledge, is one of the most sophisticated ones ever used for
studying transient effects of hydrogen plasmas in 2.45 GHz
microwave discharges.

In order to demonstrate that the interpretation of the data
is valid for a wide range of experimental conditions we present
Lyman band light signals recorded with different microwave
powers in figure 8(a) and magnetic field configurations in
figure 8(b). The magnetic field configurations have been
labeled according to the distance measured from the microwave
window to the (simulated) resonance surface. In all cases
the VUV signal exhibits a ~10 us transient peak indicating
higher electron energy at the beginning of the discharge
pulse. The data are averaged over 128 consecutive pulses.
Interestingly, the breakdown transient peak is also observed
with the magnetic field configuration for which there is no
resonance in the plasma chamber, i.e. B < 87.5mT. This
highlights that the nature of the transient is independent of
the exact energy transfer mechanism from the microwave to the
electrons, which supports the assumption made for the analysis
of the reflected/incident power data.

Finally, the data in figure 9 establish a saturation time
for the plasma parameters. The saturation of the Lyman-«
and Lyman band emission signals is reached in about 400—
500 ps. It is worth noting that the plasma parameters obtained

1.0 4—m——m——mm—————r—
Lyman alpha (normalized) 4
Lyman band (normalized)
0.8} e
=
E. 06 - -
®©
ey
fey
» 04} J
|_
=
o
0.2F °
0.0I....I. P Y P Y PR I S S
0 200 400 600 800 1000
Time [us]

Figure 9. Lyman-« and Lyman band VUV signals showing a
typical saturation time of ~ 400 us to reach the steady-state plasma
condition.

with the Langmuir probe, i.e. plasma potential and electron
temperature and density, reach their steady-state values much
faster (typically in 20-50 ps). The saturation behavior of the
VUYV signals is therefore attributed to the evolving atomic to
molecular H/H; species fraction. This conclusion is supported
by the fact that the VUV signal saturation time is similar to
typical saturation time of the H*/HJ /H} species fraction of
the ion beam extracted from 2.45 GHz ion sources measured,
e.g.,by Xueral [11].

4. Conclusions

It is concluded that our data support the following qualitative
model for the plasma breakdown: initially the plasma density
is low allowing the average microwave electric field in the
plasma chamber to build up. Under such conditions electrons
are heated efficiently and the average energy of their population
reaches values exceeding the saturation value. Exponentially
increasing plasma density causes the average electric field and
electron energy to decrease until the diffusive loss rate of
electrons matches the ionization rate of the neutral H,-gas.
The VUV light emission depends strongly on the electron
average energy and, therefore, exhibits a strong transient
peak associated with the plasma breakdown. The ionization
rate (dn./dt) is proportional to the neutral gas density and
electron average energy, i.e. the plasma density increases
almost exponentially until the steady state is reached. The
10 us ignition transient corresponds to the progress of the
ionization cascade. The given interpretation of this time scale
is supported by the calculated average collision time of 100—
500ns for 15eV electrons in the neutral gas pressure range
corresponding to our experimental conditions (cross section
data from [14]). The saturation of the probe data is achieved
in 20-50 s, which corresponds to the temporal scale of the ion
motion (7; < 1eV) at the relevant length scale, i.e. chamber
dimension of ~0.1m. Finally, the 400-500 s saturation
time of the atomic and molecular VUV signals corresponds
to the temporal evolution of the species fraction. The model
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is similar to that suggested for high-frequency ECR ion
sources [5]. However, this study provides significantly more
data, both direct and indirect, supporting the interpretation
and extends the validity of the model from high-frequency
minimum-B ECR ion sources to 2.45 GHz microwave plasma
discharges where the temporal evolution of plasma parameters
is significantly faster due to higher neutral gas pressure. The
experiments indicate that maintaining the electron temperature
at the transient level could enhance the ionization rate and
improve the efficiency of 2.45 GHz microwave ion sources.
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