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Time-resolved experimental and computational study of two-photon laser-induced fluorescence
in a hydrogen plasma
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The time profile of the fluorescence light emission of atomic hydrogen in an expanding plasma beam after
pulsed excitation with a nanosecond laser is studied, both experimentally and computationally. Ground state H
atoms in an expanding Ar-H cascaded arc plasma are excited tp=tt® level using two-photon laser
excitation at 205 nm. The resulting fluorescence is resolved in time with a fast photomultiplier tube to
investigate the occurrence of quenching. A fluorescence decay timiE0af0.5) ns is measured under all
circumstances, indicating that there is a complatéxing of thep=3 sublevels. A time-resolved collisional
radiative model is developed to model pulsed laser induced fluorescence for a large range of plasma param-
eters. The model calculations agree well with the experimental results over the entire range of conditions and
indicate that two-photon LIF can strongly influence the local electron and ion densities, resulting in a “self-
guenching” of the laser-induced H fluorescence.

PACS numbes): 52.40.Nk, 52.70-m, 52.65-y, 32.50:+d

I. INTRODUCTION p=3 state in the expanding plasma. In order to verify the
absence of quenching, the fluorescence radiation from the 3
Fluorescence from laser induced two-photon excitation—2 transition is measured as a function of time. By measur-
provides a powerful method to measure ground state densing the LIF decay time in the expanding plasma at different
ties of atoms or molecules with a large energy gap betweegistances from the plasma source, a range of hydrogen den-
ground and first excited state. The technique has found imsities (16°—10°° m™3) with electron densities between
portant applications in, among other things, combustion and0"°~2Xx10'* m~2 has been investigated.

low-temperature plasma research, and has been applied to aTO be able to confirm the experimental results, a time-
variety of specie§1—4]. dependent collisional radiative modeéCRM) [5] has been

By measuring the fluorescence light emitted from the exdeveloped. The model describes the effects of laser induced

cited state, a signal proportional to the ground state density igxcitation of the ground state and ionization of the excited

obtained. If the decay of the excited level is purely govemeos_tates. Results from calculations for the experimental condi-

. : ; .. tions will be compared with experiments. In addition, the
radiative pr he proportionali nstant is inde- o L ’
by radiative processes, the proportionality constant is inde 10del allows us to study the excitation kinetics of the hy-

pendent of plasma parameters and therefore needs to be cali- ;
brated only once. The most common exception to this con- fogen system in general, and the effects of two-photon ex-

e L " citation in particular, for a much wider range of plasma con-
dition is formed by(electron collision induced transitions P 9 P

. . I > ditions. In an ideal LIF experiment, the amount of detected
(quenching. These result in a shorter lifetime of the excited P

) fluorescence will be proportional to the ground state density
state and therefore a lower fluorescence signal. In order to

use two-photon laser induced fluoresce(dé) as a means
to study ground state densities, it is necessary to not only

cisence of aencing, i e work the wm quenching s oo DB

used for the overall collision-inducethus radiationlegsde- 15 :
cay of the excited-state population, including both downward , 12-1
] 102 =8

-
-

-mm -

3p o 3d 3

Balmer «
656.5 nm

and upward transitiongelectron excitation

In our group, two-photon LIF is used to investigate the
density of H ground state atoms in an expanding cascade:
arc argon-hydrogen plasma, by two-photon excitation of the
hydrogen ground state to thpe=3 state at 205 nril]. The
excitation is monitored by detection of the resulting fluores-
cence on the Balmes-transition at 656 nm. An overview of
this scheme is given in Fig. 1.

This article will discuss an experimental and computa-
tional investigation of the occurrence of quenching of the H

energy (eV)

0 1s

FIG. 1. Scheme of the hydrogen two-photon excitatiealid
arrows from 1s to 3s and 3. The laser photons are also capable of
* Author to whom correspondence should be addressed. Electronionizing excited H state¢dashed arrows The Balmere 656 nm
address: J.J.A.M.v.d.Mullen@phys.tue.nl fluorescence radiation is measured.
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n;. One of the aims of the model is to calculate under which 5 . .
plasma conditions this holds.
The experimental method and setup are described in deta o} 1
in a separate pap¢6b], therefore Sec. Il gives only a short
summary of the setup. Since we measure short signals — _5 |
decay times of perhaps 10 ns or less if there is quenching —&
special attention is given to the time-resolved diagnostics. In&
Sec. Il the experimental results are presented and discusse's ~
In Sec. IV the development of the time-resolved CRM is g
explained while Sec. V presents and discusses the resultS -1
from model calculations. Finally, some conclusions are given_

in Sec. VI. = 20 1
[a ]
IIl. EXPERIMENT 2By i
The cascaded arc plasma source has been extensively di  _3¢ . ‘ ! !
cussed in the literatur/—9]. In this work, the arc was op- 0 5 _ 10 15 20
erated at 40 A with 3 sim argon and 0.46 slm ftbws. The time (ns)

plasma expands from a nozzle into a roots-blower pumped
vacuum vessel with a background pressure of 14 Pa. In tht%s
cascaded arc, the plasma is expected to burn on hydrogen

whereas argon 1s m.alnly present as a bqff(_ar gas. Due to trlgackard HP54111D digitizing oscilloscope that is connected
high power density in the cascaded arc, it is expected that the PMT anode with a 50 coaxial cable. The oscillo-
considerable part of Hwill be dissociated. The determina- scope samples at 1 GHz and has a bandwidth of 500 MHz
tion of the dissociation degree is one of the main goals of th igure 2 shows the averaged single photon response of thé
plasma bea}m H ground state density measurements that % otosensor module as measured with the oscilloscope. This
performed in our grou6,10]. The setup is constructed so data has been used to deconvolute the measured fluorescence

that the measurements can be made at varying positions Wecay data. The main peak has a full width at half maximum

the plasma beam. The electron densiywill drop substqn- (FWHM) of about 1.5 ns, significantly shorter than the fluo-
tially as the plasma moves away from the nozzle while therescence decay time of 10 ns

electron temperatur&, is expected to remain close to 0.3
ev.

A frequency doubled Nd:YAG lasefSpectra-Physics ll. EXPERIMENTAL RESULTS AND DISCUSSION
GCR230 is used to pump a tunable dye las@pectra-

FIG. 2. Averaged single photon response of the R5783P-01 pho-
ensor module.

; : . Even in the absence of quenching, it is not immediately
Physics PDL-3producing 615 nm light at 50 Hz. Part of the obvious what the radiatively governed decay time of the H

dye laser light is frequency doubled in a KDP crystal andp:3 state should be. Due to two-photon selection rules the

then mixed with the remaining 615 nm light in a BBO crystal laser can only create excited and 31 substates. The actual

to obtain a 205 nm linearly polarized laser beam. The averg o rescence decay time now depends on thé channels for

age laser pulse energy is measured using a calibrated power o .

meter at the bedinning of the beam. Behind the plasma a e-excitation that are available to those substates. There are
. g '9 L ; e p fwo general scenariogi) the substates remain isolated, in

uncalibrated UV sensitive SiC diode is placed in the beam t?/vhich case the 8 and 3 populations will decay with a

measure pulse energies on a shot by shot basis. The laser e pop . y

tvoically produces 0.5 mJ. 5 ns pulses of tunable 205 n natural lifetime of 159 and 15.5 ns, respectivédge Table |

ypicatly pre ) ’ > P _ Mor a list of radiative transition frequencies and decay times

radiation with a spectral bandwidth of 0.2 ch The laser and (ii) there is a coupling between thes33p, and

beam is focused into the plasma in a direction perpendlcularubstates, so that these states will be mixed and populated

to the expansion. Two lenses are positioned so that Iigh? . ; . L .
from the region where the laser beam is focused is image8ccord|ng to their respective statistical weights, and the de-

with a one-to-one ratio on a slit magkidth 0.4 mm ina & time will be the average radiative decay time of 10 ns.

direction again perpendicular to both the laser beam and thlt\eIOte that in the calculation of the averaged decay time, it

expansion axis. The light then passes through a Batmer- VoS assumed that the densities are sufficiently low to prevent
filter and enters the photomultiplier tugEMT). - .y ) .

The Hamamatsu R5783P-01 photosensor module, which:TsAful‘blfel\}eiagrﬁ'\sletgnZ't\'l(;rlluferegfuael?Z'l?sl:g:ml'fet'mes for the
is based on the R5600P-01 “metal package” photomulti-p g '

plier, has been used for all reported time-resolved Measur§.sition A (10 s°Y 710°° s)

ments. The photomultiplier is very fast, has a gain of up to

10°, and is guaranteed to be linear within 1% for signals thaBs—2p 0.0631 158.5

are up to 10 times stronger than those measured in this irBp—2s 0.2245 44.45

vestigation. 3p—1s 1.672 5.981
Time-integrated measurements are done by measuring ttsg— 2p 0.645 15.50

photomultiplier output using a LeCroy 612A charge integra-avg. 3—1,2 0.998 10.02

tor. Time-resolved measurements are done on a Hewlett
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has been found for a large range of ground state and electron
10 . densities. Close to the arc nozZlgositions 0—10 mm, the

TP —— Calculated fluorescence . . : ; ;

,,,,,, Laser pulse in calculation decay times seem to be_ sl!ghtly hlg_her._ This might be cqused
o Measured fluorescence by resonant Lymarg radiation trapping in the plasma region
with relatively high H density £10°* m~2). Otherwise all
decay times are near 10 ns, so the measurements show no
signs of quenching.

In the work of Preppernaet al. [11], H p=3 lifetime
measurements were performed, where hydrogen atoms were
created by photodissociating,i&,. At low C,H, pressures
(=10 mTorp a lifetime of 15.71.5 ns— corresponding to
scenario(i) — was found using a computer fit, while at 150
mTorr the lifetime is close to 10 ns. The authors fit the ex-

0.8

0.6

0.4

scaled signal (arb. units)

0.2

F4
0.0 4 ;,q...e‘ o

perimental lifetime data with a model in which the colli-
10 20 30 40 50 60 sional quenching effect.s.are split up |n'Fo a sublevel mixing
fime (ns) rate and a rate for collisional deexcitation of pk3 sub-

levels. In our case, the sublevel mixing could be caused by
FIG. 3. Comparison of the modeled respolsaid curve with unscreened electric fields that do not extend outside the De-
a deconvoluted measurement z2 cm distance from the arc bye sphere or by the laser beam electric field, both of which

nozzle (diamonds$. The Gaussian function with a peak at 20 ns are not considered in the model described in REf).
represents the modeled laser intenséyu).

trapping of resonant Lyman radiation in the detection vol- IV. MODELING

ume. A. Basic setup
In Fig. 3 we present a typical deconvoluted observed H . . L

fluorescence signal. The measurement was done at 2 cm g‘es dV\;?(S: d;zcﬁse%'ncge;' ”(,)cl'taltsé eép?;teg tk;att (t)?eh%as;

from the nozzle. After deconvolution, the decay time was plasma sour Issociates rge part of §

obtained using an exponential fit resulting in a value of 10_3molecules. For thg calculauon_s we therefore assume that the
405 ns. influence of laser induced excitation of hydrogen atoms can

Figure 4 shows the result of a measurement of the fluope ?drﬁqun%teilynderscrr:geci l?y ”r]l?d?:'?]g tf;e hr?'di(oger?matnot"]'lc
rescence decay time at various positions along the expansi(ﬁ¥s.f.e d?h t(t)h gl ound state only. it "’!]:5. eet}dﬁz P t'e ally
symmetry axis. The decay times were again obtained byc'€d that the laser causes no significant dssociation

computer fits to the deconvoluted time-resolved signals. Th 6]Ll'h basis of collisional radiati dels is th ticl
errors in the values are about 0.5 ns. e basis of collisional radiative models is the particle

The fact that a decay time of 10 ns is found indicates thapalance equation for the density of atoms in levelp:

a fast mechanism exists that mixes the excitsd 3, and an )
3d states so that alp=3 substates are populated according a—,[r’JrV-npw: > (NgFgp—NpFpg); 1)
to statistical weightgscenarig(ii)]. One might argue that the a#p

natural decay time is in reality 15.5 riffom the A—2p R

transition) and that the observed fluorescence is quenched taherew is the flow velocity and= the total frequency of
10 ns, but this can be discarded since the same decay tintensitions fronp to g, with p,g=1,2, ... m,+ (ion). Equa-
tion (1) relates the temporab)(dt) and spatial ¥) changes

in state density to the net result of all elementary population
“r I ] (positive term in the summatigprmnd depopulatioiinegative

% | term) processes.
Iﬁ% Iiﬂﬁiﬁl b1

The frequencyF 4 is generally given by

12

—_
<

Fog=NeKpgT Apgpg: @

with n, the electron density,, the coefficient for electron
collision induced transitiongcalculated following Vriens
and Smeet§l2]), A, the escape factor aml,, (p>q) the

Decay time (ns)
o0

(=)}
T T
L

4 Einstein coefficient for a radiative transiti¢t3]. Resonant
: radiation trapping has not been included in the model, since
2t : at typical hydrogen densities(10?* m~3) the photon mean

free path is several orders of magnitude larger than a typical
dimension of the detection volume, so all,,'s are set to
unity.
A special case i 4, which consists of two and three
FIG. 4. Fitted decay times of the deconvoluted time-resolvedparticle recombination parts with coefficieri: 2& and K(f’&,
fluorescence signals as a function of axial position. respectively,

0 i 1 1 1 1
0 50 100 150
Axial position (mm)
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over the detection volume gives

excitation volume L7 z-axis ON

(plasma flow) szqu (NgFqp—NpFpg), (4)
\\ii"iiwfocus where we used VdV-nva/dV=0 as long as the excited par-

di r.(0.05 . . . .
e (‘\If]m) ticles are confined to the detection volume. Equatirhas

] the same structure as Ed) without the spatial term, which
¥ w (0.4 mm) effectively describes an infinite cross-section laser beam and
A S an infinite detection volume. A solution for this simplified
laser beam system is therefore appropriate for the description of a LIF
experiment. However, it is important to note thigf, in Eq.
! to detection 5 (4) still depends omg, as can be seen from E). In the
" branch remainder of this section we will consider how the electron
' and ion densities are affected.
As we shall see in Sec. V, the laser is capable of drasti-
cally increasing ion and electron densities, and it is important
FIG. 5. Overview of the excitation and detection volumes. Thefor the modeling of the fluorescence decay to correctly de-
plasma expands in thedirection. The relevant dimensions for the scribe the relaxation of the increased densities. Moreover,
excitation and detection volumes ade(~0.05 mm andw (0.4 since the photoionization frorp=2 only requires 3.4 eV

detection volume "t 1>>W

mm), respectively. and the laser photons carry 6 eV, even the local electron
temperature will be affected. Equatigh) gives an expres-
NeK 1 q=neK P +n2KE). (3)  sion for a weighed time-dependent electron temperature:
The number of levels described by the model is limited ~ Ne(0)Te(0) +[ne(t) —Ne(0) ] X eV
using a cutoff procedure which is based on the analytically ()= Ne(t) ' ®)

well-known step-wise ionization-recombination procgésk
The following subsection will discuss the implications of the with n.(0),T,(0) the initial electron density and temperature
spatial term in Eq(1). After that, the description of the tem- and using an average electron energy after photoionization of

poral laser interaction will be discussed. 3 eV,
If the Debye length\p is much larger than a typical di-
B. Spatial effects mension of the detection volum& € 0.4 mm), the electrons

The main concern of this section has to do with the factleave this volume with the thermal veIOC|Q§ifTe/me. In the

that only atoms in a very small part of the plasfttze exci- ggr'éevnetnpﬁi?_?’zvétmee\f %cg)rlgthrg_:éweelzré?r%i;e; isi;h(cemﬁase
tation volume are excited, and that only a limited “slice” of e p y

plasma is monitored for fluorescengtbe detection volume s_everal,um and thus s_maller than a typ|ca! detectlon_d|men-
sion. The electrons will thus disappear at ion acoustic veloc-

Figure 5 shows an overview of both the excitation and the . T
detection volume. The smallest dimension in the detection?ty VkTe/my, with a characteristic time of between 3 ns

volume is the detection slit widtlv (0.4 mm and in the Oh;gh enlerga/ eIe::trcl)ns at 3 é\ar;d 10 nséslovy egectrons_ at f
excitation volume it is the laser focus diametkefabout 50 -3 V). In the calculations, an electron density decay time o

um). These dimensions are typically smaller by at least ar? S has been used.
order of magnitude than collisional free path lengths, so
heavy particle collisions will play no role in the following C. Temporal effects

discussion. _ _ In the preceding section we have seen that we can ignore
For the duration of the laser pul$e-5 ns, all excited H  the gpatial terms except for the electron and ion densities.

atoms are confined to the excitation volume, i.e., there is n@ne system of density equatiof® can then be written as a
significant out-flux of excited atoms and in-flux of ground sjngle matrix equation of the form

state atoms, as can be seen from the following argument.

Using a worst-case temperature of 3000 K, the thermal ve- d . -
locity is VkT/my=5%10® m/s. In 5 ns a distance of 2&m ﬁn: M-n, (6)

is traveled, half the laser focus diameter. We therefore ignore
the spatial term for at least the duration of the laser pulse.

. . i ! with n a vector of all densities;- - -n, and
After the laser pulse, the excited particles will continue to

spread over an increasing volume due to the thermal motion. F p#q

At thermal velocities, particles will start leaving the detec- ap '

tion volume after about 40—80 ns. Mpe=1 _ E = p=q @)
It is important to realize at this point that the fluorescence e '

signal is actually not proportional to the density of the
exited state, but to the number of excited particdg In the steady statéSS approximation, the densities;
=fvdn3dv in our detection volumé&/,. Integrating Eq(1) andn_ have an imposed valué¢his can be easily incorpo-
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rated in Eq.(6)] and all time derivatives are set to zero. The D. Calculated values
SS density distribution is then calculated using a straightfor- 1o model described above allows us to plot the state

ward matrix inversion. densities as a function of time. To be able to use the model to

. For a time-dependent calculation of the effects of a Shorbredict the outcome of a typical two-photon LIF experiment
disturbance of the systefas caused by a laser pulsee first \\nere time-integrated LIF signals are recorded it is neces-

calculate the SS solution(t=0). This solution is then used g4y to calculate a number that represents total integrated
as the initial condition for the differential equation g,0rescence yield.

(a/at)n(t)=M(t)-n(t), which is solved using a fourth order  The average number of fluorescence photons emitted per
Runge-Kutta methofiL4]. The time-dependence of mati&  atom after laser excitatioN., is given by[15]
is discussed below.

In describing two-photon laser-induced hydrogen excita- Az (=
tion, we make no distinction betweers23s and 1s—3d N,= nl(o)fo [ns(t) =n5(0)]dt, (12)
transitions. As we have experimentally found, there is a fast
coupling between thes3 3p, and 3 levels, so that always
73s= 7M3p= 734, Wheren,=n,/gy.

Laser-induced excitation of ground state atoms tophe
=3 level introduces an additional termfn;andF5;. For a
two-photon transition this contribution is given by5,16|

with Az, the fluorescence transition probability. In an ideal
LIF experiment, the amount of detected fluorescence will be
proportional ton;. One of the aims of the model is to calcu-
late under which plasma parameters this holds. The average
number of photons per atonN() is an important parameter

g(z)P if we want to measurérelative) atomic densities in different
5F13=£G<I(t))2 (8 parts of the plasr_na. The implication to the applicability_of
hy LIF is that the ratio of two independently obtained LIF sig-

nals is not necessarily equal to the ratio of the respective H
and 6F 3= (9, /93) 6F 13, with {3 the two-photon excita- ground state densities if the relevaht, values are not
tion cross section divided by the spectral line-width functionknown to be equal. Moreover, since the fluorescence usually
and the two-photon statistical factpm®s *W~'], v the s calibrated to the ground state density using another plasma
laser frequencyG a statistical factor that is generally 2 for [6], it is very important to know the behavior df, .
dye laserq15], | the laser intensitf Wm~2] and P, the
result of a convolution of laser and Doppler line profiles.
The value for {3 is the weighted average of{?) ..
(242108 cnfs*wY) and 2 ., (18.3x10°%° A. Calibration of the model laser intensity
cmts tw™1) [15,17.

We also have to take laser induced ionization into accoung,
as a depopulation mechanism of the excited levels. The cro
section for ionizationo,, , of level p for hydrogen atoms is
given as a function of the laser frequeneyy [18]

V. RESULTS AND DISCUSSION

This section describes a few measurements that were done
gain more knowledge about the laser pulse time profile
%hd peak intensity. The results of a measurement and a cal-
culation of the hydrogen fluorescence yield as a function of
the laser intensity will be compared to determine the actual
average laser pulse intensity.

_ 9 a1 In order to experimentally obtain the average laser inten-
Tp+ () =2.815¢ 109 en’s ,,3p5’ ©) sity as a function of timd(t), the temporal shape of the
profile was measured using a fast SiC photodiode. A slightly
with contributions to the frequency matrix asymmetrical Gaussian profile with a FWHM value of 5.2
+0.3 ns was observed.
o (1(1)) A_frequency-triplet_j Nd:YAG pur_nped dye laser has a
5FP*ZT' (10 considerable spread in pulse energies, due to pulse to pulse

fluctuations. By measuring the pulse energy and the time-

integrated fluorescence signal pulse by pulse, it is possible to
This laser induced ionization needs to be included when g g P y P P

"y ) use this spread to plot fluorescence signal as a function of
6F . >2Apq, and because of the dependencx,zthls only |aser energy without actively adjusting the laser power. Fig-
holds for thep=2,3 states, usingja~10° Wcm 2,

. X i .._ure 6 shows the result from such a measurement with an

To describe the changes in electron and ion densities,yerage laser pulse energy of 0.5 mJ. The vertical distances
caused by effects discussed in the previous section, we a§flyyeen the horizontal ticks give the standard deviation of
an extra term to the equation for the ion density the fluorescence signal, while the error bars signify the stan-
dard deviation in the mean of the fluorescence signal. The

on. —(M-1) _[ny=n.(0)] (1)  average laser pulse energy and its standard deviation are
ot " T ’ given by the vertical lines. Figure 6 indicates that we are
operating not far from saturation.
with n, (0) the steady state ion density ang5 ns the re- A model calculation is used to find out what the corre-

laxation time. Finally, we can choose to keep the electrorsponding laser intensity is. The calculations are made with
density and ion density equah.(t)=n,(t), or allow the typical expansion plasma parametarg=10"° m 3, n,
electrons to escape instantaneousiy(t)=ng(0), corre- =n,=2x10"® m3, and T,=0.3 eV. Figure 7 shows the
sponding to the cases af,<w and\y>w, respectively. calculated\,, values as a function of laser intensltjor the
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!
0 I ! w w FIG. 8. Relative populationsn(/g,) of the first 10 hydrogen
0 100 200 300 400 500 levels and the ion state+) as a function of time during and after

Laser pulse energy (arb. units) pulsed laser excitation of the=3 level. In the graph on the left,
FIG. 6. Measured time-integrated fluorescence signal as afunc}he laser produced electrons disappear instantly while in the right

tion of laser pulse energy measured by a SiC diode. The ticks angraph the electrons flow away with an impos_ed relaxation time of 5
error bars represent standard deviations in signal and mean signgf' These electrons cause a notable quenching of the laser enhanced

respectively. The average laser pulse energy and its standard dev%—:3 density.
tion are given by the vertical lines.

cases of disappearing laser generated electsuoigl curve ~ '€SPONSE was galcy;ated using parameteyrs 10°° m-?,
and remaining electrorfglotted curvé In the latter case, the N+=Ne=2X 10'® m~2, andT,=0.3 eV. The measurement
maximumN.,, value is significantly lower, because with suf- Was done at 2 cm from the nozzle. The modeled and mea-
ficiently high intensity the laser beam creates enough elecsured temporal fluorescence shapes are in good agreement.
trons, through ionization of excited H atoms, to quench the Figure 8 shows the calculated relative populations
excitedp=3 density. (n,/gp) of the first ten atomic H levels and the ion level as
Up to 1=10° Wem™2, N, is proportional tol?, for  a function of time during and after pulsed laser excitation of
higher laser intensitiedl, reaches a saturation value. The the p=3 level, for an initial ground-state density;=5
decrease at still higher intensities is caused by increaseg 10'° m~2 and electron densityn,=n,=2x10® m3.
competition of laser induced ionization of the excite¢3  The electron temperature is taken to be 0.3 eV and the laser
states, thereby reducing the fluorescence quantum yielgulse has a maximum at the chosen titwe20 ns. The left
Comparing Fig. 6 to Fig. 7 we estimate that the effectiveand right graphs correspond to calculations with instantly
laser intensity under experimental conditions is about 4disappearing electrons and remaining energetic electrons, re-
x 108 Wem 2. spectively. In the latter case, the surplus electrons flow away
, with a characteristic time of 5 ns afig is given by Eq.(5).
B. Calculations The laser interaction causes a radical change in densities
In Fig. 3 a comparison is shown between a modeled timghrough the entire atomic system, since a substantial part of
profile and an experimentally observed one. The modelethe ground state population is pumped to lewel3, and via
this level to other regions of the excitation space. One benefit
ST ' of this effect is that the results of the calculation will not be
—— without extra electrons . . .
o with extra electrons : influenced strongly by an error in the steady state density
100 F o qr,’ f 3 distribution at the start.
Note the significant increase in the ion dengayfactor of
5). The laser has therefore a profound, albeit temporary, in-
fluence on the local electron density. The calculation without
laser generated electrons shows similar time profiles for the
ground state, the ion state, and the first two excited levels,
and significantly lower(by at least an order of magnitude
populations of the other excited levels. In the right graph, the
temporarily increased electron density and temperature raises
the process of collisional excitation from tipe<3 to thep
>3 levels.
Also note the difference in thp=3 decay time for the
two situations. In the left graph the decay time is 10 ns,

FIG. 7. N, as a function of laser intensitjog-log scal¢ for the purely governed.by radiative processes, Wh”e in the right
cases of disappearing laser generated electfsolid curveé and  graph the decay is clearly much faster, resulting in a quench-
remaining electron&otted curvé In the latter case, the maximum ing of the fluorescence. As was explained in Sec. IV D, it is
N, value is significantly lower. The inset shows the saturation re-useful to use the model to calculate how the valueNof
gion on a linear-linear scale. depends on the plasma parameters, so that we may determine
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o ——————— \o}m enough,(2) the deconvolution procedure works adequately
] ﬂ\o.ew as well, and(3) the fluorescence signal shape is not very
20p ’ w& 'l 1 1°  dependent on the exact initipk=3 population.
ﬁ Model calculations indicate that a potential problem for

10 _ 110 the diagnostic application of two-photon LIF for the mea-
surement of atomic H densities is self-quenching, i.e.,
1is quenching of the laser excited states by electrons that were
created through laser induced ionization. It is especially im-
. . . . . . . " portant to consider this effect since two-photon LIF is usu-
18 19 20 2 18 19 20 2 ally thought of as a nonintrusive technique.

log,y (r) () log,, (m) () As was mentioned before, an important parameter is the
ratio between the plasma Debye length and a characteristic
length of the detection volume. If this ratio is much larger

erated electrondeft) and slowly flowing electrons, with character- ']Ehan ohne, th? Createdl energetic Gr)]lectro_ns ([:)ar;)qUIcklﬁ/ spread
istic decay time 5 ngright). If n is higher than 1& m~2 the laser rom the excitation volume over the entire Debye sphere, so

produces enough electrons to quench the laser enhaneadden-  that the additional density in the detection volume is re-
sity, thereby reducing thil, value. duced. The ions will not spread so quickly, but since recom-
bination is a relatively slow process, an increased ion density
es not affect the excitation kinetics much.
If the Debye length is much smaller than the smallest
dimension of the detection volume, the laser-freed electrons
will stay around the excited atoms in the excitation volume,
and might seriously interfere with the fluorescence signal by
causing extra collisional depopulation. Our calculations
€how that, with a laser intensity of>d10° Wcm™2, this
happens ah;>10?° m~3. Since this value for the laser in-
tensity is a realistic one in the case of nonattenuated focussed
laser beams, it is strongly recommended to work with mod-
i - . erate laser intensities. In the case of two-photon LIF mea-
values ofn; with Ne< 10°° m ™. The decrease i, for g rements in H this should certainly be feazible considering
n;>10% m™" in the right graph is caused by a “sel- 1,5 rejatively strong two-photon cross sections. Moreover,
quenching” effect; the ion production becomes so large,qo occurrence ofself-) quenching can be readily checked in
through photoionization, that the electron density INCIEASey time-resolved LIF experiment since the fluorescence quan-

enough for electron collisions to become a major factor iny,n yield s directly proportional to the life time of the ex-
the depopulation, even though the surplus electrons ﬂo"l’fited state.

away with a relaxation time of 5 ns.

_e
=
2
[

[

log,, (7)) (m™)

18|

—

FIG. 9. Contour plots of the calculated, as function ofn,
=n andny, for T,=0.3 eV with instantly disappearing laser gen-

how well measurements in different parts of the plasma CaHO
be compared.
Assumingn, =n., we have three variables., n,, and

T.. The electron density was varied between'’1@nd
10?* m™3, the atom density between *and 16> m~2 and
the electron temperature was 0.3 eV. Figure 9 shows th
results of the calculations in the form of a contour plot for
again the case of disappearitigft) and remaining laser gen-
erated electrong&ight).

Without laser generated electrorts, is constant for all
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