HTML AESTRACT * LINKEES

JOURNAL OF APPLIED PHYSICS VOLUME 95, NUMBER 9 1 MAY 2004

Measuring the plasma density of a ferroelectric plasma source in an
expanding plasma
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The initial density and electron temperature at the surface of a ferroelectric plasma source were
deduced from floating probe measurements in an expanding plasma. The method exploits negative
charging of the floating probe capacitance by fast flows before the expanding plasma reaches the
probe. The temporal profiles of the plasma density can be obtained from the voltage traces of the
discharge of the charged probe capacitance by the ion current from the expanding plasma. The
temporal profiles of the plasma density, at two different distances from the surface of the
ferroelectric plasma source, could be further fitted by using the density profiles for the expanding
plasma. This gives the initial values of the plasma density and electron temperature at the surface.
The method could be useful for any pulsed discharge, which is accompanied by considerable
electromagnetic noise, if the initial plasma parameters might be deduced from measurements in
expanding plasma. @004 American Institute of Physic§DOI: 10.1063/1.1690860

INTRODUCTION of the high-frequency modulation of the probe signal by lim-
iting the bandwidth of the probe circuit is not always pos-
Ferroelectric plasma sourcésP9 are attractive because sible, because the time scale of the processes to be described
of their ability to generate surface plasma on, in principle,is close to the period of the noise oscillations. Fast plasma
unlimited area of the surface of ferroelectric ceramics cov{lows, which are formed at the initial stage of the surface
ered by a patterned electrode. The principle of FPS operatiodischarge, also disturb the signal of a single probe. Because
is based on the ability of ferroelectric materials to buildupof these reasons, most of the probe measurements in previ-
substantial polarization charge in response to a driving pulseus studies of FPS were done by biased probes placed be-
application! ™ The patterned structure of the front electrodehind a grounded grid, which helped to suppress the rfoise.
induces a strong nonuniformity of the surface distribution ofMeasurements of the density of expanding plasma behind the
the polarization charge, which leads to substantial electrigrounded grid left some uncertainty in the original plasma
fields along the ceramic surface. At the edges of the patdensity because of grid transparency, which is not easy to
terned electrode, the electric field is sufficient for the fieldevaluate accurately. Consequently, reliable temporal profiles
emission from triple junction$.Avalanching of field emis- of the plasma density in the expanding FPS plasma were not
sion electrons along the ceramic surface causes the formatiabtained yet.
of plasma, which consists mostly of the materials of ferro-  Floating probes are usually used in steady state plasmas
electric ceramics and the patterned electrode. for measuring the plasma potential. In nonstationary plasmas
Diagnosing the FPS plasma is usually complicated byin presence of fast non-neutral flows, like the FPS plasma,
practical difficulties. The intrusion of small-scale probes infloating probes not always can provide correct information
the near-surface region of the discharge perturbs substambout the plasma potential. Indeed, energetic plasma flows,
tially the distribution of the surface charge and consequentlyvhich are formed at the beginning of FPS operatibn,
the operation of FPS. Optical spectroscopy is the preferredharge the capacitance of the floating probe up to the poten-
diagnostic tool for FPS. Spectroscopic study of the FPStial of hundreds of volts. Even for minimized probe capaci-
showed that the plasma has a density of abott @@ 3 and  tance, the time constant of the probe circuit is much higher
an electron temperature near 3 eV. However, spectroscoptban the time scale of changing plasma parameters. The
measurements on submicrosecond time scales are compfirobe potential cannot follow the temporal changes of the
cated and require collision-radiative codes for the modelingplasma potential, which makes it impossible to determine the
of nonsteady-state plasman the majority of experiments, plasma potential.
plasma measurements were performed in expanding plasma However, observation of the discharge process of the
by probes placed distantly from the FPS surféclthough  floating probe capacitance was found to be useful for deter-
placed distantly, the probes are exposed to strong broadbamination of temporal behavior of the plasma density. Indeed,
electromagnetic noise from the surface discharge. Conséhe floating probe can be considered as a conductor in
guently, measurements of the ion saturation branch of theacuum, precharged up to a high negative potegtjaby the
ampere—volt characteristics of a biased probe, where thenergetic non-neutral plasma flows. The probe is connected
probe signal is usually very low, become uncertain on theo the ground by a very high resistariR@and a small capaci-
noise background of hundreds of millivolts. Hence, only antanceC. The time constanRCis much higher than the time
estimation of the plasma density. Sheath instabilities couldcale of the process, so the discharge of the probe by the leak
also lead to modulation of the probe signal. The suppressioaurrent through the resistanéecan be neglected. When an
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expanding quasineutral plasma reaches the probe, the ion The surface are&(t) for a thick cylindrical probe with a
flux from the plasma discharges the probe. The rate of infadiusry and a length is determined by the sheath thickness
crease of the probe potentia(t) is proportional to the total hg(t):

ion currenti(t) to the probe

S(t)=27[ro+hg(t)]l. (6)
i‘P(t): @ 1) The thickness of a unipolar sheath in the space charge satu-
dt C - ration for high negative probe potentials, whevig

In case of a high negative potential, neglecting the secondar§ V2€¢/M;, could be estimated as

electron emission from the probe, the currgft) is the ion V2[2(t) %

saturation current hs(t)~Xp(t) | 7)
iis(1) =jis(1)S(1)=0.5Zen(t)VgS(t). (20  where\p(t) is the Debye length:

Here Ze is the ion chargen;(t) is the ion density at the B kT,

location of the probeVg is the Bohm velocity, and(t) is Ao(t)= 4mn(t)e? ®

the surface area of the ion current collection. Based on pre- . . . , .
vious result€%°the expanding bulk plasma of FPS can be EQuation (7) represents the solution of Poisson’s equation

assumed quasineutral, consisting mostly of singly charge&vith zero initial velocities of ions entering the collisionless
ions, i.e.,n;(t)~n (t)%,n(t) and Z=1. By measuring the sheath, which has a step-like electron density at the sheath
, le.,n; o .

wave form of the conductor potentiak(t), one can obtain Poundary. However, Riemann and Tseridideveloped a

the plasma density(t), if the plasma electron temperature model of a unipolar sheath with appropriate initial condi-
T, and the surface of the current collecti@ft) can be tions, which takes into account effects of presheath and in-
e

evaluated. Notice that the initial negative potentia}, fluence of ion collisions in the thick unipolar sheath. Accord-

which is acquired by the probe from the energetic flow with"d © Riemann and Tsendin, the sheath thickness can be
poor repeatable parameters, varies significantly from shot t[)epresented more precisely as
shot. However, the deduced density profilét) does not 127hg(t) 14 Y
depend on the conditions of the probe charging but only on  hs(t)| 1+ —7=—|  =Ap(1) 2y 3712 —1-819%,
the discharge process. In general, the probe can be pre- 9
charged to an arbitrarfput sufficiently high negative poten-
tial from any external voltage source.
Surface discharge plasma of FPS is essentially multi- ep(t)
component, consisting of ions of the ferroelectric ceramics Y= \/1+2-7=—-2. (10
and the patterned front electrod&he Bohm criterion for €
multicomponent plasma was formulated by Riemanit as ~ We found that the difference in the plasma density, derived
with the use of Eq(7) or Eq.(9), can reach 30%. Therefore,
122 (@ kTe >~E Ng kTe ) more precise model by Riemann and Tsendin was applied for
7 \Ne Aqmyvs— kT, § | ne Aqmyvg the data processing.
5 Solving together the Eqs$l), (2), (5), (6), and(9), and
_ (E & 3) using the measured waveform of the probe potengidl),
g \Ne vg)’ we can deduce the slope of the dengitft) of the bulk
. ) . plasma expanding outward the front surface of the FPS. The
whereng, Aq, andvq are the density, the atomic weight, and gjeciron temperaturg, in the expanding plasma is assumed
the velocity ofgth ion specie, respectively, is the proton {5 pe about 3 eV from spectroscopic measuremenise

where\ is the ion mean free path and

mass, and same value ofl, was obtained in earlier measurements by
kT, double floating probe¥$Notice that a multi-l\/_laxwellian elec- .

Cq= A (4)  tron temperature was observed in experiments with multi-
a’p component plasm&.However, there is still no thorough data

is the ion sound velocity fogth ion specie. The inequality for the electron temperature of FPS plasma. Thus, here we
(3) can be satisfied if either each fraction has its own BohnSSume the value dfe=3 eV as a mean electron tempera-
velocity, or all ions have the same velociyg,. Hala ture of the system. We also assufgindependent on time

et al,®® assumed the same Bohm velocity for all species and the driving pulse amplitude, which was indicated
in Ref. 5.

Vo= \ = 4¢3 )
" q Ne q EXPERIMENTAL SETUP

This result was confirmed by the recent study of the sheath in  Our experimental setup, presented schematically in Fig.
two-component plasma, performed by Sevetral!* Based 1, is similar to other setups for study of FPS° The ferro-
on the similarity of experimental conditions, we assume herelectric plasma source consists of a ferroelectric disc made of
as well that all species in multicomponent FPS plasma haveb(ZrTi;_,)O3 (PZT) ceramics APC-850¢=1750). The
the same Bohm velocity in the form of E(p). disk has a diameter of 38 mm and a thickness of 2 mm. The
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grounded front electrode has a patte.m n _form O_f 1 mm strip IG. 2. Typical potentials observed form a pair of floating probes placed at
interconnected by an outer copper ring with a diameter of 2Qjistances of 5.5 mrfprobe 1 and 14 mm(probe 3 from the front surface
mm, which was glued to a brass flange by a conductingf the FPS.
epoxy. A driving pulse was applied to a rear disk electrode
made of copper. A negative driving pulse with a duration of
~500 ns full width at half maximum was supplied by a of the probe assemblies we@ =21 pF andC,= 28 pF for
Blumlein pulse generator, matched by a 80resistor. The the first and the second probes, respectively.
amplitude of the driving pulse was varied from 3 to 6 kV. Operation of the FPS with probes was observed by An-
The repetition rate of the driving pulses was 1 Hz. The driv-dor I-Star® ICCD camera. It allowed us to make sure in the
ing voltage was measured by LeCroy voltage divider; theabsence of the plasma formation at the probe tips. Plasma
current supplied to the FPS was measured by Pearsdormation on the probe tip turns the probe from nonemissive
Rogovski Coil. Signal wave forms were recorded by Tek-floating mode to emissive floating mode. This effect was
tronix DSO 5054 digital oscilloscope. used for measurement of the potential distribution between
Cylindrical probes were placed at 5.5 and 14 mm fromthe FPS surface and the grounded output grid in the case of
the front surface of the FPS. In order to decrease the effect afeneration of high-frequency modulated electron bé&m.
screening of the second probe by the first one, the secoribhe possible reason of this effect is the high potential of the
probe was mounted with azimuthal displacement of 90° withfast flows, which are formed at the initial stage of the FPS
respect to the first probe. The probes were made of tungstesperation'® In earlier works, we observed the plasma forma-
wire with a diameter of 1.5 mm. The wire was inserted intotion on the tips of biased probes, which were close to the
a tube made of alumina ceramics, which in its turn wasground potential. In the present study, we used this effect for
placed inside a stainless still shielding tube. This coaxiaktleaning the probe tips before the measurements.
structure was connected directly to an SMA connector. Such  The full setup was pumped down t68Xx 10~ Torr by
a design provides a wide bandwidth of the probe. The poinan oil-free pumping station. Deep oil-free vacuum is prefer-
of connection to the SMA connector was sealed vacuumable for the reduction of light ion components in the plasma.
tightly by Saurisen alumina glue. The probes were immersethdeed, a spectroscopic study indicated that, in clean condi-
in the vacuum chamber through Wilson seals. The vacuuntions, FPS plasma consists mostly from heavy elements of
chamber had a diameter of 10 cm, which was sufficient fothe ceramic compourtiFor our Pb(ZfTi;_,)O; ceramics,
applicability of the model of free plasma expansion inone could expect the presence of PA=(207), Zr A
vacuum for the first 2.5-%s. Indeed, plasma flow with the =91), Ti (A=48), and O A=16). The predominance of
expansion velocity of about 2 cp$ will reach the walls in  these elements during the FPS operation was confirmed by
2.5 us. Later on, the measured density profile would be dismeasurements of the residual gases during the FPS opera-
turbed because the presence of walls. tion. These measurements were performed by the use of
The signals from the probes were measured by TektroniRSA-300 residual gas analyzer produced by Stanford Re-
5052 voltage dividers and recorded by the Tektronix DSOsearch Systems. We found that, after 10—15 min of FPS op-
5054 digital oscilloscope simultaneously with the driving eration, the concentration of light elements like carbon and
voltage and the driving current. The voltage dividers have amydrogen was insignificant in comparison with lead, zirco-
input resistance oR=10 M() and provide a bandwidth of nium, titanium, and oxygen. However, the amplitude of oxy-
100 MHz. The total capacitance of the assem(pisobe and gen spectral lines in Ref. 5 was found relatively small in
voltage dividef was determined from the following proce- spite of optically thin plasma. Comparatively small fraction
dure. After mounting of the probes at their actual position inof oxygen ions could be explained by the low electron tem-
the vacuum chamber, the probe tip was connected to thperature and the high ionization potential of oxygen.
ground by a high precision resistor Bf=9.09 K) and to a
dc power supply by a switch. The probes were charged fronéXPERIMENTAL RESULTS
the power supply up to 60 V, and the wave forms of the
discharge, after disconnecting the power supply, were re- Typical signals from both probes are shown in Fig. 2
corded. The probe capacitanCevas deduced from the time together with the driving pulse wave form. The driving pulse
constant of the discharge @f via Ri<R. The capacitances starts att=—100 ns and has a rise time of~250 ns. The
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FIG. 4. lon density of the expanding bulk plasma at 5.5 mm from the front
surface of the FPS for driving electric field amplitudes of 16.5, 20, and
25 kv/icm.

FIG. 3. Negative charging current vs the driving electric field amplitude.

charging of the probes begun tat 100 ns, which coincides

well with the time of intense plasma formation on the FPSthe formation of fast flows during the FPS operation was
surface, as observed by ICCD camera. The charging rate {§sscribed in Ref. 10.
almost constant for both probes, corresponding to constant  rrom the measured plasma density, we can calculate the

charging current. The current of the probe charging dependsiectron saturation current density
on the driving voltage amplitude, as illustrated by Fig. 3.

The process of the initial charging of the probes is not M.
understood completely yet. The charging of the second probe o= is\ [
lasts as long as &s with almost constant charging rate. The m
probes are not in emissive mode and their potential cannot

follow the space potential. Thus, the probes could be chargeldereme andM; are the electron and ion mass, respectively.
either by a fast flow or by a capacitive pickup. However, theThe value ofj . should be compared with the current density
capacitive pickup from the driving pulse, measured withoutmeasured earlier in a planar electron diode with BaTiO
plasma formation, was found to be negligibly small. There-ferroelectric cathod®.The electron saturation current den-
fore, we believe that the fast non-neutral flows, which aresity, calculated for the present experiments with PZT ceram-
formed during the FPS plasma formation, could contribute tdcs, and the electron current density, obtained in Ref. 6 with
the probe chargind Maximal potentialeg may Of the probe  BaTiOs ceramics, are shown in Fig. 5. For the both ferro-
charging is limited by the maximal energy of electrons in the€lectric materials, the electron saturation current density is in
flows. This maximal energy reaches severalthe same order of magnitude and behaves linearly with the

kilo-electron-voltst” which coincides well with the observed driving electric field. This can be considered as an indirect
probe potentials. confirmation of the validity of the present density measure-
The process of the probe charging is interrupted wherinents in the expanding plasma. The difference in the abso-
the front of the quasineutral bulk plasma reaches the probe#ite values and in the slopes of curves may be caused by
The probe capacitance is then discharged by the ion currerflifferences in the experimental conditions.
This point in time is easily recognizable from the probe sig-
nals (see Fig. 2 The variation of the probe potential,
de(t)/dt, is easily found, so that the ion density(t) of the
expanding bulk plasma can then be obtained from Ebs.
(2), (5), (6), and(9). Figure 4 represents;(t) measured by 20.04 PZT
the first probe(at the distance of 0.55 cm form the FPS
surface for the driving electric field amplitudes of 16.5, 20,
and 25 kV/cm. The expanding bulk plasma is likely
guasineutral, so that the measured ion density) is equal
to the plasma densitp(t). Note that the plasma is more \
uniform at low driving pulse amplitudes. At higher ampli-
tudes, the density is perturbed by oscillations which correlate
with the driving current oscillations. At the driving electric 0.0 '
field higher than 25-28 kV/cm, the growth of the plasma 10 15 20
density saturates at the level of about 202 cm 3. E, (kV/cm)
Att~2.75us, a fastion flow was observed. The peck of ) ) ) )
éG. 5. Electron saturation current density measured in an electron diode

the ion current appears almost SImUItaneOUSIy on both prObév:wth BaTiO; ferroelectric cathoddaccepted from Ref. )6and calculated

(see Fig. 4 From th_e time d_elay between peck appearanCegiectron saturation current density for measured ion density for PZT ferro-
we found the velocity of this fast flow of about #6m/s. electric plasma sourcgresent measuremehts

11)

BaTiO3

e

7 (Alem®)

25
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DISCUSSION 10

E P 20 kV/ecm

The temporal profiles of the plasma density that we de-
duce, together with a theoretical model of the plasma expan- Probe 1 .

sion into vacuum, can be used to deduce the initial plasma &
density n(x=0t=0)=n, and the temperaturd (x=0t g 6
=0)=Tg in the stems of surface discharges at the FPS sur- =~
face. The problem of plasma expansion into vacuum has o 41
been treated by the pioneering works of Gurevithal® ';L

The isothermal model by Gureviat al. was formulated for 21
a uniform infinite plasma occupied a half-spac€ 0. This )
approach implies infinite mass and energy in the system, — .

making it inapplicable for the case of expansion of finite 0.0 1.0 t (us) 2.0 3.0
plasma bunches. Recently, driven by growing interest to thle:IG 6. lon densitv of th ding bulk ol 4 by floati
. . . . i . 0. lon density o € expanding bulk plasma, measure Yy Tloating
ion acceleration in the expaf‘d'”g pla.f,ma formed by ul probes placed at distances of 5.5 npnobe 3 and 14 mm(probe 2 from
trashort laser pulses, self-similar analytical solutions of thehe front surface of the FPS, in comparing with ion density of expanding
kinetic equations for adiabatic collisionless expansion of fi-plasma with an initial density of & 10" cm™2 and an initial temperature of
nite plasma bunches were obtained for one-dimensionalf eV calculated in accordance with the model of Kovaeal. (see Ref.
(1D)**?%and three-dimension&BD)?'??problems with vari-

ous initial conditions. These solutions could be valid also for

pulsed surface discharges, where the time of the plasma for-

mation is also shorter than the time scale of plasma expanc-'des well with the measurements. The best fit for the driving

; electric field of 25 kV/cm was obtained withng
sion. Here, we apply a 1D model proposed by Kovalev=4><1017 cm? and Too=18 eV. ForEy<18 kv/cm, the

et al?° in order to deduce of the initial plasma density and

electron temperature at the FPS surface from the measurgégnal f_rom the second probe W"’?S.t_oo small to find an appro-
density profiles. priate fit. At E4>25 kV/cm, the initial plasma density was

Aecorting t e appe ol th fon censy prfle U S20UL e e as o 25 vl Whle e it e
. 0 - .
n(x.t) can be approximately expressed‘as for the location of the second probe, however, showed usu-

No ’{ u? ) ally higher density and longer plasma pulse than it was ob-
n(x,t)~ ——=exp — , 12 i
(x,1) N 2c2 (12 served experimentally.

Excluding the fast plasma flow &t=2.75us, the gradi-
wheren, is the plasma density at=0 andt=0. The fre- ent of the plasma density was found monotonically decreas-
quency() is specified by the ratio of the ion sound velocity ing in time. The gradient of the plasma density was deter-
to the initial scale of inhomogeneity of the plasma density,mined as a difference in the plasma density measured by two
which is about of the initial Debye lengthy: probes én(t) =n(xq,t) —n(x,,t), divided by the distance

c? between probe$x=x,—x;. The measured and calculated

QZ~ZTS. (13) gradients for two driving pulse amplitudes are shown in Fig.

ADo 7. There also appears to be agreement between the shapes of
measured and calculated profiles. This agreement, together
with the agreement in the density profiles and the expansion
velocity, validates in general the applicability of the model of
plasma expansion for deducing the initial plasma density and
QOx electron temperature of the FPS plasma. The deduced values

———— 14
V1+Q2%t? 4
This solution implies initial Maxwellian distribution function — _

for electrons withT > T;q. This assumption might be valid Ea @‘ Ed’ 20 kv/em

In Egs.(11) and(12), we used the Bohm velocity for multi-
component plasma from E@5). The characteristic velocity
U is given as

U(x,t)=

w
.

for the case of surface discharges, where the time scale of the
plasma formation is sufficient for the equilibration of ini-
tially dense plasma.

Using T¢ andng as parameters, it is possible to find a
pair of density profilesn(x,,t) andn(x,,t), which will fit
the measured densities at two probe locations; 5.5 mm
andx,=14 mm. Typical result of such an attempt is shown
in Fig. 6 for Eg,=20 kV/cm. The best fit was obtained with
no=6x10"%cm 2 and T,,=16 eV. Note the coincidence 05 10 15 20 25 3.0
between measured and calculated profiles for the location of t (us)
the first probe. The time delay between two profiles, whichgig 7. comparison of measured and calculated gradients of the expanding
characterize the velocity of the plasma expansion, also coirplasma density for different driving electric field amplitudes.

[3+]
i

on/8x 107 (cm™)
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of the initial plasma density in the stem of the surface dis- The temporal profiles of the plasma density at two dif-
charge also agree in order of magnitude with the typicaferent distances form the FPS surface can then be fitted by
plasma density in the high-pressure &tevhich is suggested analytical profiles for the expanding plasma, from which we
as a final stage of the surface flashotfer:n can deduce the initial values of the plasma density and elec-
~10%-10" cm 3. tron temperature at the surface of the FPS. For PZT-based
However, the difference in absolute values of densityFPS, the initial plasma density is in the range f
gradients, as well as the difference in the shape of density (0.4—4)< 10" cm™2 and the initial electron temperature
profile at the location of the second probe, indicate a discrepis T,,=16—20 eV for the driving electric fields of 16—-30
ancy between applied model and the measurements. This dikV/cm. This result, however, was obtained in assumption of
crepancy could be caused by several possible reasons. Firstpmentary plasma formation with the use of the 1D model
we applied here the 1D model, which is valid if the distancesf plasma expansion, which could cause uncertainty in de-
to the probesx, , are much less than the diameter of theduced values oy and T,. A more accurate model of
plasma source, x; ;<d. A recently developed 3D model of plasma formation and expansion, as well as better knowledge
the expansion of plasma from a point-like souftapwever, about proportions in the ion species mixture, could make the
is relevant only ifx; »>d. In general, a fully 3D model is deduction more precise. Nevertheless, the method of density
required for the casg, ,~d, which is realized in our experi- measurements in the expanding plasma and the deduction of
mental conditions. The 1D model predicts longer plasma taithe initial values of plasma density and temperature may be
and slower decrease of the density at the location of theseful also for other kinds of short-time discharges accom-
probe 2, wherex,~d/2 (see Fig. 8 However, the agreement panied by considerable electromagnetic noise.
with the measurements is much better for the probe 1, where
X;~d/4 and the 1D model is more relevant. ACKNOWLEDGMENTS
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