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In fluid models of the gas discharges in plasma display panels, the trapping of resonance radiation
is usually accounted for by a trapping factor. In this work, we present a Monte Carlo model for
resonance photons, which gives a much more accurate description. First, we compare the results of
this Monte Carlo model with the results of the fluid model trapping factor approach. Although the
trapping factor approach does not yield the same spatial distribution for the density of the resonant
state atoms, the spatially integrated density is in good agreement with the results of the Monte Carlo
model. Next, we compare the results of the Monte Carlo model with measured spectra of emitted
resonance radiation. The agreement is very good. Thus we provide, via the Monte Carlo model,
experimental support for the widely used trapping factor approach. ©2000 American Institute of
Physics.@S0021-8979~00!06723-2#
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I. INTRODUCTION

Plasma display panel~PDP! technology is a promising
technology for large, lightweight, flat displays.1 Color PDPs
use small high-pressure glow discharges in xenon mixtu
to generate ultraviolet~UV! radiation and to convert this into
red, blue, and green light by phosphors. In the research
development of PDPs, numerical fluid models are wid
used to calculate the yield of UV radiation from PDP d
charges. Examples of such calculations can be found in R
2–4.

The most important UV radiation utilized in PDPs is th
resonance radiation emitted by the Xe* (3P1) state atoms at a
wavelength of 147 nm. The PDP discharge conditions
such that these resonance photons are absorbed an
emitted many times before leaving the discharge. This p
nomenon is known as imprisonment or trapping of resona
radiation. The most obvious effect of the radiation trapp
is that the photons emerge from the discharge on a time s
that is much longer than the natural lifetime of the reson
state. Another effect is that the density of the resonant s
atoms is enormously increased. This affects the entire ki
ics of the excited species in the discharge, because the
of several important reactions, including collisional quenc
ing of the resonant state and the formation of dimers, dep
on the density of these atoms. As an illustration, Tabl
gives an overview of the most important reactions involvi
Xe* (3P1) in PDP discharges in neon–xenon; the time d
pendent rates of some of these reactions are shown in Fi
To properly predict the production of UV radiation in PD

a!Electronic mail: hagelaar@discharge.phys.tue.nl
5530021-8979/2000/88(10)/5538/5/$17.00
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discharges, fluid models have to account for the effects
radiation trapping.

The exact calculation of the density of the resonant s
atoms under the influence of radiation trapping requires
solution of an integro differential equation, such as H
stein’s equation.5 However, solving such an equation in tim
dependent fluid models is in practice not feasible. Most fl
models2,6,7 describe the resonant state by an ordinary diff
ential equation, a rate equation or a continuity equation
which they characterize the radiative decay by an effec
lifetime

teff5gt0 , ~1!

rather than by the natural lifetimet0 . Hereg is a trapping
factor, which represents the average number of absorpt
reemission events that a resonance photon undergoes b
escaping from the discharge.~Some authors useg21 to indi-
cate what we callg.! The trapping factor is usually derive
from a known solution of Holstein’s equation for some sym
metric geometry. Standard expressions for trapping fac
under various assumptions can be found in Refs. 8 an
The trapping factor approach simulates, in a computation
very attractive way, the major effects of radiation trapping
slows down the release of resonance photons and incre
the density of the resonant state atoms. It does, however
describe the spatial evolution of the resonant state dens

An alternative and more accurate way to describe
radiation trapping is by a Monte Carlo model for resonan
photons. Besides the density of the resonant state atom
photon Monte Carlo model predicts the spectral line shap
the resonance radiation escaping from the discharge.
offers the possibility of direct experimental validation of th
8 © 2000 American Institute of Physics
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5539J. Appl. Phys., Vol. 88, No. 10, 15 November 2000 Hagelaar et al.
model. In this article we present such a Monte Carlo mo
of the resonance photons in PDPs. The photon Monte C
model requires the input of the rates of collision proces
that lead to the formation of the resonant state. For this
use the results of the fluid model presented in Ref. 10.
reasons of simplicity, the Monte Carlo model is not se
consistently coupled to the fluid model; it just uses react
rates that have been calculateda priori with the fluid model.
This approach is legitimate because the rates concerned
only weakly coupled to the radiation trapping problem.
the fluid model, the radiation trapping is accounted for w
the trapping factor approach~Eq. ~1!!.

In this article, we do the following: After describing th
Monte Carlo model in Sec. II, we compare, in Sec. III, t
calculated resonant state atom density profile with the d
sity profile resulting from the trapping factor approach in t
fluid model. Then, in Sec. IV, we compare the calcula
emission spectrum with experimental data. The conclusi
are given in Sec. V. All calculations presented are based
the two-dimensional model geometry shown in Fig. 2, wh
represents a cross section through one row of a copla
electrode PDP. The discharge conditions considered are

TABLE I. Most important reactions involving Xe* (3P1) in typical PDP
discharges in neon–xenon.

No. Reaction

Production
R1 e1Xe→e1Xe* (3P1)
R2 Xe** 1Ne→Xe* (3P1)1Ne
R3 Xe** 1Xe→Xe* (3P1)1Xe
R4 Xe** →Xe* (3P1)1hn(800 nm)

Loss
R5 e1Xe* (3P1)→e1Xe**
R6 Xe* (3P1)1Ne→Xe* (3P2)1Ne
R7 Xe* (3P1)1Xe1Ne→Xe2* (Ou

1)1Ne
R8 Xe* (3P1)12Xe→Xe2* (Ou

1)1Xe
R9 Xe* (3P1)→Xe1hn(147 nm)

FIG. 1. Time evolution of the space averaged reaction rates of the m
important processes involving the Xe* (3P1) state in a fluid simulation of a
typical PDP discharge in neon–xenon~5%!. The curves are tagged with th
numbers of the corresponding reactions in Table I. The time interval fro
to 10 ms corresponds to one sustain pulse.
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indicated in Fig. 2: The discharge gas is a mixture of ne
and a small percentage of xenon, at a pressure of 450 T
and the square wave voltage applied to the sustain electr
has an amplitude of 260 V and frequency of 250 kHz.

II. PHOTON MONTE CARLO MODEL

In the Monte Carlo model, a large number of resona
state excitation events is sampled from the total excitat
rate profile calculated with the fluid model. The resonan
photons that result from these excitation events, are
lowed, one by one, until they escape from the dischar
Since the escape time of the photons is much longer than
typical time scale for changes in the excitation rate,
Monte Carlo model is not suitable to study the time dep
dence of the radiation transport. We can, however, still c
culate the time averaged photon transport. Below we
scribe how a photon path is simulated.

We start from the time averaged effective excitation r
profile, shown in Fig. 3. It is the sum of the rates of th
reactions R1, R2, R3, and R4, diminished with the rate
reaction R5. An excitation event is randomly sampled fro
this profile. A random lifetimet of the resulting resonan
state is determined, according to

t52
1

n
ln~12r 1!, ~2!

wherer 1 is a random number, uniformly distributed betwe
0 and 1, generated with a random number computer rout
andn is given by

n5
1

t0
1nc . ~3!

Here t053.46 ns is the natural lifetime11 of Xe* (3P1) and
nc is the total frequency of the collision processes R6, R

st

8

FIG. 2. Two-dimensional model geometry considered in the calculatio
representing one discharge cell of a coplanar-electrode type PDP. The
face on the top corresponds to the back plate of the display, where
phosphors are located.

FIG. 3. Time averaged profile of the effective excitation rate of Xe* (3P1)
calculated with the fluid model. The discharge geometry and conditions
shown in Fig. 2; the xenon percentage is 5%. The averaging was done
one address pulse and five sustain pulses. The increment of the conto
9.231018 cm23.
P license or copyright; see http://jap.aip.org/jap/copyright.jsp
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R8, and R9. Note thatnc is constant in time. The time de
pendent frequency of electron induced quenching R5 is
included in nc ; this reaction is taken into account in th
effective excitation rate profile.~Fig. 1! This crude treatmen
of the electron induced quenching is somewhat justified
the fact that this process, like the excitation, takes place o
during a short fraction of the time, as can be seen in Fig
Another random numberr 2 is used to determine whether
photon is emitted or the resonant state is lost in a collis
process; ifr 2.tnc the photon is emitted, otherwise the res
nant state is lost.

In the event that a photon is emitted, a random pho
frequency is chosen. We assume that the frequency distr
tion is mainly determined by the broadening of t
Xe* (3P1) level due to collisions between the gas atoms, a
is given by the Lorentz profile,

L~v!5
Dvp /~2p!

~v2v0!21Dvp
2/4

, ~4!

wherev is the angular frequency,v0 is the central angula
frequency (1.2831016Hz), andDvp is the full width at half
maximum. For the width of the profile we use the expe
mental data from Ref. 12:

Dvp52.55310214nXe11.00310215nNe, ~5!

wherenXe andnNe are the xenon and neon densities in m23.
The influence of the Doppler effect on the frequency dis
bution is neglected compared to the collisional broaden
~4!, which seems a good approximation for partial xen
pressures beyond 10 Torr. A random angular frequencyv is
chosen from the distribution, Eq.~4!, as

v5v01
Dvp

2
tanS p

2
~2r 321! D , ~6!

wherer 3 is a random number.
Given the photon frequency, the absorption coefficien

calculated from

k~v!5
l0

2g2

4t0g1
nXeL~v!, ~7!

where L(v) is once again the Lorentz profile,~4!, l0

5147 nm is the central wavelength, andg151 and g253
are the statistical weights of the ground and resonant sta
respectively. A random value for the traveled distance u
absorption is found as

l52
1

k
ln~12r 4!, ~8!

in analogy to Eq.~2!. Using two additional random number
r 5 andr 6 , a random direction is determined for photon em
sion, after which the position of the absorption is calculat
The lifetime of the resulting resonant state is again de
mined from Eq.~2!, and so on. The procedure is repeat
until the photon reaches the wall or the resonant state is
in a collision. Note that, each time the photon is re-emitt
we assume that its frequency is independent of the freque
before absorption. This condition is known as complete f
quency redistribution.
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For storage of Monte Carlo calculation results, the g
ometry is divided into small two-dimensional cells. We ma
use of the numerical grid of the fluid model. In each grid c
we record the cumulative lifetime of the resonant state. Fr
this, the resonant state atom density can be directly deri
In a similar way, the photon frequency distribution is dete
mined in every cell by recording the cumulative time of ph
ton presence separately for a large number of frequency
tervals.

III. COMPARISON WITH THE TRAPPING FACTOR
APPROACH

We simulated the paths of 107 photons, initially emitted
according to the effective excitation rate profile of Fig.
Figure 4~a! shows the calculated spatial density profile of t
resonant state atoms. For comparison, Fig. 4~b! shows the
resonant state density that results from the trapping fa
approach in the fluid model. According to the Monte Ca
model, the resonant state atoms are much more distrib
over space than they are in the fluid model. This result is
surprising: with the trapping factor approach, the reson
states created are not spatially redistributed, so their den
profile directly reflects the effective excitation profile of Fi
3. The spatial integral of the density~the total number of
resonant state atoms per cm of row length! is approximately
the same for both models: in the Monte Carlo model it
4.93109 cm21, compared to 5.13109 cm21 for the fluid
model.

One has to keep in mind that the density in the flu
model depends directly on the choice for the trapping fac
g. Typically, g is estimated from the solution of Holstein’
equation for a plane-parallel slab geometry:5,8

FIG. 5. Spatial profile of the average escape time for the geometry in Fig
the gas pressure is 450 Torr, and the xenon percentage is 5%. The v
indicated are expressed in units oft053.46 ns. The increment of the con
tours is 20t0 .

FIG. 4. Calculated spatial profile of the resonant state atom density fo~a!
the Monte Carlo model and~b! the fluid model using a trapping factor o
g5155. The discharge geometry and conditions are shown in Fig. 2;
xenon percentage is 5%. The increment of the contours is 1/10 times
maximum value.
P license or copyright; see http://jap.aip.org/jap/copyright.jsp
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FIG. 6. Spectrum of the resonanc
photons leaving the discharge at th
back plate for different cell heights
Each time the geometry and cond
tions are similar to the model geom
etry and conditions shown in Fig. 2
the xenon percentage is 10%.~a! Re-
sults of the Monte Carlo model, a
well as the experimental apparatu
profile. ~b! Comparison of the convo-
luted modeling results and the exper
mental results.
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g5
1

1.146
Apk0d, ~9!

where k0 is the absorption coefficient for the central fr
quency andd is the thickness of the slab. Equation~9! is
based on the same assumptions as the ones we make
Monte Carlo model, and the additional assumption thatk0d
@1. On substitutingd51.5031024 m, the height of the
model geometry, andk056.703107 m21, calculated from
Eqs. ~4!, ~5!, and ~7!, we find g5155. It is interesting to
compare this trapping factor to the escape time of the p
tons in the Monte Carlo model. To obtain a proper compa
son, we set the collisional loss frequency of the reson
Downloaded 09 Oct 2009 to 131.155.151.77. Redistribution subject to AI
the
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state to zero, and again simulated 107 photon paths. Figure 5
shows for each position in the model geometry the aver
escape time of photons initially emitted from that positio
As can already be expected from Eq.~9!, the escape time
changes only weakly over space. The average escape tim
the photons initially emitted according to the excitation ra
profile of Fig. 3 turns out to be 150t0 , in good agreemen
with the trapping factorg5155.

IV. COMPARISON WITH EXPERIMENTAL RESULTS

Due to the radiation trapping, the spectral line shape
the resonance radiation that leaves the discharge is very
ferent
-
k
-
-

-
;

FIG. 7. Spectrum of resonance pho
tons leaving the discharge at the bac
plate for different percentages of xe
non. Each time the geometry and con
ditions are similar to the model geom
etry and conditions shown in Fig. 2
the cell height is 150mm. Comparison
of ~a! the results of the Monte Carlo
model after convolution with the ex-
perimental apparatus profile and~b!
the measured spectra.
P license or copyright; see http://jap.aip.org/jap/copyright.jsp
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from the emitted Lorentz profile~4!. This can be seen a
follows: Every time a photon is absorbed, it has a sm
probability of being re-emitted in the wings of the Loren
distribution, where it has a good chance of escaping from
discharge without being absorbed again. Accordingly,
frequency distribution of the escaping photons has stron
wings than the Lorentz profile, and consequently a wea
center. Under PDP conditions, the line shape beco
broader by orders of magnitude, and even displays a m
mum at the central frequency. Figure 6~a! shows the spec
trum of the resonance photons that leave the discharge a
back plate, calculated with the Monte Carlo model, for d
ferent cell heights; these results are obtained by integra
over the back plate surface indicated in Fig. 3. Note that h
the actual width of the Lorentz profile is no more than 3
31023 nm.

In order to check the validity of the model, we measur
the emitted spectrum. The measurement setup is simila
the one used in Ref. 13. The photons enter a vacuum
monochromator~Acton Research VM 504! through a MgF2
observation window placed at the position of the back pla
Spectral information is read out via an intensified cha
coupled device camera~Princeton Instruments, IVUV 576
3384 E! and is spectrally corrected. The experimental d
charge geometry is very similar to that of the model geo
etry of Fig. 3; the most important difference is that t
experimental geometry has additional side walls, which c
fine the discharge in the direction of the sustain electro
and represent the barrier ribs of a real display.

In order to be able to directly compare the calcula
spectrum with the measurements, we convolute it with
experimental apparatus profile. This profile, which we
sume to be identical to the measured profile of the 436
mercury line, is shown in Fig. 6~a!. The convoluted calcu-
lated spectrum is compared with the measured spectrum
Fig. 6~b! for different cell heights, and in Fig. 7 for differen
percentages of xenon. The overall agreement is very go
The width of the line shape, the width of the central dip, a
even the relative intensities for the different conditions
predicted well by the model. However, there are some
ferences: After convolution, the central dip in the calcula
spectrum is less pronounced than the dip in the experime
spectrum. This suggests that the assumed apparatus pro
slightly wider than the actual apparatus profile. In additio
the wings of the measured line shape are sometimes stro
than they are in the calculation, especially at higher xen
Downloaded 09 Oct 2009 to 131.155.151.77. Redistribution subject to AI
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pressures. For 20% xenon, the measured spectrum is
strongly asymmetric, as can be seen in Fig. 7~b!. These ef-
fects could well be caused by the molecular radiation emit
by higher vibrational levels of Xe2* (Ou

1).

V. CONCLUSIONS

We have presented a Monte Carlo model for the tra
port of resonance radiation in PDPs. First, we have compa
the results of this Monte Carlo model with the results of t
commonly used trapping factor approach. Although the tr
ping factor approach does not yield the same spatial dis
bution for the density of the resonant state atoms, the s
tially integrated density is in good agreement with the resu
of the Monte Carlo model. Next, we have compared the
sults of the Monte Carlo model with measured spectra
resonance radiation. The agreement is very good. The m
differences between model and experiment can be easil
attributed to experimental artifacts and do not give rise
doubts about the assumptions of the model.

The overall conclusion is that, via the Monte Car
model, we have provided experimental support for t
widely used trapping factor approach.
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