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Coilisional Ionization of Na Atoms Excited by One- and Two-Photon 
Absorption in H2-O2-Ar Flames 

C. A. VAN DIJK* and C. TH. J. ALKEMADEt  

Fysisch Laboratorium, Rijksuniversiteit Utrecht, The Netherlands 

An ionization signal was detected when a flashlamp-pumped dye laser was tuned on resonance with various one- or 
two-photon transitions of Na atoms in an H~_--O2-Ar flume of 1800 K at atmospheric pressure. Ionization signals were 
obtained by collecting the electric charge with two thin iridium probes which were immersed into the flume. Relative 
ionization signals were measured as a function of dc probe voltage, laser tuning, Na-solution concentration, and free-O~ 
concentration. Fluorescence signals served to monitor the relative populations of the higher Na levels. A preliminary 
qualitative interpretation is given on the basis of collisional ionization from the saturated as well as the higher levels, 
which are mutually connected by population redistribution. With the assumption of a quasi-steady-state ionization, an 
effective Saha equation is derived, which connects the concentration of the atoms in the saturated level with the ionic 
concentration by an effective ionization constant. Values of this constant were estimated from the experiments and 
compared for the different excitation modi investigated. Additional one-photon wing excitation of the 3P-5S transition 
might play a role as an intermediate step in the ion production when the 3P level is saturated. The presence of excess O_~ 
molecules enhances the degree of ionization, whereas the addition of comparable quantities of N 2 molecules does not 
have this effect. This is explained by the positive electron affinity of O~, which shifts the effective ionization 
equilibrium. The role of  multiphoton processes which directly transfer Na atoms from the 3S or 3P state to the continuum 
state is shown to be negligible. Also the role played by the associative ionization reaction: Na(3P) + Nal3P) ~ Na + + 
e-- is shown to be negligible under our experimental conditions. 

1. INTRODUCTION 

As an extension of our interest in the population 
transfer between the higher levels of  Na atoms in 
an H2-O2-Ar flame [1], we also investigated the 
ionization from excited states, which causes a 
loss of neutral Na atoms. Earlier investigations 
proved the existence of metal ions in flames as a 
result of thermal collisions and the exponential 
dependence of the rate constant of ionization on 
the ionization energy as counted from the ground 
state, and on the reciprocal temperature [2, 3]. 
Therefore, it is to be expected that, at a given tem- 
perature, the ionization rate constant will increase 
when a substantial fraction of the alkali atoms is 
brought to a higher excited state by laser irradiation. 
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Notwithstanding the known disadvantages of 
electrical probes at elevated pressures [4], they 
seem a suitable means to detect ionization signals 
on a microsecond time scale. Probes appear to be 
better suited than microwave or R F-resonance 
techniques for investigating the small flame region 
irradiated by a (focused) laser beam. 

A number of workers have reported ionization 
phenomena following laser excitation and the term 
"optogalvanic effect" is sometimes used in this 
connection [5-9]. Related experiments are re- 
ported in [1, 10], which deal with two-photon 
excitation and the resulting population redistribu- 
tion among the higher levels of Na atoms in an 
H2-O2-Ar flame. 

Since our main aim was to give a preliminary, 
qualitative interpretation of the results, we gener- 
ally restricted ourselves to checking order-of-mag- 
nitude agreement between the measurements and 
simplified models. 
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2. EXPERIMENTAL SETUP 

The excitation source is a flashlamp-pumped tun- 
able dye laser with a peak power of  several kilo- 
watts [11].  Pulse duration is 1 /asec and repeti- 
tion rate is approximately 1 Hz. The full width at 
half maximum (FWHM) of the spectral laser pro- 
file was determined to be 140 mA at 5890 A; this 
width exceeds atomic linewidths in flames by a 
factor of  two to three [12].  Rough tuning of  the 
laser is carried out by tilting an interference filter; 
fine tuning is done with a Fabry-P6rot etalon. 
Dyes used are Rhodamine 6G dissolved in metha- 
nol, and a mixture o f  Rhodamine 6G and Cresyl- 
violet dissolved in methanol. 

The flame is a stoichiometric H2-O2-Ar flame 
at atmospheric pressure and a temperature of  1800 
K. The burner is of  the Mdker type and has a man- 
tle flame to prevent infusion of  the surrounding 
air. The flow system is identical to that described 
in [13].  

The laser beam traverses the flame at a height 
of  10 mm above the combustion zone. The diam- 
eter of  the cylindrical flame at this height is 15 
mm. A small part of  the laser beam is split off  for 
power monitoring. Power calibration is derived 
from a pyroelectric detector. 

Ionization signals are detected with two iridium 
wires with a rectangular cross section of  0.1 × 0.5 
mm 2 which are suspended in the flame in the 
vicinity of  the laser beam (see Fig. 1). These probes 
proved to be highly corrosion-resistive, even with 
excess O2 present in the flame, and showed no 
deterioration even after several hundreds of  hours 
of  operation. A voltage of  300 V is maintained be- 
tween the probes and ionization signals appear 
across a load resistor which is followed by an im- 
pedance transformer. 

Fluorescence light is collected by a quartz lens 
which images a portion of  the irradiated flame 
volume onto the slit of  a grating monochromator.  
With the slits set at 1 mm, this monochromator 
has a bandwidth of  23 A (FWHM). A photomult- 
iplier detects the visible and UV light at the exit slit 
of  the monochromator.  The electric signals from 
the probes, the photomultiplier, and the power 
monitor are processed by gated integrators whose 
outputs are displayed on x-t recorders. The mea- 

surement of  the total charge contained in an ioni- 
zation signal is facilitated by the gated integrators 
and we assume that the signals measured in this 
way are proportional to the time-averaged density 
of  charged species in the excited volume. 

The various detector outputs can be observed 
two at a time on a true dual-beam oscilloscope 
which has a rise time of  10 nsec. The relative 
spectral response of  the light-detection system has 
been determined with the aid of  a calibrated 
tungsten-filament lamp. The bulk displacement of  
the flame gases during the microsecond laser pulse 
is of  the order o f  10/~m. 

3. RESULTS AND DISCUSSION 

3.1. General 

The laser was tuned to several one- or two-photon 
transitions of  sodium and the resulting ionization 
signals were detected as a function of, e.g., probe 
voltage, laser tuning, sodium concentration, and 
free molecular oxygen concentration of  the flame. 
The simultaneous recording of ionization and 
fluorescence signals facilitates a direct comparison. 

Saturation and saturation broadening were ob- 
served with both one- and two-photon excitation. 
Detailed information concerning the observed sat- 
uration may be found in [10]. 
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Fig. 1. Probe and laser-beam configurations used. Small 
circle: cross section of the laser beam whose diameter is 3 
mm approximately if laser is not focused; heavy lines: 
probes; dashed lines: outline of the inner flame; hatched 
area: burner head. Fluorescence is detected at right angles 
to the laser beam and the field of view of the detection 
system is kept sufficiently clear by bending the probes 
slightly. (a) Unfocused beam striking the negative probe. 
(b) Unfocused beam striking both probes. (c) Focused 
beam, with diameter of 0.1 mm approximately, bypassing 
the probes. 
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From the fact that no variation of  the fluore- 
scence signals was observed whether the probes 
were in the immediate vicinity o f  the excited vol- 
ume or not, we infer that the population distribu- 
tion o f  the excited levels was not noticeably af- 
fected by the presence o f  the probes. From the 
ionization signals obtained with a blank solution 
nebulized into the flame and the laser on reson- 
ance with various one- or two-photon transitions, 
we conclude that the contribution of  natural flame 
electrons and impurity sodium ions to the ioniza- 
tion signals is negligible. A sodium solution con- 
centration o f  25601ag/mliter was used throughout 
the experiments with the exception of  those re- 
ported in Section 3.4. In most cases, we used the 
UV line of  the 4P-3S transition to monitor the 
population of  the higher levels, primarily because 
of  the excellent signal-to-noise ratio of  this line. 

3.2. Probes 

Because of  the irregular shape of  the probes, we 
restrict ourselves to a phenomenological descrip- 
tion and qualitative considerations; probe theories 
at elevated pressures are complex, even for probes 
with spherical or cylindrical shapes [4]. 

We briefly investigated the behavior of  the 
probe signals when the probes were in different 
configurations, both with respect to each other 
and with respect to the excited volume. In the 
configuration of  Fig. l(a), the laser beam has a 
diameter of  approximately 3 mm (unfocused) and 
strikes the negative probe, the latter being at a 
distance of  10 mm from the positive probe, which 
is well outside the laser beam. The time-integrated 
ionization current as a function of  the distance d 
between the probes is shown in Fig. 2; the probe 
which is exposed to the laser beam, being tuned to 
the Na(3S-3Pa/2) transition, has a fixed position 
with respect to this beam and is at the same poten- 
tial as the burner head. When the fixed probe is 
negative (with respect to the movable probe), the 
measured charge is almost independent of  d, but 
when the fixed probe is positive, a considerable 
drop occurs with increasing d. This observation 
shows that the current is limited by the sodium 
ions, which obviously move too slowly to cross 
the space between the probes within the time that 
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Fig. 2. Ionization charge as a function of the distance d 
between the probes, measured with the probe configura- 
tion of Fig. l(a), where the lower probe is kept in a fixed 
position. The upper curve is obtained with the lower 
probe negative and the lower curve is obtained with the 
polarity of the probes reversed. The laser was tuned to the 
3S-3P3/2 transition of Na and the irradiance was 7 × 104 
W/cm 2. 

the gate of  the integrator is open (210  #sec); 
recombination might also prevent the sodium ions 
from reaching the negative probe. If we assume the 
mobility of  the sodium ions to be of  the order of  
2 c m 2 s e c - l V  - 1 ,  as is found in flames at atmo- 
spheric pressure [14],  we obtain 60 #m for the 
distance crossed within 10 #sec at a field strength 
of  300 V/cm. This distance is about twice the 
RMS distance crossed by these ions under the in- 
fluence of  diffusion. 

The comparison of  the results for the probe 
configurations of  Fig. l(a) and (b) offers the pos- 
sibility of  observing the effects of  electron capture 
by 0 2 in an oxygen-rich flame. Both kinds of  ne- 
gative charge carriers are able to reach the positive 
probe in the case of  Fig. l(b), whereas only the 
faster moving electrons can reach this probe in the 
case of  Fig. l(a) (see Section 3.5). 

The charge-voltage characteristic (cvc) of  the 
configuration of  Fig. l(a) was found to have a 
nearly constant slope of  one on double-logarithmic 
scales; the laser was tuned to the 3S-3Pzl 2 transi- 
tion of  Na and the irradiance was 18 kW/cm 2, 
which is far above the estimated saturation value 
of  22 W/cm 2 [15].  We infer that the plasma be- 
tween the probes behaves almost ohmically; from 
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the slope of  the cvc and the average current, we 
estimate the resistance of  the plasma to be of  the 
order of  1 M~. 

For two-photon excitation, the laser beam was 
focused down to a spot with a diameter of  approx- 
imately 100 /~m. To obtain an adequate signal- 
to-noise ratio it appeared necessary to locate the 
probes in the immediate vicinity of  the beam 
waist but in such a manner as not to obstruct the 
detection of  fluorescence light and avoid as much 
as possible the reflections of  laser light on the 
probes; these reflections may cause considerably 
more background in the fluorescence signal with 
a focused beam than with an unfocused beam. A 
geometry which reasonably satisfies the above re- 
quirements is shown in Fig. l(c). 

A time-resolved ionization signal resulting from 
excitation o f  the 3S-3D two-photon transition is 
given in Fig. 3. The ionization pulse is seen to de- 
cay somewhat slower than the laser pulse, proba- 
bly as a result of  the slowing down of  the recom- 
bination rate after the cessation of  the laser pulse. 

With the probes at a distance of  approximately 
1 mm from each other, we observed that bias 
voltages in excess of  approximately 400 V pro- 
duced breakdown of  the flame plasma between the 
probes; breakdown currents were in the order of  
100 A. 
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Fig. 3. Time-resolved pulse shapes obtained with 3S-3D 
two-photon excitation and the probe configuration of 
Fig. 1(c). A Tektronix 556 dual-beam oscilloscope was 
used, with the time base set to 1 #sec/div. Lower trace: 
laser pulse, irradiance 4 × 103 kW/cm 2. Upper trace: 
ionization signal as detected by the probes. The ringing 
preceding the pulses is due to pickup of RF noise which 
is produced by the spark gap which fires the laser. 

3.3. Fluorescence Excitation and Ionization Prof'lles 

Profiles o f  ionization and fluorescence signals are 
obtained when the laser is varied across an atomic 
resonance (see [1]). 

Figure 4 shows the fluorescence-excitation pro- 
file and ionization prof'tle of  the Na(3S-3P3/z) 
transition, obtained with the probe configuration 
of  Fig. l(b). The width of  the ionizationprofiles 
is seen to be significantly different from the width 
of  the fluorescence profile, and both profiles ap- 
pear to be broader than 140 mA, which is the 
width of  the spectral-laser profile. As shown else- 
where [10],  the broadening of  the fluorescence- 
excitation profile is due to the dependency of  the 
absorption coefficient on the laser irradiance as 
well as on the laser tuning (so-called saturation 
broadening). 

Fluolescence excitation and ionization prof'des 
of  two-photon transitions, obtained with the 
probe configuration of  Fig. l(c), show qualita- 
tively the same behavior as the profiles of  Fig. 4. 
Beam focusing and appropriate tuning also pro- 
duce excitation of  the 3P1/2-5S and 3P3/2-5S 
one-photon transitions; the profiles obtained with 
the latter excitations show a similar difference in 
width between the ionization and excitation pro- 
files as found in Fig. 4. 

In all profile measurements, whether they are 
done with one- or two-photon excitation and re- 
gardless of  the probe configuration, laser power, or 
fluorescence monitor, the width of  the ionization 
profile exceeds that of  the fluorescence-excitation 
profile. This difference in width may be explained 
as follows: we assume the ionization to proceed 
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Fig. 4. Simultaneously recorded ionization profile (upper curve) and fluorescence- 
excitation profile (lower curve)obtained with the laser being tuned across the 3S-3P 3/2 
transition. Probe configuration was that of Fig. l(b); irradiance of the pulsed laser: 
5 × 10 4 W/cm2; fluorescence monitor: 4P-3S transition. The dashed curve represents 
the square-root of the fluorescence curve. Both curves are normalized to a peak value 
of unity. 

according to the single-step endoergic-ionization 
process 

Na* + Z ~ N a  + + e -  + Z (1) 

where Na* represents an excited Na atom whose 
number density, [Na*], is enhanced appreciably 
above its thermal value as a result of  laser excita- 
tion; Z denotes an arbitrary flame-gas atom or 
molecule. The excited state involved is not neces- 
sarily limited to the directly laser-excited state. 
Due to collisional redistribution of  the population 
of  the Na levels [ 1 ] ,  other levels below and above 
the directly excited state might also contribute to 
the ionization. If  we assume that the populations 
of  those excited levels (Na*) which occur in Reac- 
tion (1) are proportional to the population of  the 
laser-excited level, [Na0], we may express the 
ionization rate Ri o (number of  ionizing collisions 
per second and per cm 3) by 

RiO = kiO [NaO] 

where ki O is a pseudo-first-order ionization rate 
constant (in sec - 1 )  referring to the laser-excited 
level population. 

Recombination is assumed to occur through the 
reverse single-step process 

Na + + e - + Z - > N a + Z  

where the neutral Na atom may be in any (excited 
or ground) state. We have neglected radiative re- 
combination processes, because at atmospheric 
pressure, collisions may be assumed to be domi- 
nant. The rate o f  recombination R r can be de- 
scribed by 

n~ = kr(T)[Na + ] [ e - ] .  (4) 

Here we have assumed that the pseudo-second- 
order recombination rate constant kr(T) (in cm 3 
sec - a )  is not affected by the laser excitation of  
the neutral atoms and equals its thermal value at 
flame temperature T. 

If  the Reactions (1) and (3) equilibrate each 
other during the laser pulse, we have RiO = Rr, 
from which we obtain an effective Saha equation 

[Na + ] [ e - ] / [ N a  ~1 = kiO/k,(T) - KiO. (5) 

Ki O is defined here as an effective ionization con- 
stant corresponding to the effective ionization (2) 
energy EiO (see below). We assume the partially 
ionized flame volume to be electrically neutral as 
a whole, thus [Na +] = [ e - l ,  which gives, upon 
application to Eq. (5) 

[Na + ] = (giO [Na o ] )1/2. (6) 

If  the population of  the fluorescence monitor 
(3) level [Na m ] is assumed to be proportional to that 
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of the laser-excited level [Na¢], it follows that 
the ion concentration is proportional to the square 
root of the population of the monitor level; a be- 
havior which is in semiquantitative agreement with 
the experimental profiles of  Fig. 4. 

If we suppose that the majority of the excited 
levels lying between the laser-excited level and the 
ionization continuum are in partial Boltzmann 
equilibrium at the flame temperature T[1],  ki q~ 
might be conceived as a quasi-thermal ionization 
rate constant, ki~(T ). In analogy with the experi- 
mental behavior of the true thermal ionization rate 
constant we might expect ki~'(T) to contain an 
activation energy factor exp [-EiO/kT], where 
EiO is the ionization energy as counted from the 
laser-excited level and k = Boltzmann's constant. 
The latter level acts as a quasi-ground level because 
of the saturation. The effective ionization constant 
Ki ~ in Eq. (5) might then be identified with a quasi- 
thermal ionization c o n s t a n t  KiCk(T) which exceeds 
the true thermal Saha constant, Ki(T), by a factor 
of the order of e x p  [EexceP/kT], where E e x e  q~ = 

E i --EiO;E i = ionization energy as counted from 
the ground level; E e x c  0 = excitation energy of the 
laser-excited level. (We have ignored complications 
which might arise from the appearance of partition 
functions in the statistical-mechanical expression 
of the true thermal Saha constant.) 

3.4. Dependence of the Ionization Signal on the 
Na Solution Concentration 

The equilibrium degree of ionization of a given 
species is known to depend on the total concen- 
tration of that species in the flame. In order to 
observe the behavior of the degree of ionization 
under conditions of laser irradiation, the laser was 
tuned to the 3S-3P3/z transition of sodium and 
the probe configuration of Fig. l(a) was used. Dif- 
ferent Na solution concentrations were sprayed 
into the flame and the resulting ionization signals 
divided by the corresponding Na solution concen- 
trations are plotted against those concentrations 
(see Fig. 5). With increasing concentrations, the 
value of the slope of the double-logarithmic curve 
is seen to approach the value -0 .5 .  This behavior 
is consistent with the effective Saha equation (6). 

To show this, we define the degree of ionization/3: 

/3 = [Na+]/[ Na] t (7) 

where [Na] t denotes the total concentration of 
free sodium atoms and ions 

[Na]t = [Na °] + [Na~'] + [Na+], (8) 

and [Na °] and [Na ¢] are the concentrations of 
sodium atoms in the ground- and laser-excited 
states; we assume that the concentration of the 
atoms in other states is negligible. ~ is proportional 
to the ordinate value of Fig. 5 if we assume the 
probe signal to be proportional to [e-]  = [Na ÷] 
and [Na] t to be proportional to the Na solution 
concentration. The latter proportionality holds, in 
good approximation, also when NaOH is formed, 
if the fraction of ionized sodium is small. We de- 
fine the relative population of the saturated level, 
e, as follows: 

[Na¢] 
e = (9) 

[Na ~] + [Na °] 

From Eqs. (6)-(9), we obtain 

[32 cKi~P 
- -  = - -  ( 1 0 )  
1 - - / 3  [ N a ]  t 

For [Na] t >> Ki ca, we have/3 ~ 1 and consequently 

(11) 

Thus the slope of -0.5 of the asymptote in Fig. 
5(a) indicates that [Na]t is such that/3 ~ 1 or 
[Na ÷] ~ [Na] t. For [Na]t "~ eKi O, we expect 
from Eq. (10) that /3 tends to unity and thus be- 
comes independent of the Na concentration. We 
note that Eq. (10) remains valid also when Na 
compounds are formed, if we use the same defini- 
tion of [Na] t as in Eq. (8). 

A curve similar to that obtained with one-photon 
excitation was obtained with two-photon excita- 
tion and is shown in Fig. 5(b). As the latter curve 
also exhibits an asymptotic slope of -0 .5 ,  it might 
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Fig. 5. Ratio of ionization signal to sodium solution concentration plotted against the 
sodium solution concentration (in ppm = ug/mliter) on double-logarithmic scales. The 
dashed line has the theoretically expected slope of -0.5 for large sodium solution con- 
centrations at which the degree of ionization is small. (a) Laser tuned to the 3S-3P3/2 
transition; probe configuration of Fig. l(a); irradiance: 4 × 104 W/cm 2. (b) Laser 
tuned to the 3S-5S two-photon transition; probe configuration of Fig. l(c); irradiance: 
9X 10 3kw/cm 2. 

be inferred that,  even with two-photon excitat ion,  
the degree of  ionization is small for concentrations 
in excess of  lO0/ag/mliter approximately.  

From Eq. (10), we conclude that the transition 
from the horizontal  asymptote at low Na concen- 
trations to the asymptote  with slope - 0 . 5  at high 
concentrations is marked by [Na] t ~- eKi¢. In our 
case, e will be of  the order of  0.5. If  partial Boltz- 
mann equilibrium would exist for all or most of  
the levels above the laser-excited level,Ki~'(T) is ex- 
pected to be of  the order ofKi(T)  exp [+Eexe~/kT]. 
Thus we expect  Ki~(T) ~ 4 X 1011 cm - 3  and 
3 × 1017 cm - 3  at T = 1800 K with the 3P level 
and the 5S level, respectively, being taken as the 
quasi-ground level. It appears from Fig. 5(a) that 

the transition between the low-concentration and 
high-concentration asymptotes occurs at a sod- 
ium solution concentration of approximately 
100pg/mli ter  which corresponds to a value of 
[Na] t of  the order of  1012 cm - 3  [16].  This out- 
come seems to agree roughly with the value of  
Ki~(T) estimated above for the 3P level. However, 
the observation from Fig. 5(b) that for the 5Slevel, 
the transition between the two asymptotes occurs 
approximately at the same concentration is at 
variance by six orders of  magnitude with the above 
estimate of  Kiq~(T) for the 5S level. We must thus 
conclude that the above quasi-thermal model  for 
collisional ionization from saturated levels is an 
oversimplified one. Complications that may pre- 
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clude a quantitative application of this model are: 

i) Absence of a quasi-Boltzmann equilibrium 
for the levels above the saturated 3P or 5S level. 

ii) In the case of 3P-level saturation, the ioniza- 
tion rate might be enhanced by collisional ioniza- 
tion from the higher 5S level which could be popu- 
lated through additional one-photon laser excita- 
tion in the collisionally broadened wing of the 
3P-5S transition (see also Section 3.6). 

iii) The gain in activation energy factor for 
collisional ionization from the 5S level when com- 
pared to that from the lower 3P level might be 
partly offset by a possible decrease in ionization 
cross section with increasing principal quantum 
number n. It is noted that for the quenching of 
higher excited sodium states by various gases, a 
maximum occurs in the cross sections with increas- 
ing n [17, 18]. Gounand et al. [19, 20] have 
argued, on the basis of theoretical work by Smir- 
nov [21], that the ionization cross sections are 
small compared with the quenching cross sections. 

iv) The ionization- and fluorescence-pulse 
measurements are averages over time as well as 
over space, whereas the relative population of 
the saturated level, e, and the degree of ionization, 
/3, vary with place as well as with time. 

v) Ambipolar diffusion of the Na ÷ ions out of 
the focused laser beam used in the two-photon ex- 
citation of the 5S level might depress the (average) 
value of [Na ÷] . The diffusion coefficient D for Na 
atoms or ions in flames as used by us is about 10 
cm z sec - 1  [22]. Since the ambipolar diffusion 
coefficient is twice that of the corresponding ion, 
we estimate that a sodium ion covers an RMS 
distance (r± Z) l  / 2 = (8Dt)l !2 ~ 100/lm perpendicu- 
lar to the beam axis during the time t of the laser 
pulse (=1 /~sec); the diameter of the focused beam 
is of the same order of magnitude. One might thus 
expect a loss in ion density due to ambipolar dif- 
fusion here [23]. Ambipolar diffusion in the case 
of one-photon excitation of the 3P level can, how- 
ever, be neglected, as focusing was not applied 
here. 

vi) The expected formation of NaOH might re- 
duce the value of [Na]t ( - [Na]  + [Na+]) by one 
order of magnitude. 

3.5. Dependence of the Ionization and Fluore- 
scence Signals on the Free Oxygen 
Concentration of the Flame 

Since molecular oxygen is known to have a posi- 
tive electron affinity [24], it seems interesting to 
investigate the behavior of the ionization and 
fluorescence signals as a function of the free 
oxygen concentration in the flame. This experi- 
ment was done with the laser tuned to the 3S- 
3Pa/z transition and the probe configuration of 
Fig. l(b). In Fig. 6(a) we plotted the observed 
ratio of ionization signal to fluorescence signal 
(from the monitor level Na m) as a function o f  
the calculated free-O 2 concentration in the flame. 
We assume this ratio to be proportional to [Na +] / 
[Nam], which in turn can be used as a relative 
measure for the degree of ionization, /3, under 
saturation conditions, since we observed that/3 ,~ 
1 in the stoichiometric point and at the high sodium 
solution concentration (2560/ag/mliter) utilized. 
Thus the behavior of the curve of Fig. 6(a) might 
be explained as an increase of/3 with increasing 0 2 
concentration. Since/3 increases with the effective 
ionization c o n s t a n t  Ki c~ [see Eq. (11)], we infer 
that the addition of free 0 2 to the flame results in 
an increase of KiO. An enhanced degree of ioniza- 
tion for excited Na atoms colliding with Oz was 
also suggested in [15] to explain the enhanced 
decay rate of the time-resolved fluorescence signal 
from the 3P level when the 02 concentration in 
the flame was increased. A similar change-be it 
less pronounced-was found by us in the time-re- 
solved fluorescence signal of the 4P-3S transition 
[see insert of Fig. 6(a)] upon the addition of O 2 
to the flame. 

We note that a reduction of [Na] t by the form- 
ation of NaOz and NaOH might also (partly) ex- 
plain the increase of/3 with increasing 02 concen- 
tration [cf., Eq. (11)]. 

In order to explain semiquantitatively the ef- 
fect of 02, consider the following reactions 

Na~ + 02 ~ Na ÷ + 0 2 -  (12a) 

0 2 -  + Z  ~ 02 + e -  + Z  (12b) 

Na~ + O2 ~ Na + + e -  + Oz (12c) 
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Fig. 6. Effect of free 0 2 and H 2 molecules on the ioniza- 
tion with different probe configurations. The laser was 
tuned to the 3S-3P3/2 transition; irradiance: 5 × 10 4 
W/cm2; fluorescence monitor: 4P-3S transition. (a) 
Ratio of the ionization signal to the fluorescence signal 
plotted against the partial pressures of free oxygen and 
tree hydrogen. Probe configuration used was that of Fig. 
l(b). Also shown are the fluorescence pulse shapes ob- 
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tained at two different partial 02 pressures: the left one 
close to the stoichiometric point, the second one at a 
partial 02 pressure of several percent. The former pulse 
reproduces the laser pulse whereas the latter does not. 
Time base is 1 /~sec/div. (b) Ratio of the ionization signal 
squared to the fluorescence signal is plotted against the 
partial pressures of free oxygen and free hydrogen. Data 
were those used for Fig. 6(a). (c) Ratio of the ionization 
signal to the fluorescence signal is plotted against the 
partial pressures of free oxygen and free hydrogen. The 
probe configuration used was that of Fig. l(a). 

where Z is an arbitrary flame-gas atom or molecule. 
I f  each one of  these reactions is equilibrated, we 
obtain, using [Na +] = [ e - ]  + [ 0 2 - ]  and elimin- 
ating [ e - ]  and [ 0 2 -  ] through the appropriate 
Saha laws, 

[Na+12/[Na ~1 = {1 + [02]/Kb(T))Kc¢, (13) 

with K,e~Kb(T) = Kc ~. Here Ka~ and Ke ¢ are the 
effective ionization constants of  the Reactions 
(12a) and (12c), respectively, under saturation 
conditions, defined in a similar way as Ki¢ in Eq. 
(5); Kb(T) is the equilibrium constant of  Reaction 
(12b), which is not  affected by the saturation. Ac- 
cording to Eq. (13), it might be of  interest to plot  
the ratio o f  the square of  the ionization signal (12 ) 
to the fluorescence moni tor  signal (F) against the 
calculated free-O2 concentration [see Fig. 6(b)] .  
The qualitative agreement with Eq. (13) is appar- 
ent: the ratio 12/F increases roughly linearly with 
free-O 2 concentration. We note that Eq. (13) re- 
mains strictly valid when NaOH or NaO 2 is formed. 

A closer analysis of  the influence of  oxygen on 
the ionization and fluorescence signals should take 
into account:  i) the possible contribution of  the 
process: Na¢+ OH --' Na ÷ + O H -  to the ionization 
of  sodium; ii) the effect of  wing excitation of  the 
higher levels (see Section 3.6); iii) O -  formation;  
iv) the effect of  excess O z on the flame tempera- 
ture; and v) the quenching of  the fluorescence by 
O2. Capture of  free electrons by 02  molecules 
might explain the different dependence of  the ratio 
1/1;" on the calculated free-Oz concentration as 
shown in Fig. 6(c) for the probe configuration of  
Fig. l(a)  with the positive probe at a distance of 
several millimeters from the illuminated flame re- 
gion. The flattening of  the curve of  Fig. 6(c) ob- 
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served at increasing 02 concentration is possibly 
due to the current-limiting effect of  the slow O z -  
ions, which might have captured a substantial frac- 
tion of  the electrons. 

In Fig. 7 the ratio of  the ionization signal to 
the fluorescence monitor signal is plotted against 
the concentration of  N 2 molecules added to the 
flame. In contrast to the electron affinity of  O2, 
the electron affinity of  N z is negative, so that no 
effect on the degree of  ionization is expected upon 
addition of  N z, in agreement with the observation 
in Fig. 7. 

3.6. Dependence of the Ionization Signal on the 
Laser Excitation Mode 

The presumed exponential dependence of  the 
effective ionization constant KiO on the ioniza- 
tion energy Ei e~ as counted from the laser-excited 
level (see Section 3.3) was tested by measuring 
the relative ionization signal I with the laser being 
tuned successively to the 3S-3P3/2, 3S-5S, and 
3S-.4D transitions. These measurements were done 
in the stoichiometric flame at a constant irradiance 
of  9 X 10 a kW/cm 2 and with the probe configura- 
tion of  Fig. l(c). Estimates of  the relative popula- 
tions, [Na~], of  the laser-excited levels were ob- 
tained from fluorescence measurements and the 
known Einstein transition probabilities (see [25] 
for details). Assuming that these (nearly) saturated 

levels served as quasi-ground-state levels, we cal- 
culated relative Ki e~ values from the relative I and 
[Na~] values by using Eq. (6). 

The values o f  Ki 5s and Ki 4D appeared to be of  
the same order of  magnitude, as was expected 
from the small difference of  0.16 eV between the 
Ei~ values for these levels. However, Ki3P/gi 5s 
appeared to be larger by four orders of  magnitude 
than could be expected from the difference of  2.0 
eV between the corresponding Ei e~ values at T = 
1800 K. This discrepancy might be (partly) ex- 
plained by supposing that in the case of  the 3P- 
excitation mode, additional one-photon excitation 
in the collisionally broadened wing of  the 3P-5S 
transition occurred that raised [Na 5s] to about 
one hundredth of  [Na 3P] . This assumption is sup- 
ported by the observed relative fluorescence signals 
from the 3P and 4P levels (see [25] for a more de- 
tailed discussion). 

It should be noted that the ratio of  Ki e~ values 
obtained in this experiment when the laser was 
tuned to the 3P and 5S level, respectively, cannot 
be directly compared with the corresponding ratio 
estimated from the experiments described in Sec- 
tion 3.4. In the former experiment, a focused laser 
beam was used, in contrast to the experiments de- 
scribed in Section 3.4. This difference might have 
consequences because of  the effect of ambipolar 
diffusion on the ionic densities (cf., Section 3.4). 
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Fig. 7. Ratio of ionization signal to fluorescence signal is plotted against partial pres- 
sure of nitrogen added to the flame. The probe configuration used was that of Fig. 
l(a); the laser was tuned to the 3S-3P3/2 transition; irradiance: 4 × 104 W/cm2; the 
5S-3P transition served as fluorescence monitor. 
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3.7. Multiphoton Ionization Versus 
Collisional Ionization 

If  three-photon ionization of  the ground-state 
atoms by strong laser irradiation would be the 
dominant process, the quasistationary ion density 
would be expected to depend on the 3/2 power of  
the laser power. This follows from Eqs. (2) to (6) 
where we have to replace the ionization rate con- 
stant by a factor that is proportional to the cube 
of  laser power and [Na el by the Na ground-state 
density. Even with a fully saturated 3S-3P transi- 
tion, the quasistationary ion density would depend 
linearly upon the laser power, as two laser photons 
are required to raise the atom from the saturated 
3P state to the continuum state. We observed (see 
Fig. 8) that the ionization signal with the laser 
tuned to the 3S-3P3/2 transition and the probe 
configuration of  Fig. l(a), did follow the square 
root of  the laser power for low laser powers and 
tends to a constant value for higher laser powers. 
The latter behavior of  the observed ionization 
signals reflects the behavior of  the square root of  
the population density of  the 3P level, which acts 
as a quasi-ground level [cf., Eq. (6)] ; this popula- 
tion density is proportional to the laser power for 
low laser powers and saturates with increasing laser 
power. Besides, should multiphoton processes play 
an appreciable role, then the dependence of  the 
degree of  ionization on the free oxygen concentra- 
tion as reported in Section 3.5 would be hard to 
understand. 

We therefore conclude that the contribution of  
multiphoton processes to the observed ionization 
signals is negligible when the laser is tuned to the 
3S-3P transition. 

3.8. Associative Ionization Versus 
Collisional Ionization 

In the case of  saturation of  the 3P level, a possible 
ionization mechanism could be the associative 
reaction 

Na (3P) + Na (3P) ~ Na2 + + e -  (14) 

which is about thermoneutral ifNa2 + is formed in 
the ground state. The effective cross section for 
this reaction is of  the order of  5 × 10 -18  cm 2 
at a relative velocity of  4 × 104 cm sec - 1 ,  as de- 
termined recently in an atomic beam experiment 
at our laboratory with laser-excited Na atoms in 
the 3P level [26].  Using this cross-sectional value 
and the estimated (maximum) density of  Na atoms 
in the 3P level (about 10 a3 cm-3) ,  one calculates 
that the rate of  process (14) is less than the colli- 
sional ionization rate Ri 3P calculated with the aid 
of  Eq. (2), by two orders of  magnitude. In the lat- 
ter calculation, we have used the known thermal 
ionization rate constant, ki°(T), for ground-state 
Na atoms in similar flames at T = 1800K [2] and 
the estimated ratio of  the quasi-thermal rate con- 
stant ki3P(T) to k i°( r ) ,  given by exp [+Eexc3P/ 
kT] (cf., Section 3.3). 
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Fig. 8. Ionization signal as a function of the laser power on double-logarithmic scales. 
The laser was tuned to the 3S-3P3/2 transition and the probe configuration of Fig. 
l(a) was used. The dashed line has a slope of 0.5. 
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Moreover, in the case of  process (14), one 
would expect that the ionization signal, under 
quasistationary conditions, is not proport ional  to 
[NaaP] 1/2 but to [Na3P], asRi 3P occurring in Eq. 

(2) would then be proport ional  to [Na ap] 2. This 
expectation is at variance with the observed de- 
cline of  the ionization signal per unit Na concen- 
tration with increasing Na concentration in Fig. 
5(a). Finally, the marked dependence of  the ioni- 
zation signal on the free-O 2 concentration (see 
Fig. 6) could then not be explained. 

Therefore we conclude that associative ioniza- 
tion from the 3P state did not play a competitive 
role in the laser-induced ionization under our ex- 
perimental conditions. 

4. CONCLUSIONS 

Tuned to one- or two-photon transitions of  the 
sodium atom, a laser, with a pulse duration of  ap- 
proximately 1 /~sec and irradiances ranging from 
40 kW/cm 2 to 4 × 104 kW/cm 2, considerably 

enhances the ionization rate of  these atoms in 
atmospheric-pressure flames of  about 1800 K. A 
pair of  biased iridium probes proved to be a suit- 
able means to detect  the ionization in the small 
laser-irradiated region of  the flame. 

The larger width of  the ionization profiles as 
compared to that of  the fluorescence excitation 
profiles, obtained by detuning the laser, is explained 
qualitatively by the assumption of  an effective 
Sahaequil ibrium during the laser pulse. This 
equilibrium is based on the balance between the 
collisional rate of  ionization from the saturated 
Na level and the thermal collisional recombination 
rate. This effective Saha equilibrium may also ex- 
plain the dependence of  the ionization on the 
sodium solution concentration. From this depen- 
dence it follows that the degree of  ionization is 
small for sodium solution concentrations in excess 
of 100/ag/mliter approximately,  corresponding to 
a total density of  about 1012 Na atoms per cm 3 
in the flame. 

The presence of  free 02  molecules in fuel-lean 
flames appears to shift the effective Saha equili- 
brium in the direction of  increasing ionization de- 
gree, whereas the addition of  N 2 in comparable 
concentrations does not have this effect. The dif- 
ferent effects of  02  and N 2 can be qualitatively 

understood from the positive electron affinity 
of  02 ,  contrasted with the negative electron 

affinity of  N 2. 
When the laser is tuned to the 3S-3P transition, 

additional one-photon excitation in the collisionally 
broadened wing of  the 3P-5S transition can ex- 
plain why the ionization signal with the saturated 
3P level is much higher than would be expected 
from the activation energy factor for this level. 

From the dependence of  the ionization signal 
on the laser irradiance we conclude that the con- 
tribution of  mult iphoton ionization directly from 
the ground state or first excited state is negligible. 

Also the contribution of  associative ionization 
from the saturated 3P level appears to be negligible 
in our flames; this outcome supports the cross- 
sectional value for the latter process recently found 
in atomic beam experiments at our laboratory.  

The authors are indebted to Dr. P. J. Th. Zeegers 

for his comments and reading o f  the manuscript. 
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