JOURNAL OF APPLIED PHYSICS VOLUME 87, NUMBER 6 15 MARCH 2000

A Monte-Carlo model of xenon resonance radiation transport in a plasma
display panel cell: Transition from optically thick to thin regimes
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Plasma display panel®DP3 are a promising technology for large-area flat panel color displays.
The operation of PDPs relies on UV radiation from the Xe{&s— 5s°5p®) and Xe(5°6s’
—5s%5p°%) resonance transitions, and the radiative relaxation §f Xe excite phosphors, thereby
producing visible radiation. The particular combination of device dimensions, gas composition, and
operating conditions typically used in PDP cells is such that the resonance UV radiation is in a
quasi-optically thick regime. In this article, results from a radiation transport model which accounts
for the frequency redistribution resulting from multiple resonance absorption and re-emission is
discussed. The model employs Monte-Carlo photon transport and frequency redistribution
algorithms to treat the nonlocal nature of resonance radiation transport. Using results from this
model, the transition from optically thin to optically thick transport is discussed for conditions
typically used in conventional PDPs. ®&000 American Institute of Physics.
[S0021-897€00)05206-3

I. INTRODUCTION teristics. A 1D hybrid fluid model of a helium-filled PDP,
Plasma display panel®DPs are a promising technol- incorporating a fully kinetic description of electron dynam-

ogy for large-area high-brightness flat panel displays. ThéCS: Was implemented by Dralle al’ Their resuilts showed
basic PDP cell consists of a noble gas mixture sealed pdhat, re.latlv'e to kinetic S|mulat|9ns, the use 'of the local flgld
tween two dielectric sheets backed by electrodes. A transiePProximation tends to overestimate ionization rates, particu-
discharge is initiated by applying a voltage pulse to the eleclarly near the cathode, leading to lower predicted threshold
trodes which leads to the emission of visible or UV light, Voltages. Punsedt al® developed a 2D, fluid model of adja-
depending on the gas mixture. Eventually charging of thecent PDP cells with opposing electrodes. They found that in
dielectric surfaces shields the applied voltage and the dighe absence of barrier ribs the discharges in adjacent cells
charge is quenched. By repeatedly pulsing the electroddend to overlap, making it difficult to separately control
with voltages of alternating polarity, a continuous appearinghem.
light source can be maintained. Color PDP cells generally  Although models of PDPs have contributed significantly
use xenon gas mixtures to generate UV photons that are coto our understanding of cell operation, less attention has been
verted to visible light through phosphors. A review of PDP paid to UV photon transport. The UV radiation produced
technology can be found in Ref. 1. by resonance transitions of Xe§%s—5s?5pf) and

To better characterize the operation of PDPs and to betXe(5p®6s’ —5s?5p®) at wavelengths of 147 and 129 nm,
ter understand the fundamental discharge physics of PDPgespectively, are typically in a quasi-optically thick regime.
several one- and two-dimensional models have beemhat is, the mean free path for resonance reabsorptjois
developed:*? Most of these models have focused on thesmaller than typical cell dimensions resulting in radiation
discharge dynamics. For example, Sahni and co-wofKers trapping. Radiation produced by the relaxation of theg Xe
developed a qng-dmensmn(d]D) fluid model to study the  eycimer, which does not have a stable ground state, is not
| -V characteristics of a monochrome neon-—argon PDP, anflanneq so that the fraction of these photons that ultimately
found the dynamics to be sensitive to secondary electropy,ches the phosphor depends only on geometric factors.
emission from the _dlelec'Frlcs. Ve(seras_mgmmal. d(_avelop_ed Meunieret al® developed a 1D hybrid fluid PDP model
both 10’ and two-dimensiona2D)° fluid models, including which included a radiation transport model for UV emission

a treatment of the external driving circuit, to investigate theresulting from the decay of both resonance atomic and exci-

tgmporal and spa.t|.al evolution of _charged partple_and X imer xenon states in a Ne/%&0/10 gas mixture at 560 Torr.
cited state densities, and electrical characteristics of

helium-filled PDP cell. Using these models they were able tc?%adlatlon trapping of the resonance Xe photons was ac-

reproduce the qualitative behavior of measured charac- f:ounted for by assuming an effective Ilfet|.m<.a, calculated us
ing a form of the Holstein theory of radiation transpbit.
Emission from the 147 nm Xe{®6s— 5s25p°®) resonance
dpresent address: Beckman Institute, MC 251, 405 N. Mathews, Urbanetransition was found to be more intense than that of the ex-
IL 61801, electronic mail: trudyv@uiuc.edu . . .
YAuthor to whom correspondence should be addressed; electronic maif!Mer radiation. The authors concluded that radiation trap-

mjk@uiuc.edu ping is not efficient due to the smalk100 um) device

0021-8979/2000/87(6)/2700/8/$17.00 2700 © 2000 American Institute of Physics



J. Appl. Phys., Vol. 87, No. 6, 15 March 2000 T. van der Straaten and M. J. Kushner 2701

dimensions. Veerasingarat al!° extended their 1D fluid (MC) photon transport and frequency redistribution
code to describe UV radiation transport in a He/Xe gas mixalgorithms'*1® The Monte-Carlo frequency redistribution
ture at 400 Torr, including a similar treatment of resonancMC—FR) model is described in Sec. Il. Using this model,
photon trapping. For low Xe mole fractions<10%) they the spectra of resonance UV photons incident on the phos-
found that the UV emission was dominated by the resonancphor and their escape probabilities for varying concentrations
decay of Xe(°6s). However, as the Xe mole fraction was of xenon in xenon—neon—helium gas mixtures were investi-
increased above=20% radiation trapping was found to be gated and those results are presented in Sec. Ill. For typical
important and the Xg excimer became the main source of operating conditions, the spectrum exhibits significant fre-
UV radiation. Using a 2D hybrid fluid model with a Holstein quency redistribution due to absorption and subsequent re-
treatment of radiation trapping, Rauf and KusHhéffound  emission. The escape probability is a strong function of the
that for typical operating conditiongt00 Torr and 200 Y  xenon concentration. Section IV contains concluding re-
and gas mixtures (Ne/He/%e24/70/4), the UV flux to the marks.
phosphor is dominated by the nonresonance xenon dimer
radiation. This model assumed that resonance radiation is ith. DESCRIPTION OF THE MC—-FR MODEL
an opucally_thlck regime. . The 2D PDP model used here is the same as that devel-
In previous models, resonance photon trapping and

transport were tybicall nted for by multiolving. th oped by Rauf and Kushnér? with the addition of the
anspo ere ypically accounted for by mUlplying e\, o 1o diation transport module. The PDP model con-

Einstein A coefficient for spontaneous decay by a rapPiNging 4 solution of the continuity and momentum transport

parameter, the3n called the_ Holstein factor, whosg value I%quations for all charged and neutral species using a drift-
less than_ umtﬁ. The Holstein .fac_tor correctly describes the diffusion formulation, Poisson’s equation, and dielectric sur-
Iengthemn_g Qf the ap_parent lifetime of the resonance SFatq’%lce charging. Under typical PDP operating conditions the
due to radiation trapping. However, other than on a spatially\, 54 visible light radiation do not noticeably affect the

a_\ver_aged be}sis, it does not p.rovide information on the IocaI'DDP discharge dynamics and, for the purpose of this study,
tion in the discharge from which the photons that do escap ere not directly coupled with the plasma hydrodynamics

were emitted. Although most resonance photons are emitte odule. The MC—FR radiation transport model is a module

with frequencies near line center a_md thus have a s.ho.rt Me3hoked periodically during the PDP simulation to calculate
free path for resonance reabsorption, the short radiative Ilfe[he UV photon flux to all surfaces

time for spontaneous emission enables the photon to be re- Each time the MC—ER module is invoked an ensemble

, representing the average den-

the plgsma. Eac.h_ time a _photoq is re-emitted 't_ has a Sm""Qity of photons emitted per second. The initial emission sites
but finite probability of being emitted from the wings of the ;.o distributed in space in proportion to the density of the
line shape where the cross section for absorption is 10wty jiating species. Emission is assumed to be isotropic and
thereby having a longer mean free path and higher probabilsy .y pseudophoton is assigned an initial frequency chosen
ity for escaping the discharge. This process is typicallyfom the line shape function. Since, for the conditions of
called completéor partia) frequency redistribution, an over- iqierest. both pressure and Doppler broadening are impor-
view of which has recently been presented by Catral™* 1+ 4 \’/oight line shape functiog(¥)"” is used

and Lawler and Curry® '

In order to use the Holstein factor to determine the frac- a
tion of resonance radiation leaving the discharge an assump- 9(»)= P mdy, @
tion must be made about the opacity of the radiation in all ) ) N
regions of the line shape and as a function of position. Fofhere the integral is over all Xe atom velocitie,
example, Curnet al* found that the radiation trapping fac- =Avn/(4mAvp) is the ratio of the homogeneous linewidth
tor is a function of the radial distribution of the absorbing 4 ¥ t0 the Doppler widthA vy, andv=(v—wvo)/Avp is the
species in a cylindrical glow discharge. Both Meurgeml®  frequency departure from the line centey in units of the
and Veerasingaret al in their PDP models assumed that Doppler width. The Doppler width is given by
all of the resonance radiation, though trapped, is optically 8kgT ) 12
thin since all photons emitted with the lengthened lifetime AVD:(W> Vo,
escaped from the plasma with the same probability. In con-
trast, Rauf and Kushn¥r'2 assumed that the resonance ra-whereM is the atomic mass of the radiating speclesis the
diation is optically thick and so radiation incident on the Boltzmann constant, and is the gas temperature. The ho-
phosphor is preferentially emitted from the edges of the disinogeneous linewidth of a particular transition between states
charge. These assumptions are accurate for resonance radlaand 2 is given bY’
tion transport in the two extremes of optically thick and op- 1
tically thin regimes. The combination of operating pressures Aszz—[(Aer Ky) + (A1+Ky) +2vcq], ©)]
and discharge dimensions typically used in PDPs, though, is .
such that the resonance radiation may transition between besereA; andk;(j=1,2) are the rates of radiative emission
ing optically think to optically thick. and quenching rate of the upper and lower states, respec-

To address radiation trapping in PDP cells, a radiatiortively, and v, is the total elastic collision frequency of the
transport model has been developed which uses Monte-Carkpecies. For the Xe(6s) and Xe($°6s’) resonance

2
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states the rates of radiative decay arex219® and 4.05 /Electrode
x 10% s71, respectively® The reaction mechanisms and cor- . ,
responding rate coefficients used to calculate the total (e = 3.8)

guenching rates of these states are discussed in Ref. 11. Elec-
tron impact collisiongionization, excitation to higher levels
and de-excitation which deplete the population of the reso-
nance states, are the dominant quenching processes while the
discharge is ignited and the electron densityand tempera-

ture T, have large values ne~2x10%cm 3T,
~3-10eV). The total elastic collision frequency for Xe
with heavy particles was evaluated using
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FIG. 1. Schematic of the opposing electrode PDP cell geometry. Voltage is

. . . applied to the top electrode. The bottom electrode is grounded. The barrier
where o\, is the first Lennard—Jones parametey, is the 7o opaque to UV radiation.

thermal speed of the Xe atoms, and the sum is performed
over all collision partnerg having densityN; . For collisions

between Xe and other gas species the average Lennardecalculated and the earlier sequence is repeated until the
Jones parameter is used. excited state produced by the absorption is quenched or the

In selecting the frequency of emission of photons, thephoton escapes from the discharge.
Voight line shape function was randomly sampled using an

approach first described by L®ewhich makes use of the
concepts of joint and conditional probability density func-
tions to avoid the use of numerical integration and look-up ~ The MC—FR algorithm was implemented to investigate
tables. After the ensemble is initialized, each pseudophotoradiation transport, trapping and frequency redistribution in a
is advanced along its trajectory until it is either reabsorbed®DP cell filled with a Ne/He/Xe (30— x)/70/x gas mixture
by a ground state Xe atom or escapes from the dischargat a pressure of 400 Torrx& 0.001—-25). The cell geometry
Since both the ground state Xe density and temperaturr this study, shown in Fig. 1, has parallel plate electrodes,
could vary due to gas heating or depletion, the mean freeach separated from the gas by a layer of dielectric material,
path for resonance absorption varies along the trajectory anghe lower of which is coated with phosphor. The width and
so the null collision technique was employ&dn this study, height of the cell are 21@m, and the spacing between the
only gas phase reactiofiglectron impact and heavy particle dielectric layers is 15Q:m. The permittivities of the upper
collisions and diffusion were considered in determining the and lower dielectrics are= 3.8, ande =5¢, respectively,
ground state Xe density. Since the excitation fraction is typiwheres is the permittivity of free space. The opaque dielec-
cally <10 4, the ground state xenon concentration is essentric barrier ribs, 15um in thickness have a permittivity
tially constant. The photon’s trajectory is advanced over in-=5g,. A single square-wave voltage pulse is applied to the
cremental steps, at each step checking whether thepper electrode while the lower electrode is kept at ground
pseudophoton hag) impinged on the phosphor or a non- potential. For each simulation the magnitude of the voltage
transparent surface ¢ii) exited the boundary of the compu- pulseV, was adjusted to give a peak average electron den-
tational mesh but is still within the physical system. If the sity of approximately X 10*cm™2. For the range of xenon
photon hits an absorbing surface it is lost from the dischargenole fractions studied her®, varies between 210 and
and its properties are recorded. If the photon exits the mesh 800 V.
is reinserted according to specified boundary condition% Escape probabilit d emissi
which, in this study, are periodic. . pe probabilities and emission spectra

If the photon traverses its randomly selected trajectory  Escape probabilities for 147 and 129 nm wavelength Xe
without striking a surface, the type of absorption, real orphotons are shown in Fig. 2 as a function of Xe mole frac-
“null” is determined. In the case of a null absorption, a new tion. The escape probability was obtained by invoking the
mean free path is chosen and the photon is again advanc®iC—FR module at regular intervals and calculating the frac-
along its trajectory. If the photon is absorbed, the probabilitytion of “pseudophotons” thati) escaped from the discharge
of re-emission, given by the ratio of the rate of spontaneousthat is, were collected at any opaque surjage(ii) were
emission to the total quenching rate by radiative and nonraeollected on the lower phosphor-coated dielectric surface.
diative processes, is compared against another random nurfihe escape probability is a measure of the likelihood that a
ber to determine whether the resulting excited state isingle quanta of energy, which was originally transferred to a
guenched. If the random number is less than the re-emissioXe atom by an inelastic collision with an electron or with
probability the photon is relaunched with a new emissionanother heavy particle and subsequently emitted as a photon,
angle, and a new frequency randomly selected from the Voiwill leave the cell. To distinguish this quanta from photons
ght line shape. The mean free path for absorption is alsahich result from absorption and remission of other photons,

lll. PARTIAL TRAPPING AND LINE SHAPE
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FIG. 2. Fraction of primary UV photons generated by the X&@s L% M&_ﬁ
—55?5p®) and Xe(5°6s’—5s25p®) resonance transitions théb leave nggf/;__
the discharge an(i) reach the phosphor, for varying Xe mole fraction. As 259
the Xe mole fraction increases, the radiation is trapped within the discharge M_Mw
for longer times, thereby allowing other quenching processes to compete | 1 1
with radiative emission resulting in a reduction in the escape probability. -20 -10 0 10 20
(v-vo)/Avp

i ; : FIG. 3. Spectra of Xe(p°6s—5s?5p®) photons incident on the phosphor
the orlglnal quanta will be referred to as themary photon. for varying mole fractions of Xe. At low mole fractions, the radiation is not

DU? to an |r_lcrease in electron Impact q_u_enChmg proces?%avily trapped. At high mole fractions, significant trapping and collisions
during the discharge, the escape probability generally variesccur, resulting in redistribution of radiation to the wings of the transition.

over the duration of the voltage pulse, settling to a steady

value after the discharge has been extinguished. The escape

probabilities shown in Fig. 2 were averaged over 0.344s0 fraction of photons reaching the phosphor exhibits a small
after the current pulse, a time when the majority of photongnaximum at Xe concentrations in the range 1%—4%, before
are emitted. The electron density and temperature continue falling to smaller values at higher concentrations of Xe. The
evolve during the postdischarge period and these effects amause of this behavior is related to the proximity of the
accounted for by solving the electron continuity and electrorsource of resonance photons to the phosphor. At lower Xe
energy equationé&as described in Ref. 11Due to there be- concentrations (0.001%-0.1% the Xe(5°6s) and

ing residual electric fields resulting from charging of the di- Xe(5p°6s’) resonance state densities are concentrated in the
electrics, the electron temperature is 0.5—1 eV during thisegion midway between the dielectric slabs, whereas at
time. higher Xe concentratioi1%—-25% the photon source re-

At low concentrations of X€<0.1%) there are insuffi- gions are shifted toward the lower phosphor-coated dielec-
cient Xe atoms to produce appreciable quenching and tragric. Therefore, despite the increase in radiation trapping and
ping over the dimensions of the cell. The escape probabilityjuenching at Xe concentrations sfL%, the trade-off is that
is therefore essentially unity and the radiation is in an optithe photons have a shorter distance to travel to reach the
cally thin regime. However, as the Xe mole fraction is in- phosphor. There are many factors influencing this shift in the
creased to above 1%, photon trapping and quenching, whigbhoton source region, among them being the lifetime of the
is dominated by collisions with other Xe atoms, both becomalischarge, the voltage required to sustain the discharge and
significant causing the escape probability to fall. At 25% Xethe amount of surface charge accumulated on the dielectrics.
concentration only a small fractio<5%) of the primary The spectra of 147 nm Xe(56s—5s?5p®) photons
photons ultimately leave the discharge. At these higher Xehat ultimately reached the phosphor are shown in Fig. 3 for
concentrations the mean free path for resonance reabsorpti@arious mole fractions of Xe. These spectra were collected
is sufficiently short that collisional quenching processes beand averaged over the steady postdischarge phase of the
gin to compete with radiative decay. Even though the totapulse (0.3—1.0us). (We confirmed that the spectra are es-
qguenching rate is 2—3 orders of magnitude smaller than theentially the same during the current pulsat low mole
vacuum radiative decay rate, the number of absorptionfractions of xenon the radiation is largely untrapped and the
emission cycles is sufficiently large that most of the primaryspectrum of radiation leaving the PDP cell is essentially the
photons are eventually quenched and the radiation is in adoight line shape, with a small depletion near line center. As
optically thick regime. However, there exists a range of Xethe xenon concentration is increased, the mean free path for
mole fractiong1%—10% for which the radiation is only ina resonance absorption decreases and the effect of frequency
partially thick regime. PDP cells are typically operated withredistribution on the line shape is increasingly more evident.
Xe mole fractions that fall within this regime. The emission and absorption have higher probabilities of oc-

The probability that a photon will ultimately reach the curring near line center since that is where the oscillator
phosphor, also shown in Fig. 2, does not change appreciabbtrength is highest. There is, however, a small but finite prob-
as the Xe concentration is increased from 0.001% to 0.1%bility that the photons will be re-emitted in the wings of the
and is about 30%. This low value results from the barrier ribsemission profile where the absorption cross section is smaller
being opaque and intercepting radiation to the sides. Thand the mean free path for reabsorption is longer. Even
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1.2 T T | T 25 & C. Transition from optically thin to optically thick
10 cf,% transport | |
= 08 - We have, for clarity, referred to primary photons as be-
= < ing re-emittedto describe the transport of the original quanta
09_ 0.6 ‘§ of energy through the discharge. However, each time a quan-
%0_4 3 tum of energy isabsorbedby a ground state atom arrd-
2 5 emittedin the form of a photon all past informatiotfor
“oz2 8 example, the site of last emissjois lost. The photons that
0.0 . w reach the phosphor, are therefore, indistinguishable from the

o

1
61 02 03 04 05 photons originally emitted and the only relevant information
Time (us) . . . . .
is the site of the last emission. By recording the site of last
FIG. 4. Escape probability and spatially averaged electron density for a X&mission for each photon that reaches the phosphor, an ef-
mole fraction of 1%. Prior to the ignition of the discharge the escape probfective source function fountrappedphotons can be ob-

ablhtyfor primary photons is at.|ts maximum value. Thg increase in electrontained_ In an optically thick regime only photons emitted
density and temperatures during the current pulse increases the electron

impact quenching rates, causing a decrease in the escape probabilities. Af@f‘jjacent to the phosphor will reach it. In 0pt|cally thin re-
the discharge is extinguished, however, the escape probabilities return @lmes, more extended sources are expected.

their initial values. The source functions for untrapped 147 nm Xe{6s
—5s?5p®) photons for Xe mole fractions of 0.1%, 1%, and
4% are shown in Figs. 5—7, respectively. In order to high-
though a small fraction of the photons are, at any instantlight the role of frequency redistribution in the nonlocal na-
emitted in the wings of the profile the fact that these photonsure of resonance photon transport, these source functions
have a longer mean free path results in them having a higherave been separated into three frequency baayitess than
likelihood of escaping the plasma before being reabsorbedhree Doppler widths from line centef(v— vo)/Avp| <3,
As a result, as the xenon concentration increases, the olgp) between three and ten Doppler widths from line center
served emission spectrum becomes progressively deplet&dk |(v—vy)/Avp|<10, and (c) more than ten Doppler
near line center and accentuated in the wings. widths from line center|(v— vg)/Avp|>10.

We first consider the case pKe]=0.1% (Fig. 5 where
photon trapping does not appreciably affect the average es-
cape probability. The mean free path for absorption at line
center ,(vg) is ~0.4 um, which is~=350 times smaller than

The primary photon escape probability can vary considthe separation between the dielectrics. However, at 0.1% Xe
erably over the duration of the current pulse. Even thoughhe total quenching rate in the postdischarge phase of the
the mean free path for absorption remains essentially cordischarge pulse is 4-5 orders of magnitude smaller than the
stant, while the discharge is ignited the electron densityadiative lifetime of the Xe(p°6s) state. Therefore, in the
reaches sufficiently high values=(L0'2cm™3) that electron absence of frequency redistribution photons can undergo
impact quenching processes start to compete with radiativenany emission-absorption cycles before having a significant
decay and reabsorption. For example, the peak electron denohance of being quenched. As a result approximately 65% of
sity for the[ Xe]=1% case is 3.9 10"?cm 3 at 100 ns. The the photons that reached the phosphor were emitted from
electron temperature at that location about 2 €Me peak distances further than 40m [~100\,(vo)] away. Of the
electron temperature is 4.2 e\Electron collision quenching photons that do reach the phosphor, those emitted at frequen-
for these conditions is dominated by Xe{}6-Xe(6p) exci-  cies less than three Doppler widths from line center and thus
tation with a total rate of ¥10°s 1. The consequences of having a shorter mean free path, are mostly likely to have
electron collision quenching is demonstrated in Fig. 4 whichbeen emitted in the immediate vicinitwithin a few um) of
shows the time dependence of the escape probability to arthe phosphor. However, photons emitted with frequencies
surface for primary Xe(p°6s) photons produced at the in- greater than three Doppler widths from line center are most
dicated times fof Xe]=1%. The volume-averaged electron likely to have originated from the center of cell where the
density is also shown. The dip in the escape probability coXe(5p°6s) state density is a maximum.
incides with the maximum in electron density, a trend which  As the mole fraction of Xe is increased to higher values
occurs at all xenon mole fraction&lhe effect is less severe (1% and 4%, shown in Figs. 6 anglthe combined effects of
at low xenon mole fractions and more severe at high xenomadiation trapping and quenching become progressively more
mole fractions. important. The source function for photons that reach the

Note that the decrease in the escape probability does nghosphor with frequencies near line center remains peaked
imply a reduction in the total photon flux since the total within a few microns of the phosphor, as expected. However,
magnitude of emission also increases. The primary quanta afue to the increase in the degree of frequency redistribution,
energy being tracked which is quenched could also be recira large fraction of the resonance photons incident on the
culated back to the resonance state. For example, electrgghosphor were emitted further than »@n (approximately
impact of Xe(5°6s) can produce an ion which, after dimer- one third of the dielectric separatipfiom the phosphor. For
ization, dissociatively recombines to produce anotheexample, afXe]=1%, 65% of the photons arrived from lo-
Xe(5p°6s). cations further than 20,6m [ ~500\,(vo) ], while 38% ar-

B. Effects of quenching processes on escape
probabilities
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FIG. 5. Source functions for Xe{®6s— 5s?5p°) photon; that ultimately FIG. 6. Source functions for Xe(®6s— 5s?5p®) photons that ultimately
_reach the phosphor for a xenon mole fractjote] =0.1% in the frequency reach the phosphor for a xenon mole fractiori X&]= 1% in the frequency
intervals: (@) (v—vo)/Avp<3, (b) 3<(v—we)/Arp<10, and () (v  jntervals: (8 (v—ro)/Avp<3, (b) 3<(v—we)/Avp<10, and (c)
—vg)/Avp>10. The plots use a log grayscale with a dynamic range of twoéy_ 1)/ Avp>10. The scaling of the plots is the same as in Fig. 5.
decades. The maximum value for each case is indicated in the figure. Pho-

tons emitted with frequencies close to line center are optically thick and are
therefore more likely to have been emitted in the vicinity of the phosphor.
Photons emitted further out in the wings of the line shape can have a Iong%hosphor can reach)ju's only valid for phOtOI’lS emitted with
mean free path so tf;e source functl_on for t_he flux to the phosphor peakf;requenCieS within a few Doppler widths of line center. For
where the total Xe(p°6s) density is highest, in the center of the cell. L.
example, more than 80% of the photons incident on the
phosphor were actually emitted from locations further than
approximately 50, 250, and 500 absorption mean free paths
rived from locations further than 44m[ ~ 1000\ 5(vp) . At (at line center for xenon mole fractions of 0.1%, 1%, and
[Xe]=4%, 71% of the photons reaching the phosphor werel%, respectively. The transition from optically thin to opti-
emitted further than 1a2m~1000\,(v,) away, while 20% cally thick transport with increasing Xe mole fraction is
were emitted further than 50m[~5000\ ,(v,) ] away. demonstrated by Figs. 8 and 9. The fraction of Xe{5s)
Based on the results in Figs. 5-7, the assumption ophotons incident on the phosphor that were emitted further
optically thick resonance radiatidthat is, that only photons than a given distance from the phosphor is shown in Fig. 8.
emitted within a few mean free paths at line center of theAt low concentrations of xeno(<4%) the radiation reach-
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ous concentrations of Xe. At low Xe mole fractions, the source of resonance
UV flux to the phosphor is distributed throughout the volume of the dis-
charge. As the fraction of Xe in the gas mixture is increased the transition
from optically thin to optically thick radiation transport is apparent.

(@)

phosphor are increasingly likely to have been emitted from
the wings of the line shape. AKe]=4% more than half of
the photons reaching the phosphor were emitted with fre-
quencies more than ten Doppler widths from line center,
with less than 5% emitted from the optically thick line center
region.

IV. CONCLUDING REMARKS

Results from a model of resonance UV photon transport
in a PDP cell, based on a MC—-FR algorithm, have been
presented. As the mole fraction of Xe is increased from
0.001% to 0.1% the fraction of primary photons that reach
the phosphor remains at a relatively constant value-0f3.

At these low concentrations of Xe radiation trapping and
guenching are not important, as evidenced by the fact that
more than half of the photons reaching the phosphor are
emitted further than=35 um away, and almost 100% of the
photons eventually escaped the discharge. As the Xe concen-
tration is increased to typical operating values4%,), the
fraction of primary photons that escape the discharge is re-
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- 210 pm -

[ 1v-vo)/Avpl <3
- O 3 < I(v-vo)/Avpl <10 —
[ ltv-vo)/avpl > 10
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o

FIG. 7. Source functions for Xe{®6s— 5s?5p®) photons that ultimately

reach the phosphor for a xenon mole fractior ¥&]=4% in the frequency 50 L
intervals: (@) (v—rg)/Avp<3, (b) 3<(v—vy)/Avp<10, and (c)
(v—vg)/Avp>10. The scaling of the plots is the same as in Fig. 5. 40

N W
o O

ing the phosphor is emitted from the entire volume of the cell
and can therefore be described as optically thin. As the Xe
concentration is increase, however, the fraction of these pho- i
tons that are emitted remotely from the phosphor decreases, 0.1 .
indicating a shift toward an optically thick regime. At X Molo Fiaction: (%)

[Xe]=25% roughly 75% of the photons were emitted within ri_ 9. Relative contributions of Xe@6s—5s?5p°) photons incident on
15 wm of the phosphor. The relative contributions of the phosphor from the three frequency bar(@ds](v— vo)/Avp|<3, (b) 3
Xe(5p°6s) photons to the phosphor are shown in Fig. 9 for<|(v—wve)/Avp|<10, and(c) |(v— ve)/Avp|>10. At low Xe mole frac-

tions most of the resonance radiation reaching the phosphor is emitted from
— <
the three frequency bandsa) |(V vo)/A VD| 3, (b) 3 the core of the line shape. As the Xe concentration is increased radiation

< |(V_ VO)/AVE_)| < :!-01_ and(c) |(V_ VO)/AVD| >_10: As the trapping becomes stronger and the emission is increasingly from the wings
Xe concentration is increased the photons incident on thef the line shape.

Photons to Phosphor (%)

-
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