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Model for cw laser collisionally induced fluorescence in low-temperature discharges
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A perturbed steady-state rate-equation model has been developed for the cw laser collisionally induced
fluorescenceéL CIF) produced by excitation on one of the-Bp noble gas transitions. This work is one part
of a wider complementary modeling program which includes cw optogalvanic spectroscopy, optical emission
spectroscopy, and optical absorption spectroscopy, with the overall aim of testing all of these models with the
same stringently assembled atomic and discharge data set. Our aim here is to demonstrate the principal features
of our cw LCIF model by using it to describe our experimental observations produced by pumping transitions
originating on the %5 metastable ands], resonance states of neon atoms in the positive column of a normal
glow discharge at 2.0 Torr and a discharge current of 5 mA. The model shows that these cw LCIF spectra are
dominated by %-2p excitation and electron collisional coupling among thes?ates. We show that the model
allows us to quantify explicitly the various individual contributions to each line in the cw LCIF spectra. The
theory and analyses presented here apply equally well to other noble gases and we believe can be modified
appropriately for trace noble gases in atomic-molecular mixtures.

PACS numbdrs): 52.80.Dy, 52.80.Hc, 52.76m

[. INTRODUCTION been taken up by others. Dubriel and Prigeéitused it with
a pulsed laser to measure the electron density in a low-
Optical diagnostics have become ever more important fopressure helium plasma, while Malegt al. [10] observed
the study of a wide range of low-temperature plasmas. Malycw collisionally induced fluorescence in a mercury-argon
shev and Donne“){j_] have shown that for techno|ogica| mixture. More recently the LCIF technique has been further
plasmas optical actinometry on trace noble gases can be &gveloped11,12 to obtain the electron temperature as well
attractive diagnostic alternative to the Langmuir probe. Also2s the electron density in helium plasmas.
there have been various comparisons of measurements ob- Here we have concentrated on the cw LCIF technique
tained with electric probes and emission spectroscopy, e.gb,ecause cw detection is ideal for studying the kinetic behav-
Melzer et al. [2], while Sugaiet al. [3] have devised a ior of atoms in the highly populated long-lived metastable
method whereby optical emission is combined with the elecand resonance states which are so influential to the behavior
tric probe in a biased optical probe technique for obtaining?f low-temperature plasmas. We have developed a perturbed
the electron energy distribution. The availability of tunablesteady-state rate-equation model to describe the collisionally
laser radiation has given access to a number of excited-stateduced spectra resulting from laser perturbation of the
perturbation spectroscopies as indicated by the reviews in thks-2p noble gas transitions. Sassbal.[13] have also mod-
recently published book edited by Marc{4]. We have eled the cw laser-induced fluorescence spectra which they
shown[5] that rigorous analysis of the cw optogalvanic ef- had observed in the neon positive column. However, they
fect (OGE) has potential for obtaining important quantitative indicated that their model did not give a complete description
information on low-temperature discharges. However, laserof the neon cw LCIF observations. Our own previous inves-
induced fluorescencé.IF) is perhaps the most widely used tigations demonstrated the presence of negative LCIF com-
laser-based diagnostic for low-temperature plasmas. Theg@nentd 14,15 which clearly could not be explained by cou-
studies generally investigate the primary Lie., fluores- pling of the 2 bump (increase in population alone.
cence from the pumped leveBuch LIF applications in plas- Coupling of the holeldecrease in populatiprereated in the
mas have been summarized by Zizstkal. [6] and recently lower level is required to explain this phenomer{ds]. In
reviewed by Freegarde and Hancdd®. The work we dis- the model we use the results of numerical calculatidrés
cuss here deals with laser collisionally induced fluorescenc# Which we developed a complete description of the multi-
(LCIF) (i.e., fluorescence from a level which is not pumpedstep collisional-radiative coupling to determine the laser-
directly by the laser The LCIF technique is a relatively new induced k and 2p cw perturbations of all excited states
low-temperature plasma diagnostic. In 1983 Tsuchitlal. ~ included in our model. This account of our cw LCIF model
[8] proposed using LCIF for determining local values of theis written with neon in mind but the same discussion applies
plasma electron density and since then the technique halrectly to the other noble gases, argon, krypton, and xenon.

II. EXPERIMENTAL AND THEORETICAL

* . - . .
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1063-651X/2000/6@2)/26786)/$15.00 PRE 62 2678 ©2000 The American Physical Society



PRE 62 MODEL FOR CW LASER COLLISIONALLY INDUCBD. .. 2679

achieve a base pressure better thanl® & Torr before the l
discharge tube was filled with pure neon to a pressure of 2.0
Torr. For these experiments we deliberately chopped the la-

ionization continuum

{2

ser slowly (90 H2 in order to allow the densities of the 161

excited states of the system to reach their perturbed steady- /—E

state values. The fluorescence was recorded using a scanning 2p; = ' 2p
grating monochromatofHilger Monospek followed by a \/

flat-response photomultipligBurle C31034A with lock-in 31

signal detection and computerised recording. Also, in our E) (4]

modeling we wish to apply linearly perturbed steady-state [ <) <) Is
rate equations, hence we reduced the incident power until the v \F

induced fluorescence signals were observed to vary linearly
with the radiation power absorbed. This allows us to normal-
ize the relevant quantities to the laser pump @tedefined

as the number of laser photons absorbed in unit time by unit
volume of plasma.

lSO

ground level

lIl. THE EXCITED-STATE cw PERTURBATIONS FIG. 1. Processes determining the steady-staiepdpulation:

. (1) Electron collisional excitation from ground?) electron colli-

gs,ional ionization from P, (3) electron collisional excitation from

Yisto 2p, (4) de-excitation to & by trapped radiative decay5)

ONZollisional coupling from other @ states(6) collisional coupling to
other 2p states.

[16] for the excited-state cw perturbations, we very briefl
recall the relevant fundamentals on which those calculati
are based.

In all of our experiments, the laser is tuned to s&24p

transition. The laser-induced perturbations resulting fromyansitions. The first step is to write down the steady-state
multiple coupling of the primary laser perturbations werejniensity emitted on one of the p21s transitions. For
calculated using collisional-radiative branching ratios, a”dej-lsJ this may be expressed as

the normalized cw pump rate perturbation was given axthe
fraction for each leve]17], defined byX; in liy= ijj'J, 3)

ARi=-XQ, (1) whereP; is the population of level g; andA; is the effec-
tive Einstein A coefficient. Here we express the relation

whereAR; is the cw laser-induced pump rate of leveThe — giyen for weak radiation trapping by Fujimot al. [18] in
value of X indicates the pump rate perturbation as a fractlonthe form

of the primary laser pump rate.

In the case of the 4 states we showed that, since the total A
A . . . . ’
1s depletion coefficientsD;, are almost entirely indepen- =1t e N (4)
dent of the ¥ densities, by perturbation balance we can W
write the population perturbations as where A;; is the EinsteinA coefficients %), «;; is the

trapping coefficient per atorftm®), andN; is the population

AN, _AR @ () of 1s;(cm™d).
Di Di Using steady-state balance of all of the;2processes
Fig. 1) to write the full theoretical expression foy; in Eq.
We noted previously that evaluation of the 2opulation ES)QW(; have P ko a

perturbationsA P; involves accounting for changes induced
in their total depletion coefficients as well as in their pump |. . =p.A’
. . jJ i
rates. The calculations adP; are an inherent part of the
LCIF model and therefore will be discussed with the model ° 10

in Sec. IV. n|<2—1 NKSKj+kZl PilnLyj+NiM;]

5 A 10
JK

, , - D+ 2 [Nl NiMJ+nS

Throughout the LCIF discussion we will ugeand J to k=2 (1+ajkNy) k=1

label the upper and lower levels §2and 1s;) of the LCIF

transition under consideration. When considering the LCIF Ajs

contribution due to the perturbation of a particular level, we 1+ aJ-JNJ’

will label its population perturbatiod P, in the 2p case

(k=1 to 10 andAN in the case of a4 or the ground state wheren is the electron densiticm™ %), N, is the ground state

(K=1 to 5,K=1 for ground. density(cm ), N,_s are the & level densitiescm 3), Sy;
The aim of our cw LCIF model is to describe the changeare the electron collisional rate coefficients for excitation

in emission intensity of a line (&-1s;) in the 2p-1s spec-  from the ground state to thep2levels (cm®s™?), Skj for K

trum resulting from laser perturbation of another of these=2-5, are the electron collisional rate coefficients fertd

IV. THE cw LCIF MODEL

®)
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2p.i 2p; m

1SJ

LCIF due to AN;

'S
0
ground level s

FIG. 2. Laser collisionally induced fluorescendsCIF) on the
2p;-1s; transition due to the perturbation of the ground stéte FIG. 3. Laser collisionally induced fluorescendeCIF) on the
the case of positivaN;). (1) Electron collisional excitation of the 2p;-1s, transition due to the perturbation of jllevel (for the
ground-state perturbatio?) effect of neutral atom density pertur- .a5e of negativéN;). (1) Coupling of Is, perturbation into P,
bation on coupling into @, (3) effect of neutral atom density (2) perturbation of the B; depletion coefficient(3) perturbation of
perturbation on coupling out of( . the radiative decay from(® to 1s;. The equivalent processes of

L 3 1 . . (1) and(2) also occur for the&K #J case.
2p excitation(cm’s™7), L are the rate coefficients describ-

ing electron-collisional @ mixing (cm’s™), My; are the
ground state atom collisionalp2 mixing rate coefficients
(cm’s™), and S; are the ionization coefficients from

3o 1
the 2p levels (cm’s ™). ergy separation between the ground and thde¥els means

Clearly the intensity of any @-1s transition is a function 5 gmall excitation coefficient and therefore only weak cou-
of the densities of all of the levels in the system. Since all arey};,

perturbed, each will make some contribution to the observed (iij (iii) 1s levels Two cases exist when evaluating the
LCIF. We can therefore write the absolute cw laser collision-| ¢k contribution of a & level. When considering the effect

ally induced fluorescence, of thep21s; transitionFj;, @ f the perturbation in a4 level which is not the lower level
follows of the LCIF transition K #J), the LCIF is due to the result-
5 a1 0 o an_t change in the 2 population_. This change in p(_)pulation

Fy=Al,= 2, —’JANK+ > _JJApk+C_J , (6  arises from two source§) coupling of the perturbation from
J BEL aNg k=1 Py ! 1sk to 2p; and(ii) perturbation of the depletion coefficient

1) due to the perturbed trapping. We note that a hole in the 1

. _3 — . .
where7j; has units of cm”s 913 Ehle steady state inten- population results in both of these contributions being nega-
sity of the 2p; to 1s; transition(cm °s™ ), AN is the popu- tive, and vice versa in the case of abump.

lation perturbation of the ground staem °), ANk andA Py When we consider the effect of the perturbation in the

are the population perturbations of thecland 2o, levels, — jqyer level (1s,) of the LCIF transition, as well as the above
respectively(cm ), andCj; is the contribution due to the contributions, we also need to allow for the fact that the

turbation of the ® mixing by ground-state atom collisions,
into and out of the B; level. The ground state perturbation
has negligible influence on the LCIF because the large en-

electric field and electron density perturbations. effective EinsteinA coefficient for that LCIF transition is
_ perturbed. In this case a hole in the;Jpopulation, as illus-
A. LCIF due to the ground and 1s perturbations trated in Fig. 3, will result in an additional term due to the

The contributions to the LCIF from the perturbations in réduced trapping which contributes an increase in the LCIF
the ground and 4 states are detailed below. From Eg),  Signal on the P;-1s; transition, and vice versa.
the general expression describing the effect of the ground or
a 1s level population perturbation on thep2 1s; LCIF sig- B. LCIF due to the 2p perturbations

nal is (91;,/dNc) AN, whereK=1-5. There are three dis-  Tpg total LCIF contribution from the population perturba-
tinct ground and § level contributions to the LCIF. For the jons of the 2 states results from the direct collisional cou-
transition from the ; level down to the %; level, these can pling from each of these levels top?. To describe this

be separated as follows) Fj; due to the ground state per- ,ocess, we must accurately evaluAt®, , which we noted
turbation K=1), (i) Fj, due to the perturbation of asl  reyiously, involves accounting for changes induced in the
level which is not the lower level of the transitioK ¢J),  total depletion coefficient of @ as well as in the pump rate.

(iii) Fj; due to the perturbation of theslevel on which the  \ye can express the total population perturbation of leygl 2
transition terminates=J).

as
(i) Ground state The LCIF due to the ground state per-
turbation is illustrated in Fig. 2. The ground perturbation ARy R(ADy
may be positive or negative, depending on the particular APk:D_k__Dﬁ_’ (7)

laser-perturbed transition. In this illustration we arbitrarily
choose the case of a bump.

The ground state contribution to the LCIF arises fromwhere R, and Dy represent the pump ratem 3s ) and
coupling of AN, from the ground to B; and from the per- depletion coefficients %) of the 2p, level. This becomes,
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X2ka Pk ° ayk > ( ik )
=— + = . Y= ANg| NS¢+ PjA ——
APy D, DK.Z'Z ANKAkK1+akKNK ® KZ’Z k| NS+ P K1+ ajNg

10

+ > AP L+ NiM]

R
PitapN; &

We note here thaA N is directly proportional taQ in our —AN,P;D
linear experimental regime, sP, varies linearly withQ
ensuring that this contribution to the total normalized LCIF

10 10
signal (7-‘]%) is also independent of the laser absorption. +AN1[ ”5u+k21 PiMy; = Pigl Mik]' (12)

The above expression is utilized for modeling the experi-
mental LCIF signals. In our fitting, we did not have to con-
cern ourselves with every term described above since many
We consider these together using observations from thare negligible with respect to processes involving the domi-
optogalvanic effect. From the discharge direct current equarant 1s perturbations or, where strong electron-collisional
tion it is straightforward to show that the fractional perturba-coupling exists, the g bump. While our model does ac-
tions in current electron density and axial field are related bycount for all of these lesser terms, it is possible to determine
the origin of the major contributions, and express the LCIF
Ai/i=An/n+AE/E. (9 in a more manageable form. To illustrate the quantitative
understanding that our model can provide, we take the ex-
ample of a laser transition originating orss, where the

Here the optogalvaniai was measured in the usual way | C|F transition terminates on one of the othes levels, in
with phase-sensitive detection andE was then deduced hich case Eq(11) becomes

from the perturbed circuit equation. The axial field was ac-
curately determinefl5] using a pair of identical probes and ajs
we obtained the electron dens[ty] from the measured cur-  Y=ANg| nS;+ PJA,-'51+— +AP;[nLj; +N1Mj;].

: . ajsNs
rent and literature values of the electron mobility. The only (12)
remaining unknowm\n was then found from Eq9).

We used our values akEalong with the data published  gjmijar reductions can be made in describing any LCIF sig-
by Tachibana and Phelp&9] and Peuch and Miz420] as | resulting from a given &2p laser transition, when all
functions of the reduced electric field to determine the resulty,o major terms have been identified.

ing perturbations in the ground tesland 2p excitation co-
efficients. The effects of the normalized electron density and
electric field perturbations on one- and two-step excitation of

the 2p states were included in our LCIF model along with  When testing our model against experimental observation,
the effects of the laser-induced excited-state perturbationge ensure that our experiments are conducted in the linear
discussed above. Our investigations indicate that any eﬁec‘@gime, wherein the perturbed effects are direcﬂy propor-
on the 1s-2p reexcitation coefficients, which depend on thetjonal to the absorbed power. This involves reducing the la-
temperature of the bulk electrons, are minimal compareder power such that there is low laser absorption. The quan-
with the ground to $ and 2p effects. tity that we wish to model is the collisionally induced
The key feature of Eq9) is that the fractional perturba- fluorescence normalized to the laser pump rate. In the case of
tions inn and E are almost equalXi/i is smal) and are | CIF we represent this quantity a3 for the transition
always of opposite sign; therefore, their net effect on thezpj_lSJ and for LIF we useﬁi?_ for the transition from the
LCIF is only significant for those 2 levels for which the pumped level ; down to Is, .
coupling from Iss is weak. A full discussion of th&n and Additionally, we evaluate the ratio of each LCIF line in-
AE perturbations is given elsewhefe6]. Proper allowance ensity to a chosen primary LIF lin@ot the laser transition
for the induced changes in the rate coefficients has been\gq take the ratio?-"%/ﬁﬁ?_ which is an ideal quantity for

long-time concern for researchers modeling the optogalvanig,, je|ing since it is independent of the absorbed laser power

effect. but is a sensitive function of the excited-state kinetics which
we wish to study. In this way we are comparing lines domi-
nated by collisional processes with ones dominated by radia-
tive transitions.

Collecting all the individual terms together, we obtain an  We made our theoretical cw LCIF calculations using the
expression for the totaf; resulting from the laser illumina- same complete atomic and discharge data set which we used
tion in our cw OGE mode|5], in our numerical modeling of the
cw laser-induced excited-state perturbatiph8], and in our
optical emission and optical absorption spectrosc@PgS
and OAS models. We kept the rate coefficients constant and
equal to their 5 mA values, appropriate to thR product
used in our discharge conditiori@eon filling pressurep
whereY is given by =2 Torr and tube radiuR=4.25mm). The calculations

C. LCIF due to the electron density and axial electric field
perturbations

V. RESULTS AND DISCUSSION

D. Final expression for total LCIF

!

Ay c 10
EJ—D—j +Cig, (10
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12 TABLE I. (& Influential contributions to B,q-1s, line (724.5
nm) in the LCIF spectrum produced by tuning the laser to 594.5 nm
(1s5-2p,4). (b) Influential contributions to B;-1ss line (703.2
nm) in the LCIF spectrum produced by tuning the laser to 594.5 nm
(1s5-2py). (PC refers to perturbation coupling from thesllevel

0.8

=}
Qo4 to the 20,9, DCP represents the depletion coefficient perturbation
Fi term, andT the trapping of the LCIF transition
2
= 0 vl = V——-']f Y @
<]
~ 1ss —0.089
04 1ss (PO —0.069
1s; (DCP) —0.019
08 Total —0.099
580 610 640 670 700 730
(b)
Wavelength (num) 1sg —-0.121
1s5 (P —0.148
FIG. 4. Laser collisionally induced fluorescendeCIF) spec- 135 ED?P) 0,042
trum for 1ss-2p, (594.5 nm laser transitior(the experimental re- 1 s T 0.069
sults are given by the solid line, and the triangles represent the S5 (T) )
predictions of the modgl Total ~0.143

were carried out using tube-averaged particle densities Ok?i'nes. However, we still observe some positive LCIF lines

tained from measured axial valug&l]. X .
Since it is our aim in this discussion to describe the gen-(e'g" 585.2, 607.4 nm, Fig) Awhich occur as a result of a

g "~ combination of strong coupling of the primarpump and
eral principles of our cw LCIF model we focus our attention he fact that a number of the transitions froms. o these
on the cw LCIF spectra produced by tuning the laser to jusE articular D levels are forbidden(e Is _52 and
two 1s-2p transitions, which is sufficient to explain all of Es -2pa) 9. Bs7eP1
the important features encountered. We present results for™> Pa). .
the 594.5nm (&-2p,) and 609.6 nm (&,-2p,) lines. Fig Considering first the cw LCIF spectrum resulting from the

. 5' 4 . = 4 . = _ oy .
ures 4 and 5 show that there is excellent agreement betweelr?5 2p4 (594.5nm) laser transition, the dommanpe of the
our LCIF model and experiment. Our modeling not only al_metastable 35 hole results in negative LCIF from six of the
lows an excellent description of the magnitude of the LCIF"'"€ nonpumped levels of which severabpg2Z2ps,2pg,2p10)

signal, but can also separate out the individual contribution xhibit strong signals. _T.hese Ieyels are strongly cogpled to
to the overall signal. e 1sg level. By examining particular cw LCIF transitions,

In the case of a standardsd.pumped lingi.e., one where we are able to determine the breakdown of the individual

the upper D level can radiatively decay down to several of contributions to these sjgnals. Tabl@)ishows the gxtent to
the 1s levels, a large hole is created in thesgl population which the 55 hole dominates thef-1s, LCIF. This tran-

which, on being mixed around thesind 20 excited states sition is ideally described by Eq12), which includes the

subsequently dominates the observed LCIF spectrum, an'Hd'V'dual and total LCIF due to the key perturbations. We

S . ow examine the individual & contributions. Here we are
produces a significant number of negative LCIF SpeCtra[:]onsidering the case wheteJ, for which the modeling

was discussed in Sec. IV@). For this line Table(a) shows
that coupling of the & hole to the P, level is the domi-
nant mechanism, although the term arising from perturbation
08 of the depletion coefficient also provides a substantial signal.
Similarly, the typical contributions to cw LCIF terminat-
ing on the ks level are given by Table(l). For continuity
04r v we have chosen thep3,- 1ss transition. Since the & hole
F h . is again dominant, here the major contribution is from the

0 i % S 2 K=J case, from Sec. IV Aliii ). Coupling of the %5 hole to
the 2p,level again provides the most influential constituent,
but here the additionalst component which arises from the
reduced trapping produces a significant contribution of the
opposite sign from the others} terms.
08 For a laser transition originating on one of the resonance

580 610 640 670 700 730 levels, for example the 609.6 nmgk2p,) line, we observe
distinctly different LCIF spectral characteristiSig. 5). In
general, such laser transitions result in weaker LCIF signals

FIG. 5. Laser collisionally-induced fluoresceneCIF) spec-  since the % perturbations are substantially lower than for a

trum for 1s,-2p, (609.6 nm laser transitiorequivalent symbols to metastable pumped line, and hence their contribution is
those used in Fig.)4 smaller. Table l(a) illustrates the reduced influence of the 1

12

Normalized LCIF

-0.4

Wavelength (nm)
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TABLE Il. (a) Individual contributions to Ps-1s, line (671.7  some positive LCIF lines dominated by the coupling of the
nm) in the LCIF spectrum produced by tuning the laser to 609.6 nmis; bump, and the most important individual contributions
(1s4-2py). (b) Individual contributions to Ps-1s; line (692.9 nm  for one such example are given in Tabléb)l Here the
in the LCIF spectrum produced by tuning the laser to 609.6 NMstrong coupling of the 45 perturbation to the gy level,

(184-2p4). combined with weak @,-2pg mixing, ensures that, even for
resonance level pumping, the long-lived metastable levels
@ can still play a crucial role.
1s, 0.001
1s; 0.002 VI. CONCLUSIONS
1s, —0.002 _ _
1sq 0.002 We present a rate-equation model to describe the cw
2p, (pumped level 0.030 LCIF in the linearly perturbed regime of the positive column
of a normal glow neon discharge. We have shown that our
Total 0.039 model successfully describes all the different types of spec-
b) tral features which are observed experimentally when the 1
and 2 states of neon are linearly perturbed by absorbed
1s, —0.005 . o )
tunable laser radiation. As well as predicting the sign and
1ss 0.023 ; : ;
20, ( d level o magnitude of the lines observed in the cw LCIF spectrum,
P4 (pumped fev i the model identifies and quantifies all the sources of the in-
Total 0.024 dividual contributions to each laser collisionally induced

fluorescence line. Although we focus on neon here, our mod-
eling and analysis applies equally well to other noble gases,
gnd we believe, can be modified appropriately for trace noble
gases in atomic-molecular mixtures.

perturbations, and clearly shows that in such a case th
pumped 2 level often plays the major role in determining

the cw LCIF. This is highlighted by the significant numbers
of positive LCIF signals observed in the spectrum of a reso-

nance pumped line, whereas for a metastable pumped line, The authors wish to thank the Engineering and Physical
positive LCIF lines only occur for levels from whichsy  Sciences Research Council for research funding for this work
transitions are either very weak or forbidden. There also exisand for financial suppoitA.M.P. and D.J.S.
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