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Spectroscopy of a ferroelectric plasma cathode
A. Dunaevsky, K. Chirko, Ya. E. Krasik,a) and J. Felsteiner
Department of Physics, Technion, 32000 Haifa, Israel
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Results of spectroscopic investigations of the plasma formed on the surface of a ferroelectric
cathode upon the application of a driving pulse are presented. The ferroelectric plasma cathode was
made of a solid solution of Sr, Ba, Ti, Nb, Pb, and O. Its front side was covered by Cu grounded strip
electrodes. A driving pulse with an amplitude&18 kV and pulse duration of;400 ns was applied
to the rear Cu disk electrode. A Jobin-Yvon 750M spectrometer was used for visible light dispersion.
Spectral line profiles were obtained by a fast framing camera. It was shown that light is emitted from
the excited ions and neutral atoms of Cu, Pb, Sr, Ba, Ti, and H within the first 50 ns after the
beginning of the driving pulse. By analyzing the Doppler broadening of the observed spectral line
profiles it was found that the ion and neutral atom temperature is<0.8 eV. Analysis of the Stark
broadening of the Ha and Hb spectral lines showed the absence of a high~.1 kV/cm! electric field
which could be developed at the surface of the ferroelectric due to the appearance of
noncompensated surface polarization charges. The same Stark analysis also showed that the plasma
density does not exceed 1013cm23. By comparing the relative intensities of the Ha and Hb spectral
lines obtained with the results of collision radiative modeling, the plasma electron temperature was
found to be;3 eV. © 2001 American Institute of Physics.@DOI: 10.1063/1.1404421#
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I. INTRODUCTION

Recent investigations of ferroelectric cathodes ha
showed that they can be used for the generation of h
current electron beams with current amplitudes of sev
kA, electron energies of several hundred keV, and pulse
ration of several hundred ns.1–5 The main advantages o
ferroelectric cathodes compared to explosive emiss
cathodes6 are their capability to generate electron beams
relatively small accelerating voltages without a time de
with respect to the beginning of the accelerating pulse an
keep quasiconstant diode impedance.7

In earlier publications, the unusual emission propert
of ferroelectric cathodes were explained by the model of
larization reversal.5,8 This model is based on a nanoseco
scale polarization reversal of a preliminary polarized fer
electric sample. It is assumed that fast polarization reve
occurs upon the application of a driving pulse, with app
priate polarity and amplitude, between ferroelectric sam
electrodes. The process of polarization reversal leads to
appearance of a noncompensated negative polarization
face charge densitys52Ps ~herePs is spontaneous polar
ization of the ferroelectric! at the front surface of the ferro
electric. This charge is responsible for an extremely la
normal component of the electric field (E;107– 108 V/cm)
which causes the observed copious electron emission.
type of emission is referred to as ferroelectric emissi
However, this model failed to explain experimental da
which showed that the observed copious emission oc

a!Electronic mail: fnkrasik@physics.technion.ac.il
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also above the Curie temperature of the ferroelectric tes
or when the driving pulse cannot produce rever
polarization.5 Also, the assumption of polarization revers
on a nanosecond time scale for thick ferroelectrics~several
mm in thickness! is doubtful.5 We note that simultaneou
with the appearance of the electric field which has a norm
component with respect to the front surface of the ferroel
tric, a tangential component near the edge of the front e
trode should appear as well. This tangential compon
should cause a surface flashover with corresponding pla
formation at electric fields of 104– 105 V/cm.5

It has recently been shown9–13 that the source of the
observed copious electron emission is a plasma which
formed on the surface of the ferroelectric cathode as a re
of surface flashover initiated in triple points.14,15 It was
claimed that the application of the driving pulse leads to
appearance of noncompensated surface polarization ch
in these locations. The appearance of this charge could
either due to a regular polarization process of a nonpolari
ferroelectric or a linear dielectric or due to a noncomple
switching process in the case of a preliminarily polariz
ferroelectric. This polarization charge is responsible for e
hancement of the electric field in the triple points followe
by field or explosive electron emission in these locatio
Further, due to the existence of a tangential component of
electric field11 electron avalanching occurs along the surfa
of the ferroelectric which leads to surface plasm
formation.16 This plasma covers the surface of the ferroele
tric, serving as a dynamic electrode. Thus, the plasma p
vides charged particles for screening of the surface polar
tion charge.
8 © 2001 American Institute of Physics
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FIG. 1. Experimental setup.
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Ferroelectric samples with different compositions~TGS,
PLZT, PZT, and BaTiO3! and different polarization state
were used in these experiments.5 Using framing photography
it was shown that the light emission from the front surface
all the samples appears within the first 50 ns with respec
application of the driving pulse. It was believed that the o
served light emission occurs from the surface plasma.12 The
parameters of the plasma were studied by different elec
probes~floating single and double Langmuir probes, bias
collimated Faraday cups, electrostatic spectrometer, etc!.13

These studies showed that the parameters of the plasm
pend strongly on the amplitude and polarity of the drivi
pulse as well as on the composition of the ferroelec
sample. However, all the above methods for measuring
plasma parameters were either indirect~visible light obser-
vation! or disturbing methods~electric probes!. Also, we
note that the authors of some recent publications17–20 con-
tinue to claim that the source of the observed electron em
sion is not the surface discharge plasma but pure ferroele
emission.

In this article, we present results of spectroscopic inv
tigation of the plasma formed on the surface of the ferroe
tric sample upon the application of a driving pulse. Spect
scopic measurements are a nondisturbing method that al
determination of basic plasma parameters~plasma ion and
electron temperature and plasma density! by analyzing the
different emission spectral line profiles. We note that visi
light spectroscopy was used in previous research relate
the investigation of surface flashover in the triple points.21,22

It was shown that intense line emission of different exci
neutral atoms and ions appears almost simultaneously
the application of a high-voltage nanosecond driving pulse
the electrode attached to the BaTiO3 surface.

In the present experiments the plasma ion tempera
was determined by analyzing the Doppler broadening of
ferent spectral line profiles. The upper boundary of
plasma electron density was estimated by the Stark broa
ing of the Ha and Hb spectral lines. By comparing the ob
served relative intensities of the Ha and Hb spectral lines
with results of collision radiative modeling the electron te
perature was obtained. The observed data showed that a
cation of the driving pulse causes intense plasma forma
and that this plasma consists of neutrals and ions whose
gin is the electrode and sample material.

II. EXPERIMENTAL SETUP

The experimental setup is shown in Fig. 1. The fer
electric cathode was of disk form with a diameter of 137 m
and a thickness of 8 mm. Its composition was determined
x-ray diffraction to be a solid solution of Pb0.7Ba0.3Nb2O6,
Downloaded 28 Sep 2001 to 132.68.1.29. Redistribution subject to AIP
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Sr0.5Ba0.5Nb2O6, Sr2Ba4Ti2Nb8O30, and Ba~Pb0.33Nb0.67!O3.
This composition showed a longer lifetime compared w
other ferroelectric ceramics, namely, PZT and PLZT.23 We
believe that the present results are also relevant for o
ferroelectric compositions. In fact, light emission and plas
formation were observed with different ferroelectric cera
ics independent of their composition and polarizati
state.5,12,13

The ceramic sample was covered by a copper front e
trode in the form of strips. The diameter of the surface a
covered by strips was 70 mm. The front electrode was gl
to the ceramic surface by conducting glue. A solid rear el
trode made of copper was glued by silver paint. The fer
electric cathode was placed in a vacuum chamber evacu
by an oil-free vacuum system down to 331025 Torr.

The driving pulse applied to the rear electrode of t
sample was produced by a specially designed Blumlein g
erator. The generator produces an output pulse with an
plitude ofUdr511–20 kV on a matched load of 14V. When
this driving pulse was applied to the ferroelectric catho
the amplitude of the pulse decreased to 8–16 kV with sev
oscillations. As was expected,5,12,13 similar results were ob-
tained for both negative and positive driving pulses. Ho
ever, for the positive driving pulse the intensity of the plasm
formation was significantly lower. Therefore, in this artic
we will only present the data obtained for the negative dr
ing pulse.

To study the profiles of spectral lines we used a Job
Yvon 750M spectrometer with a grating of 2400 grooves/m
and an aperture off 51/6. The spectral resolution of th
spectrometer for an entrance slit width of 40mm was 5.46
Å/mm. The input and output optical systems were optimiz
for maximal light collection. The input optical system tran
fers the image of a plasma ‘‘slice’’ to the entrance slit of t
spectrometer which has a widthb and a heighta. The mag-
nification coefficient is determined by the maximal height
the plasma sliceAmax which is limited by the diameter of the
surface area covered by strips,Amax570 mm, and by the
maximal opening of the entrance slit,amax520 mm. For the
chosen magnification ofM in54 we obtained the height o
the plasma slice,A568 mm, and opening of the entrance s
a517 mm. Therefore, the width of the visible plasma sli
can be determined asB5bM in . For instance, for b
530mm one obtains 120mm. In order to increase the effi
ciency of the light collection the focal length of the inp
lens should be decreased. The minimal focal length is de
mined by the minimal distance from the plasma to the le
which in our experimental setup isf 1550 mm.

The output optical system focuses the image of the sp
tral line formed at the output of the spectrometer onto
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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FIG. 2. Typical spectral line profiles
observed within the first 100 ns at
distance of 0–0.05 mm from the ferro
electric surface. t frame5100 ns,
Udr514 kV.
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photocathode of the 4Picos fast framing camera. The des
spectral resolution of the spectroscopic system is>0.05
Å/pixel. The camera has an equivalent pixel size of 27.4mm
that requires the magnification in the spectral plane~planeX!
to beMoutX53 in order to achieve the desired spectral re
lution. This magnification was provided by an output bico
vex lens withf 2575 mm. However, the same magnificatio
in planeY, perpendicular to spectral planeX, leads to a spec
tral line height ofaMoutX551 mm, while the effective heigh
of the photocathode of the 4Picos camera is only 15 mm
order to avoid significant light losses in planeY, an addi-
tional cylindrical lens with a focal length of 75 mm wa
used. This solution allowed us to achieve a spectral res
tion of ;0.05 Å/pixel without light loss. Moreover, the fo
cusing of the image in planeY improves the signal-to-nois
ratio of the observed image.
Downloaded 28 Sep 2001 to 132.68.1.29. Redistribution subject to AIP
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Alignment of the line of sight with respect to the fron
surface of the ferroelectric sample was performed usin
HeNe laser. All optical components of the spectroscopic s
tem were made of fused silica in order to provide a spec
range of 2000–7500 Å. The spectroscopic system was c
brated using a set of calibration lamps produced by Orie

III. EXPERIMENTAL RESULTS

A. Observation of temporal and spatial behavior of
spectral line emission

Spectral lines of almost all the elements present in
ceramic composition were observed. Typical profiles of sp
tral lines, which were observed within the first 50 ns wi
respect to the beginning of the driving pulse at a distance
0–0.05 mm from the front surface of the sample, are p
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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sented in Fig. 2. One can see that there is intense light e
sion from excited neutral atoms and ions even at the be
ning of the driving pulse. This is direct proof that surfa
plasma forms almost simultaneously with application of
driving pulse. The observation of excited hydrogen ato
can be explained by the adsorbed surface monolayers, w
include hydrogen atoms as well.16 Spectral light emission
from excited copper neutrals and ions was also obser
The latter data showed that there is erosion of the strips
the front electrode. This erosion could be due to interact
of the discharge plasma with the strips as well as to exp
sive emission in the triple points. It is important to note th
neither double ionized ions nor excited oxygen atoms
ions were observed. This indicates a relatively low tempe
ture and density of the plasma electrons.

The intensity of the observed spectral lines was found
depend strongly on the driving pulse amplitude. That is,
increase of the amplitude of the driving pulse leads to
increase of the intensity of the spectral line emission. In F
3 the dependence of the intensity of the spectral lines ofa

and SrI on the driving pulse amplitude is presented. Th
line intensities were obtained in time integrating mo
~framing time of 5ms! 0.05 mm from the cathode surfac
One can see that an increase of the amplitude leads t
almost linear increase of the line intensity. These data a
agree with previous observations of light emission from
surface of ferroelectric cathodes, which showed an incre
in the amount of surface discharges and their intensity w
the increase of the amplitude of the driving pulse.12 Also, the
scaling obtained~see Fig. 3! agrees with the observed linea
increase of the ion saturation current density measured
electrical probes.13 Indeed, the population of the excited le
els, i.e., the intensity of the spectral line emission, depe
linearly on the plasma density as well as on the plasma e
tron temperature. However, the latter is valid only forTe

<(2 – 3)Eex, whereEex is the excitation energy.24

It was found that the intensity of the spectral lines fo
lows the temporal behavior of the driving pulse. In Fig. 4 t
temporal behavior of TiII and SrII spectral line intensity is
presented. One can see that the maxima of the line emis
intensity coincide with the maxima and minima of the rin

FIG. 3. Dependence of the spectral line intensity on the driving pulse
plitude (Udr). A short duration negative driving pulse was applied to the r
electrode.t frame550 ns.
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ing current of the driving pulse. One can speculate that
observed considerable rise in the line intensities with an
crease in the driving current amplitude results from an
crease of the plasma emitting area. Indeed, in the case o
flashover plasma, the latter serves as a dynamic elect
which increases its area with an increase of the driv
current.5

The dependence of the Ha spectral line intensity versu
the distance from the front surface of the ceramic sampl
presented in Fig. 5. One can see fast decay of the inten
that is, even at a distance of 1.5 mm the intensity decrea
almost sevenfold compared with the observed intensity a
distance of 0.05 mm. The observed decrease in the spe
line intensity is faster than the density decrease measure
floating probes. It can be supposed that plasma cooling
curs together with a decrease in the plasma density.

-
r

FIG. 4. Temporal behavior of the TiII and SrII spectral line intensities and
the wave form of the driving current.t frame550 ns.

FIG. 5. Intensity of the Ha spectral line vs the distance from the fron
surface.t frame55 ms, Udr513 kV.
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp



4112 J. Appl. Phys., Vol. 90, No. 8, 15 October 2001 Dunaevsky et al.

Downloaded 28 
TABLE I. Measured broadening~Dl! and the corresponding plasma ion temperature (Ti) for different spectral
lines ~l! of elements with different atomic weights~A!.

Element TiI TiI SrII NbI BaII PbI

A 47.9 47.9 87.6 92.9 137.3 207.2
l~Å! 3998.7 4981.7 4077.7 4058.9 4554.0 4057.8
Dl~Å! 0.03 0.034 0.027 0.028 0.02 0.012

60.015 60.019 60.015 60.015 60.012 60.011
Ti (eV) 0.47 0.37 0.66 0.75 0.46 0.31

60.12 60.12 60.2 60.22 60.16 60.26
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B. Plasma ion temperature

The observed Doppler broadening of the emission li
was used for determination of the particle velocity distrib
tion. Several emission lines of excited neutrals and ions w
examined in order to obtain the dependence of the
broadening on the particle mass and charge. In addition,
ferent emission lines of the same radiating atom or ion w
examined in order to obtain the dependence of the
broadening on the wavelength. Thus, other mechanism
line broadening can be excluded.

Based on the measurements carried out by single
double floating probes, the plasma density in the vicinity
the front surface was estimated asne'1013– 1014cm23 de-
pending on the amplitude of the driving pulse.13 Also, taking
into account the data obtained concerning the neutral fl
formed as a result of surface flashover,23,25 one can estimate
the neutral density asnn'1020– 1021cm23 in a narrow~tens
of microns! surface layer.6,16 Due to the high density of neu
tral atoms the ion–neutral equilibration time is less than 1

t in;
1

nn^s inVin&
'10210 s.

Here Vin;106 cm/s is the ion/neutral mean velocity, an
s in;10216cm2 is the cross section of ion–neutral collision
Thus, the suggestion concerning the Maxwellian veloc
distribution of ions and neutrals is reasonable. Further,
plasma expansion occurs due to the large density grad
together with a respective decrease of the plasma den
This fast decrease of the plasma density does not a
electron–ion temperature equilibration on the time scale

FIG. 6. Dependence of the measured broadening of the Ha line on the
distance from the front surface of the sample.t frame55 ms, Udr513 kV.
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several tens of ns at distances.0.5 mm from the front sur-
face of the ferroelectric. Indeed, one can estimate the eq
bration time for electron-ion collisions as26

t ie;3.73107A
Te

3/2

ne
>1 ms.

HereTe'3 eV is the electron temperature,ne;1014cm23 is
the electron plasma density, andA is the atomic weight.

The experimental data of the Doppler broadening of
spectral emission lines for different atoms and ions, as w
as the estimate of the ion/neutral temperature, are prese
in Table I. It was found that the Doppler broadening of t
spectral lines scales according to the mass ratio and it
creases linearly with an increase of the wavelength for
same charge state of the radiating atom or ion. One can
that the ion/neutral temperature is rather low and does
exceed 0.7 eV. In addition, it was found that the Dopp
broadening does not depend on the distance from the f
surface of the ferroelectric~see Fig. 6! nor on the amplitude
of the driving voltage~see Fig. 7!. These data agree we
with the estimate of the equilibration time, which show
that the energy transferred to the ion/neutral plasma com
nent from more hot electrons should be negligible within t
time scale of several tens of ns.

C. Plasma electron temperature

The plasma electron temperature was determined
comparing the experimentally observed relative intensities
hydrogen ~Ha and Hb! spectral lines with the calculate
population ratio of these levels. One can expect the valid
of the ‘‘corona’’ approximation for the expected plasma p
rameters. The corona model assumes a balance between
lisional excitation processes and spontaneous radiative d
of the excited levels. Indeed, in our case for the levels
interest the Einstein coefficient is of the order
107– 108 s21 whereas the probability of electron impact d
excitation for ne51013 and Te53 eV is smaller by a few
orders.27 For the plasma under study the collisional-radiati
ionization rate28 is smaller than 10210cm3/s and for ne

51013cm23 the estimated ionization time is;1 ms. There-
fore for 500 ns our plasma does not reach ionization equi
rium and we have to do collision radiative~CR! modeling, as
described in Ref. 29. This modeling takes into account
only the processes of electron impact excitation and spo
neous irradiation of selected energy levels, but also ion
tion and recombination processes. The plasma density
the plasma electron temperature were the input paramete
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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the calculations. It was assumed that the electrons ha
Maxwellian velocity distribution, and that the plasma is o
tically thin. All hydrogen atoms were assumed to be in t
ground state at the beginning of the process and there ar
additional sources of hydrogen atoms in the observed pla
volume.

The results of the experiment and time dependent m
eling are presented in Fig. 8. One can see that within the
150 ns the population ratio is far from the steady state. A
even after;150 ns the population ratio still depends on t
plasma density. This means that the corona approxima
cannot be used at this time. Despite the presence of equ
rium between electron impact excitation and spontaneou
radiation, there is still no equilibrium between these p
cesses and the ionization process. As was shown by
dependent CR modeling, this equilibrium is reached only;1
ms after the beginning of the process.

The best fit of the measured and calculated popula
ratios was obtained atTe53 eV ~see Fig. 8!. The plasma
density reaches 231012cm23 at t;300 ns. These results ar
in satisfactory agreement with the measurements with e
trical probes.13

FIG. 7. Dependence of the plasma ion temperature on the driving p
amplitude.t frame55 ms.

FIG. 8. Measured ratios of the Ha and Hb spectral line intensities and
calculated population ratios forTe53 eV and different plasma electron den
sities.
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D. Plasma electron density

Stark broadening of Ha and Hb spectral lines was use
for estimation of the plasma density. As is well known the
Balmer series transitions are sensitive to the linear S
effect.29 A remarkable feature of the physical process inv
tigated is that the Stark effect can be induced not only by
electric microfields~the quasistatic approximation! and by
fast changing electron microfields~the impact approxima-
tion! but also by the electric field induced by the nonco
pensated surface polarization charges. The latter can be
sumed to be a quasistatic electric field, which should lead
splitting of the spectral line to Stark components. The e
mated full width at half maximum~FWHM! of the Hb spec-
tral line, when affected by quasistatic electric fields of io
with a density ofni;1013– 1014cm23 in the absence of ex
ternal electric fields, isDl;0.1–0.43 Å. However, the ap
pearance of an external electric fieldEext;104 V/cm, which
could be induced by noncompensated surface polariza
charges, should lead to spectral line splitting ofDl;5.3 Å.
Here the relation between plasma density and electric fiel
determined by the Holtsmark distribution.28 Thus, careful
treatment of hydrogen spectral lines could provide inform
tion about the plasma density and about the existence
electric fields of surface polarization charges.

Typical examples of Ha and Hb spectral line profiles are
presented in Fig. 2. An analysis of the spectral lines w
done after deconvolution of the instrumental and Dopp
thermal broadening which were obtained from calibrati
and observation of spectral lines which are nonsensitive
Stark broadening~see Table I!. It was found that the ob-
served Stark broadening is almost of the order of the ac
racy of the measurements. Thus, one can estimate the pla
density as<1013cm23.30,31

The absence of significant broadening of Ha and Hb

spectral lines is direct proof of the absence of electric fie
larger than 103 V/cm at a distance several tens ofmm from
the front surface of the ferroelectric. This coincides well w
the model of plasma formation which predicts screening
the electric fields of polarization surface charges by
charged plasma particles.

IV. SUMMARY

We carried out spectroscopic measurements of
plasma formed on the front surface of a ferroelectric sam
upon the application of a driving pulse. Our rece
observations12 of visible light emission from the surface o
ferroelectric samples showed that this plasma formation
curs independent of the composition and polarization stat
the ferroelectric samples, as well as of the polarity of t
driving pulse. Therefore, we believe that the spectrosco
data we have obtained are relevant also for cases of o
ferroelectrics subjected to high-voltage driving pulses
nanosecond pulse duration.

By spectroscopic diagnostics it was shown that
plasma formation occurs within the first 50 ns of the beg
ning of the driving pulse. The plasma consists of the ato
and ions of the ferroelectric material, as well as of the ma
rial of the front electrode. The latter indicates the presenc

se
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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an erosion process of the electrode material. This ero
could be either due to an explosive emission process or
to interaction of the plasma particles with the electrode.

It was found that the parameters of the plasma dep
strongly on the amplitude of the driving pulse. Namely, t
larger the amplitude of the driving pulse the larger the o
served intensity of spectral line emission. The plasma
tained is rather cool: the electron and ion temperatures do
exceed 3 and 0.6 eV, respectively. Also, it was shown that
plasma density 1 mm from the front surface does not exc
1012cm23.

We did not observe any large quasistatic electric fie
that clearly showed the absence of a large (.103 V/cm)
electric field which can be induced by the appearance of
noncompensated surface polarization charges. In the ca
the surface plasma formation initiated in the triple points,
plasma expands along the surface of the ferroelectric. Th
fore, the plasma serves as a dynamic electrode becaus
plasma supplies charged particles that screen the ele
field of the noncompensated surface polarization charge
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