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Spatiotemporal behaviors of excited Xe atoms in unit discharge cell of ac-
type plasma display panel studied by laser spectroscopic microscopy
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Two-dimensional spatiotemporal behaviors of excited Xe atoms in the 1s4 resonance state and the
1s5 metastable state were measured in a unit discharge cell of an ac-type plasma display panel by
a laser absorption technique combined with an optical microscope. The measured density of
Xe(1s5) has two large peaks on both the temporal anode and cathode sides. The peak at the anode
has a narrower spatial distribution while the peak at the cathode is distributed over the electrode
area. In its temporal behavior, the anode peak rises slightly faster than the peak at the cathode and
decays faster at the beginning of afterglow, but both peaks tend to have the same decay rate in the
later period. The behavior of Xe(1s4) shows similar features, but the decay rate is much larger,
corresponding to the effective lifetime of imprisoned resonance radiation. The maximum densities
of Xe(1s5) and Xe(1s4) are 531013 and 231013 cm23, respectively. Emission from Xe(2p)
atoms was also observed, and this nearly followed the current wave form. With these results, we
estimated the efficiency of vacuum ultraviolet emissions from excited Xe(1s4) atoms and Xe2*
excimers formed from Xe(1s5) atoms. © 2000 American Institute of Physics.
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I. INTRODUCTION

Recently, major developments in the technology
plasma display panels~PDPs! permitted the production o
large-area wall-mountable displays for high-definition tele
sion receivers.1 In general, there are two types of PDPs, i.
dc type and ac type. In both types, the vacuum ultravio
~VUV ! emissions from excited Xe* atoms and Xe2* dimers in
Xe plasmas diluted with He or Ne are converted into visi
red, green, and blue dots by using the appropriate phosph
At the moment, it is commonly recognized that the ac type
advantageous to the dc type in luminous efficiency and
tractability for manufacturing large panels due to its simp
structure.2 Thus, the ac type has been practically adopted
commercial mass production. However, no quantitative e
mation of plasma characteristics in a unit discharge cel
the ac-type PDP has been carried out aside from some q
tative measurements of VUV emissions,3,4 although a few
theoretical approaches have been investigated by using
and particle models.5–8

In this work, we constructed a coplanar ac-type t
panel filled with a mixture of Xe and Ne, and measured
spatiotemporal behaviors of the absolute densities of exc
Xe atoms in the 1s4 and 1s5 ~in Paschen notation! levels.
From the measurements, we quantitatively estimated the
haviors of the line emission at 147 nm from the Xe(1s4)

a!Electronic-mail: tatibana@kuee.kyoto-u.ac.jp
b!Present address: Display Research Laboratories Co. Ltd., Tamagaw

Setagaya-ku, Tokyo 158-0096, Japan.
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atoms and the band emission at 173 nm from the Xe2* exci-
mers formed by the three body collisions of Xe(1s5) atoms.
A diode laser absorption method combined with an opti
microscope was used for the measurement, as in the ca
the dc-type cell reported previously.9 The cell structure and
operation conditions are described in Sec. II along with
experimental setup and procedure. The results of spatiot
poral densities of excited Xe atoms are given in Sec. III w
a discussion on the efficiency of VUV emissions deriv
from the data as well as the measured current wave for
Characteristics of these spatiotemporal behaviors of the
type cell is also discussed in a comparison with that o
dc-type cell.

II. EXPERIMENTAL

A. Setup and procedure

The cell structure of a test panel is shown schematic
in Fig. 1.10 As seen from Fig. 1, it has a coplanar structu
with a pair of sustain electrodes on the front glass plate m
of transparent indium-tin-oxide~ITO! films backed up with
metallic bus electrodes. The ITO electrodes are covered
cessively by a dielectric layer of 20mm thickness and an
MgO film of 0.5 mm thickness. The front plate is separat
from the back glass plate by 130mm with ribs made of
insulating ceramics. As opposed to a conventional cell str
ture, this test panel has no addressing electrode or phos
coating to allow access by the probe laser beam. A mixt
of Xe ~10%! with Ne was filled in the panel at a pressure
350 Torr. Square wave pulses of 2ms duration were applied

dai,
7 © 2000 American Institute of Physics
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to the electrode X1 with a period of 12ms, and the comple-
mentary pulses delayed by 6ms were applied to X2. There
fore, the polarity of the differential voltage applied betwe
these electrodes effectively reverses every 6ms. The peak
value of the applied pulse voltageVs was changed from 190
to 220 V, but a typical value of 200 V was used in most
the measurements.

The setup of spectroscopic microscopy shown in Fig
is the same as that used previously.9 In this work, however,
we used a commercial diode laser system, of which
wavelength can be tuned or scanned by the angle of the
tuning mirror of an external grazing incidence~Littman/
Metcalf-type! cavity. The tuning mirror was driven by a mo
tor for coarse movements or by a piezo actuator for fi
movements. In the measurements of spatiotemporal beha
of excited Xe atom density, 823.1 nm (2p6– 1s5) and 828.0
nm (2p5– 1s4) lines were used for the 1s5 metastable leve
and the 1s4 resonance level, respectively. The diode la
beam of a few milliwatts power level was divided into tw
parts by a beam splitter. One beam was used to tune

FIG. 1. Schematic of unit cell structure of test panel:~a! front view and~b!
side view. Measuring points are assigned by a matrix of numberedx–y
coordinates.

FIG. 2. Schematic of experimental setup for laser spectroscopic microsc
Downloaded 06 Mar 2008 to 130.54.110.22. Redistribution subject to AIP
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wavelength to the center of the respective absorption line
Xe atoms by using a reference Xe discharge tube filled w
pure Xe gas at 2 Torr, and the other beam was led into
optical microscope on which the test panel was mount
The laser beam intensity was attenuated by a factor of 1
to 1/100 with a combination of neutral density filters to avo
the pumping ~optical quenching! effect of excited level
populations by the probing laser itself. The transmitted int
sity of the beam was detected through a monochromator
photomultiplier with a fast current amplifier. The typica
beam diameter was estimated to be about 10mm at the center
of the gas gap in a discharge cell. The measurement
performed at 1137 points in thex–y plane of a discharge
cell as shown in Fig. 1~a!.

The temporal behavior of metastable Xe atoms gener
has a long decay time constant. Therefore, in order to id
tify the zero absorption level, the applied voltage wave fo
was programmed to have a train of 6 pulses at each elect
followed by an off period of 30ms. The absorption signal a
the last pulse was used for the data analysis. The maxim
absorption rates for the 1s5 and 1s4 levels were about 30%
and 5%, so the absorption signals were averaged by a d
tizing oscilloscope over 5000 and 20 000 times, respectiv
to improve the signal-to-noise ratio.

B. Absolute density derivation

Absorption rateA(n) of the incident laser intensityI 0

for an optical transition at frequencyn is given by

A~n!512
I

I 0
512exp@2k~n!l #, ~1!

whereI is the transmitted intensity,l is the absorption length
corresponding to the gas gap, andk(n) is the absorption
coefficient of which frequency dependence is given by
line profile of the transition. If the line profile has a sing
Gaussian shape given by the Doppler broadening, the den
N1 in the lower level is derived by

N15
Dnd

2 S ln2

p D 21/2 8pg1

l21
2 g2A21

k~n0!, ~2!

wherek(n0) is the absorption coefficient per unit length
the line centern0 , Dnd is the Doppler width,l12 is the
wavelength,A21 is the transition probability, andg1 andg2

are the statistical weights of the lower and upper levels of
transition. However, the line profile in the present case
very complicated due to the many isotopes contained in n
ral Xe gas, which produce isotope shifts11 and hyperfine
structures.12 The effect of pressure broadening and shift
each component becomes more important at high fill
pressures.9 Therefore, in order to derive the absolute den
ties of the excited Xe atoms from the absorption signal,
have to know the precise line profiles of the transitions u
in the measurement.

For this purpose, the wavelength of the diode laser w
scanned manually with the piezo driver. An example of t
absorption profile of the 828.0 nm line is shown in Fig. 3.y.
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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we take the self-broadening coefficient to be 1.60310219

cm21 cm3 according to our previous measurements,13 the
foreign-gas broadening coefficient by Ne is derived to
0.94310220 cm21 cm3. Similarly, the coefficients for the
823.1 nm line are estimated to be 3.15310220 and 1.37
310220 cm21 cm3, respectively. The slight shift that can b
seen in Fig. 3 is mostly due to the pressure effect of Ne

Due to the complicated structure and pressure broad
ing of the line profile, a correction factorH must be multi-
plied to the right-hand side of Eq.~2! when the measured
absorption coefficient at the fixed laser frequency, which
been tuned at the position shown by a dotted line in Fig. 3
used ask(n0) . Practically, since the effect of the line shift
small, the value ofH is given by the ratio of the peak heigh
of the hypothetical single Doppler profile to that of the actu
~measured! line profile after normalizing each line profile s
that the integrated area becomes unity. In the present c
the correction factors for the 828.0 and 823.1 nm lines
evaluated to be 33.8 and 22.0, respectively.

III. RESULTS AND DISCUSSION

A. Spatiotemporal behaviors

Measured results of the spatiotemporal behaviors of
atoms in the 1s5 and 1s4 states atVs5200 V are shown in
Figs. 4 and 5, respectively, by three-dimensional plots i
series of time steps over a half cycle when the positive v
age pulse is applied to the electrode on the left-hand s
The (1137) positions in thex–y plane in Fig. 4 correspond
to the assignment in Fig. 1~a!. It can be seen that a shar
peak appears on the temporal anode~left-hand! side near the
bus line, while a broader peak appears on the cathode
and is distributed over the entire electrode area. The m
mum densities of the 1s5 and 1s4 levels at the tempora
anode side are about 531013 and 231013 cm23, respec-
tively, while those values are 231013 and 131013 cm23 on

FIG. 3. Absorption line profile of 828.0 nm transition measured in a P
panel containing Ne–Xe~10%! mixture at 350 Torr. Measured data poin
are fitted by a Voigt profile from which integrated area is calculated.
Downloaded 06 Mar 2008 to 130.54.110.22. Redistribution subject to AIP
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the temporal cathode side. The anode peak rises slig
faster than the cathode peak as can be seen more clea
Fig. 7.

A doubly peaked or centrally bent shape iny direction
can be noticed on the anode peak in Figs. 4 and 5. In orde
show the shape more clearly, a contour diagram is show
Fig. 6 for the spatial profile of Xe(1s5) density at a time of
0.5 ms. The dip in the central part of the anode peak is ab
40% of the maximum in Fig. 6~b!. The bent shape, howeve
may not be inherent to the coplanar-type discharge cell
fact, at the beginning of our experiment, only one peak u
to appear as shown in Fig. 6~a!. After a certain operation
time of several tens of hours, it has split irreversibly into tw
peaks, probably due to a change in the electrode sur
condition. At the moment, we have no confidence whet
the charging effect on the insulating ribs or any other ca
can produce the doubly peaked shape of the anode pea

In order to see the behavior at the early period of
discharge in more detail, the spatiotemporal behavior
Xe(1s5) is shown in Fig. 7 in a contour diagram. The di
gram shows that a slightly larger density remains on
anode side, which has worked as a temporal cathode in
preceding half-cycle, and the density starts to rise at the
ode side on the inner edge of the electrode gap. Then, a l
peak rises at the edge of the anode bus line. At the s
time, the peak at the gap edge starts to extend to the cat
side toward the bus line. In order to examine how t

FIG. 4. Spatiotemporal behavior of Xe(1s5) atom densityN1(1s5) in units
of 1013 cm23 measured in a half-cycle when the left-hand side is working
a temporal anode. Measuredx–y positions correspond to matrix shown i
Fig. 1. Voltage pulse of 200 V peak and 2ms duration is applied to the
left-hand side electrode att50.
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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residual density of excited atoms affects the successive
charges, the period of square wave pulses was changed
12 to 18ms. The delay time of the discharge became lon
from 160 to 300 ns as the period was increased, while

FIG. 5. Spatiotemporal behavior of Xe(1s4) atom densityN1(1s4) in units
of 1013 cm23 measured in a half-cycle when the left-hand side is working
a temporal anode. Measuredx–y positions and conditions are the same as
Fig. 4.

FIG. 6. Contour diagram of spatial profile of Xe(1s5) density at t
50.5ms measured~a! at beginning of experiment and~b! after seasoning.
Downloaded 06 Mar 2008 to 130.54.110.22. Redistribution subject to AIP
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heights of the anode and cathode peaks did not change
ticeably.

A logarithmic plot of the Xe(1s5) atom density agains
time is shown in Fig. 8 over two half-cycles where the me
sured side is working as the temporal anode and cath
The measured position was~2, S6!. The density does no
decrease immediately after the end of the current pulse w
the measured side works as the temporal cathode. This
gests that there are some production processes in the
afterglow, probably due to the dissociative recombination
Xe2

1 ions followed by radiation cascades to 1s levels. On the
contrary, the density on the temporal anode side dec
faster in the early afterglow, indicating the presence of so
loss processes. The stepwise excitation and ionization
electron collisions are possible mechanisms of the fast de
The diffusion in higher modes also plays a role in enhanc
the decay rate because the distribution of excited Xe atom
concentrated in a narrow region near the bus line on
anode side. The time constant of the decay in late aftergl
however, takes the same value of 2.5ms on both sides, which
agrees with the value of 2.6ms given by the inverse of the
three-body loss rate of Xe(1s5) atoms as described below
This means that the diffusional loss rate of Xe(1s5) atoms is
negligible in the present case.

s

FIG. 7. Contour diagram of spatiotemporal behavior of Xe(1s5) atom den-
sity measured at early phase of discharge when voltage pulse of 200 V
and 2ms duration is applied to the lower side electrode~temporal anode!.

FIG. 8. Logarithmic plot of Xe(1s5) atom density against time measured
a position~2, S6! in two-half cycles when measured point is working a
temporal anode and cathode. Dashed lines are fitted to decay in late
glow.
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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The decay behavior of Xe(1s4) atoms is shown in Fig.
9. The characteristic behaviors on the cathode and an
sides at the beginning of afterglow are similar to the case
Xe(1s5) atoms; the decay on the cathode side is not sin
exponential but has a swell in the early afterglow. The de
time constant on the anode side is estimated to be 0.37ms
from the slope of a fitted line in Fig. 9, which is in goo
agreement with the effective lifetime of about 0.34ms cal-
culated from the rates of imprisoned resonance radiation
three-body collision~see Sec. III C!. The figure also shows
that a slow decay component remains in the late aftergl
This may be due to the collisional population transfer fro
the 1s5 level to the 1s4 level. ~A dot-dashed line with the
same time constant of 2.5ms as in the metastable atom dec
is shown in Fig. 9 as a reference.!

B. Current and visible-emission wave forms

The current wave form was measured by a digital os
loscope using a current probe of 100 MHz bandwidth. O
line containing 640 cells was lit at the same time to incre
the total current. The displacement current was subtra
from the measured wave form using the current wave fo
without discharge operated slightly below the ignition vo
age. The wave form so processed is shown in Fig. 10. It
a half-width of about 70 ns. The average current can
obtained by integrating the current wave form over 6ms,
which is used in the estimation of efficiency described
low. The average current estimated in this way was 4.7 to
mA, depending on the operation condition. This amounts
about 60% of the mean current per cell measured by
external total current flowing into the driving circuit but is
reasonable level if the circuit loss is taken into account.

The emission from Ne atoms in the red spectral ran
was also measured. In this measurement, the test pane
faced directly to the entrance slit of a monochromator.
spectral line at 640.2 nm (2p9– 1s5) was chosen due to it
having the strongest intensity among many visible lines. T
experimentally observed wave form was delayed from
current pulse by about 60 ns, which was caused by
propagation delays through the measuring electronics

FIG. 9. Logarithmic plot of Xe(1s4) atom density against time measured
in Fig. 7. Dashed lines are fitted to decay from 1 to 3ms, and dot-dashed line
with 2.5 ms time constant is drawn for reference to show behavior in
afterglow.
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tem. The wave form corrected for the delay is superpose
Fig. 10.~The same correction has been done on all temp
behaviors shown in this article.! The wave form has a half
width of about 90 ns, which is slightly larger than that of th
current wave form due to the finite lifetime of the radiativ
transition of 23 ns. The slower decay in the tail may inclu
the contribution of the radiative cascade from upper lev
via a dissociative recombination of Xe2

1 . At any rate, it sug-
gests that the emission wave form can work as a good m
tor of the current if the effect of the finite lifetime is de
convoluted from the wave form.

C. Estimation of luminous efficiency

The absolute emission intensity of the 147 nm atom
line can be derived from the measured spatiotemporal d
sity of Xe(1s4) atoms. The measured value, however, giv
the average densityN̄1 over the absorption length throug
the gas gap. Therefore, it is simply assumed here that the
nm line is emitted with an effective transition probability fo
the imprisoned radiation.14 From the transition probability
A10 and the wavelengthl10 of 147 nm line, the effective
valueA108 is given by

A108 5
B

A3p2l /l10

A10wgA10, ~3!

whereB is a constant,l is the gas gap~taken as the minimum
length inx, y, andz directions!, andg is defined as the escap
factor. If a literature value of 1.15 is taken forB,14 the value
of g is estimated to be 7.131023. Accordingly,A108 becomes
2.03106 s21, if a reported value of 2.83108 s21 is taken for
A10.15 Thus, the radiation power at 147 nm is calculat
from

P1475hn10A108 EEE
V

N1~1s4! dxdydz52.7

310212l EE
S

N̄1~1s4! dxdy, ~4!

e

FIG. 10. Wave forms of discharge current measured by current probe
Ne visible emission at 640.2 nm.
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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wherehn10 is the photon energy at 147 nm,V is the volume
of a discharge cell, andS is the total area in thex–y plane.

The absolute intensity of the 173 nm band from X2*
dimmers can also be derived from the measured densit
Xe(1s5) atoms, assuming that the three-body collisions
the rate-determining process for the dimmer formation:

Xe~1s5!12Xe→Xe2~1u ,0u
2!, ~5a!

Xe~1s5!1Xe1Ne→Xe2~1u ,0u
2!. ~5b!

The reported rate coefficients for these reactions are 8
310232 and 4.07310232 cm6 s21, respectively.16 Therefore,
the total rate for the formation of Xe2(1u ,0u

2) excimers be-
comes 3.833105 s21 at a total pressure of 350 Torr wit
10% Xe in Ne. Some part of the above three-body proces
may produce Xe2(0u

1) at higher vibrational levels, which
lead to the 152 nm band emission.17 However, from the ob-
served spectra in the VUV region in usual cases,18 the
wavelength-integrated intensity of the 152 nm band is e
mated to be less than 10% to 20% of the intensity of the
nm band. There included also is the contribution fro
Xe(1s4) atoms to the 152 nm band emission as descri
below. Therefore, we assume here that the three-body
cesses yield predominantly Xe2(1u ,0u

2), of which the popu-
lation relax to lower vibrational levels, leading to the 173 n
band emission. From Xe(1s4) atoms, Xe2(0u

1) excimers are
formed through reactions similar to Eqs.~5a! and ~5b!. The
estimated total rate becomes 9.673105 s21 when we apply
the reported rate constants,16 which corresponds to about 1/
of the rate for the 147 nm emission. The emission fro
higher lying vibrational levels of Xe2(0u

1) occurs at around
152 nm. This estimation, however, may be the upper li
since the rate constant 1.55310231 cm6 s21 used for the
Xe(1s4)12Xe process16 is large. In the following, we sim-
ply include this contribution into the intensity of the 147 n
emission since the band appears at its red wing, although
relaxation to lower vibrational levels and the collision
transfer from Xe2(0u

1) to Xe2(1u) may convert some part o
the intensity into the 173 nm band emission.

Temporal behaviors of the 147 nm line and 173 nm ba
emissions so estimated are shown in Fig. 11, where the

FIG. 11. Spatially integrated temporal behaviors of VUV emissions at
and 173 nm estimated from measured spatiotemporal Xe(1s4) and Xe(1s5)
atom densities.
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tial distribution is integrated over the entire area of a d
charge cell. The 147 nm emission rises faster and dec
faster in contrast to the 173 nm emission. However, th
temporally integrated values become comparable in our m
surement at the Xe concentration of 10%. It is expected
the contribution of the 173 nm emission becomes larger
the Xe concentration increases because the rate of the th
body processes for the production of Xe2* increases rapidly
with the Xe concentration.

The spatial distribution of the total VUV emission~sum
of the 147 and 173 nm emissions! is temporally integrated
over a half-cycle as shown in Fig. 12, where the left-ha
side worked as the temporal cathode. The estimated emis
from the cathode area amounts to 65% and that from
anode side is about 35%. This means that the contribu
from the anode side is not negligible. This is a significa
feature in an ac-type cell, as noted in the comparison wit
dc-type cell below.

The luminosity and total efficiency of the VUV emissio
estimated in this way are plotted in Fig. 13 as a function
the average current measured by changing the applied p
voltage from 190 to 210 V. The luminosity increas
slightly, but the efficiency decreases as the power input
creases. This tendency is consistent with reported simula
results.5–7 A possible reason may be attributed to the elect
quenching of excited levels by stepwise excitation and
mulative ionization.

D. Difference between ac and dc types

The behaviors of the excited Xe atom densities measu
in an ac-type cell are compared with the results obtain
previously in a dc-type cell.19 It is interesting that the peak
values of the Xe(1s4) and Xe(1s5) atoms are comparable i
the order of 1013– 1014 cm23 in both cases. As for spatia
distribution, however, a sharp peak in front of the catho
~negative glow! is predominant in the dc-type cell, and the
appeared a smaller and broader peak~positive column! to-
ward the anode as the electrode gap increased. Therefor
a dc-type cell the contribution from the negative glow pr

7

FIG. 12. Spatial distribution of total VUV emission integrated over a ha
cycle when the right-hand side is working as a temporal anode.
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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dominates in the total VUV emission. On the contrary, in
ac-type cell the contribution from the anode side amount
more than 30% as mentioned previously. In a dc-type cell
current keeps flowing during applied pulse width on the
der of 1ms. However, in the quasisteady state after the ca
ode fall is formed in the early phase within a few hundre
ns, the electric field on the anode side becomes m
smaller, and the energy of electrons decreases. Thus, the
no effective production of excited atoms in the region fro
the negative glow to the anode. In contrast to this feature
an ac-type cell both emissions on the cathode and an
sides reach their maximum values soon after the cathode
is formed and start to decay with the rapid decrease in
current. This behavior produces the relatively large contri
tion from the anode side. More quantitative comparisons w
be done in a following paper on the characterization o
dc-type PDP.

IV. CONCLUDING REMARKS

The spatiotemporal behaviors of the excited Xe at
densities in the 1s4 and 1s5 levels were successfully mea
sured, for the first time, in a realistic cell of an ac-type PD
The maximum values of Xe(1s4) and Xe(1s5) atom densi-
ties were about 231013 and 531013 cm23, respectively.
This type of measurement, however, gives inherently av
aged values along the gas gap (z direction!. If the density

FIG. 13. Estimated luminosity and luminous efficiency of VUV emissio
at 147 and 173 nm plotted as a function of average current.
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along thez axis is given by a cosine distribution, the pea
values become 331013 and 831013 cm23, respectively. It is
worthwhile to compare these values with the estimated v
ues close to 1014cm23 by simulation,5 although the condi-
tions in both cases are not completely equivalent.

The decay of Xe(1s5) atoms was governed by the thre
body collision rate to form Xe2* excimers, while the decay o
Xe(1s4) atoms was predominantly determined by the effe
tive lifetime of imprisoned resonance radiation. It was asc
tained that the residual metastable atoms play a role in sh
ening the delay time of the discharge.

From the measured results, the absolute values of
VUV emission intensities at the 147mm atomic line and the
173mm excimer band were estimated. The absolute value
luminous efficiency of 5% to 6% at a gas pressure of 3
Torr with a Xe concentration of 10% is smaller but cons
tent with the simulated values of 11% at 560 Torr~in a
one-dimensional model!5 and 15% at 450 Torr~in a two-
dimensional model!20, if the pressure effect is taken into ac
count. The total VUV emission integrated over a half-cyc
from the temporal cathode region predominates over
from the anode region, but the ratio is about 7:3 and thus
contribution from the anode side is not negligible.

The intensity of the VUV emission tends to saturate a
the efficiency decreases as the mean current increases.
is attributed to the electron quenching of excited Xe ato
by stepwise excitation and/or ionization processes. An eff
tive method to reduce this loss rate is to increase the t
pressure or the Xe concentration, although this would ca
an increase in the ignition and sustain voltages.5,21 In order to
minimize this voltage increase effect, the development
materials with higher efficiency of the secondary electr
emission (g effect! seems essential to improvement in lum
nous efficiency.22

In the present work, a two-dimensional measuremen
the x–y plane was performed on excited Xe atom densit
~front view!. However, since most of the existing simulatio
are done in thex-z plane, the side~cross sectional! view
measurement is also required. We have started a prelimi
work on such a measurement by using a specially desig
cell for the purpose.23 By combining these two measure
ments from both sides, we can obtain a three-dimensio
image of the dynamic behaviors of excited atoms in a re
istic PDP cell. The results will be compared with those
other three-dimensional simulations conducted in rec
years.24,25
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