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Abstract: A review is presented of recent experiments and diagnostics based on Stark broadening of hydrogen Balmer
lines in laser-induced optical breskdown plasmas. Experiments primarily utilize pulsed Nd:YAG laser radiation at
1064-nm and nominal 10 nanosecond pulse duration. Analysis of Stark broadening and shiftsin the measured H-alpha
spectra, combined with Boltzmann plots from H-al pha, H-betaand H-gammalinesto infer the temperature, is discussed
for the electron densities in the range of 10® — 10'° cm~2 and for the temperatures in the range of 6,000 to 100,000 K.
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1. INTRODUCTION

L aser-induced optical breakdown (LIOB) in atmospheric-
pressure gases with nominal 10 nanosecond,
100 milliJoule/pulse laser radiation usually causes
generation of electron number densities in the order of
10%° cm~2 and excitation temperatures of 100,000 K
(= 10 eV). The time-varying electron density (N,) and
electron excitation temperature (T,) during the plasma
decay can be inferred using Stark-broadening of the
H-atom spectra and so-called Boltzmann plots,
respectively.

The literature on Stark broadening of spectral lines
in plasmas is too voluminous to be cited here. We point
out only books devoted partially [1-4] or completely
[5, 6] tothis subject. One can usereviewsof theliterature
in these books, especially in the three latest ones
[3,4,6].

From the practical point of view, the most useful are
Stark Broadening Tables (SBT). The earliest SBT from
Griem's books [1, 5] were based on the quasistatic
approximation for the ion microfield, the impact
approximation for the electron microfield, and on the
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assumption of no coupling of any kind between the ion
and electron microfields (hereafter called Griem's SBT/
theory). The SBT for hydrogen lines, where the ion
dynamicsand some (but not all) of the couplings between
the two microfields have been taken into account, were
obtained by simulations and published by Gigosos and
Cardefioso [ 7] and by Gigosos, Gonzélez, and Cardefioso
[8] referred hereafter as the SBT/simulations by GC/
GGC. More advanced SBT, based on the accurate
analytical treatment of the ion dynamics and of all
couplings between theion and electron microfields, were
published in 2006 by Oks [6, 9]. Oks' SBT/theory
provided the best agreement with al available benchmark
experiments.

Therefore, our analysis of the experimental Balmer
lines observed from L1OB plasmas was based primarily
on Oks' SBT/theory. For illustrating the significance of
the theoretical progress, we provided also the
corresponding results deduced by using Griem's SBT/
theory. In some publicationswe employed also the SBT/
simulations by GC/GGC for comparison with the
corresponding results based on Oks' SBT/theory.

Application of plasmadiagnosticsfor laser-induced
optical breakdown (LI1OB) for gaseous H, was explored
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in the mid-sixties [10]. A pulsed ruby laser at 694.3 nm,
30 nanosecond pulse width and 200 milliJoul &/pul sewas
utilized for LIOB in a pressure range of 1 to 70 atm.
For atmospheric pressure H,, electron densities of
4 x 10'® cm~3 were inferred from Stark broadening, and
excitation temperatures of 20,000 K from line-to-
continuum measurements[ 10, 11]. Determination of N
using rel atively large Stark-broadening of the H-atomwas
further applied by various groups[12-17].

Plasma spectroscopy techniques[18] following LIOB
have found an amazing renaissance recently. Laser-
Induced Plasma Spectroscopy (LIPS) and/or Laser-
induced Breakdown spectroscopy (LIBS) is now a
valuable technique for determining elemental
composition with the ability to analyze solids, liquids
and gases with little or no sample preparation, suitable
for on-site analyses [19]. The success of LIBSisin part
dueto the ease of availability of nominal 10-nanosecond
Nd:YAG laser radiation from compact devices. Severa
other laser sources however have been historically
applied for generation of micro-plasmawith subsequent
measurement methods based on use of atomic emission
spectroscopy [20]. Recent interest includes applying dual -
and multi- pulse excitation for the purpose of increasing
sensitivity of LIBS [21]. Examples of advantages of
multi-pul se excitation include an increase of the plasma
volume or plasma reheating by the second pulse, in turn,
enhancement of detection limits for LIBS 10- to 100-
fold and/or adecreasein rel ative standard deviation when
comparing single- with double- pulse bursts [22].
Following short-pul se uv-excitation a CO, laser may be
used to enhance detection from a distance of atomic and
molecular species [23]. Some applications are also
designed with eye-safety in mind, required for remote
and/or field-safe LIBS systems|[24]. Applications of CO,
lasersalso include aerosol measurements[25]. In several
of LIOB and/or LIBS studies hydrogen emission spectra
can bediscerned, allowing oneto extract number density
and excitation temperature. Subsequent occurrence of
molecular recombination spectra allows one to further
characterizelaser-induced micro-plasma[26]. Moreover,
increased interestsin applications of LIBS are noted in
Europe and North America as can be seen in the
frequencies of annual meetings, e.g., Euro-Mediterranean
Symposium on Laser Induced Breakdown Spectroscopy
(EMLIBS) or North American Symposium on Laser
Induced Breakdown Spectroscopy (NASLIBS) over and
above annual or semi-annual meetings on the subject,
such as L aser-Induced Breakdown Spectroscopy (LIBS)
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conference or Laser Applicationsto Chemical, Security
and Environmental Analysis (LACSEA). Fundamental
results in both experiments and theory are of continued
interest in application driven technol ogies.

In this work, we discuss time-resolved laser
spectroscopy techniques to characterize the temporal
evol ution of the electron number density and the electron
temperature of a micro-plasma generated by laser-
induced optical breakdown in pure hydrogen gas [27].
Electron temperature can beinferred from Balmer series
Boltzmann plots, provided that the Balmer series lines
are well discernable [28]. The electron density can be
determined from hydrogen Balmer-alpha and Balmer-
beta lines using SBT described above. Experimental
studies are reviewed of laser-generated micro plasma,
including shadowgraph and time-resolved spectroscopy
measurements [ 27 —29]. Comparisons are elaborated of
Oks's SBT/theory and earlier SBT/theories. Discussed
are also LIOB of aluminum [30, 31] and applications of
H-alpha, H-beta, and H-gamma (H,: 6562.8 A,
Hy: 4861.4 A, H - 43405 A) diagnostic of LIOB in
methane [32 - 34]. Recent work on hydrogen-betafurther
elaborates details of the Stark-broadened emissions,
including asymmetries in the double-peak Hg
spectra[35].

2. EXPERIMENTAL DETAILS

For generation of amicro-plasma, alaboratory Nd: YAG
laser operated at the fundamental wavel ength of 1064 nm
was used. For the hydrogen plasma investigations, a
ContinuumY G680S-10 Nd: YA G with 150-mJ energy per
pulse and 7.5-ns pul se duration, wasfocused to typically
1,400 GW/cm? in a pressure cell that was filled with
gaseous hydrogen to a pressure of 810 + 25 Torr
(1.07 x 10° Pa) and 1010 + 25 Torr (1.07 x 10° Pa),
subsequent to evacuation of the cell with a diffusion
pump. In addition, a Coherent Infinity 40-100 Nd:YAG
laser with 50-mJ and 300-mJ pulse energy and 3.5-ns
pulsewidthwasfocused inlaboratory air to anirradiance
of typically 10,000 GW/cm?. Shadowgraph images [36]
of thelaser-induced optical breakdown phenomenawere
recorded using 308-nm pul sesfrom a6-ns pul sed excimer
laser. Optical breakdown thresholds are approximately
equal for laboratory air and for gaseous hydrogen slightly
above atmospheric pressure [36]. For 7.5-ns pulse width,
1064-nm Nd:YAG laser radiation, the measured air
breakdown threshold is 280 + 15 GW/cm?.
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Typical experimental arrangementsinclude scanning
spectrometer with photomultiplier or standard grating
spectrometer with adiode array or 2-dimensional Charge-
Coupled-Device (CCD) with anintensifier to temporally
resolve hydrogen Balmer series ?emission profiles. The
scanning spectrometer (Jobin-Yvon 0.64-m Czerny-
Turner) and photomultiplier (RCA C41034A)
arrangement, together with the Boxcar (EG and G Model
4402) allows oneto record the broad hydrogen Balmer-
alphaearly in the plasmadecay, with aspectral resolution
of 0.02-nm, and with a 2-ns temporal resolution. The
aternative arrangement includes an intensified diode
array detector (Princeton Applied Research Corporation
EG and G Model 1530-CUV) to record H,, Hy or H,
emission lines with a 6-ns gate for the intensifier.
Synchronization is usually achieved with several delay
generators (Stanford Research Systems Model DG535).

Shadowgraphs of optical breakdown in air were
recorded using a 308-nm back-light radiation source
(XeCl eximer | aser, 6-nspul sewidth) and astandard video
camera. Individual breakdown events were recorded on
tape. Subsequently, the imageswere digitized by the use
of image-capture software. Figure 1 shows selected
images of delaysupto 10 psof theback-light sourcewith
respect to Nd:YAG laser. The figure shows the
development intimeof the breakdown kernel andthe onset
and devel opment in time of the shockwave. The backlight
source was operated at 80 Hz; therefore, a super-
position of images at two time delays is shown: at the
indicated delay, and due to the double exposure at the
indicated delay plus 12.5 milli-seconds. The image size
is 3.6 x 4.8 cm. The shadowgraph technique allows one
to observe the second spatial derivative, conversely, the
Schlieren method reveal sthe refractive index gradient.

300m.J, 0 micro-s

Ailr Breakdown
Shadowgraphs

J0oOm.J, 1 micro-s

J00m.J, 5 micro-s

Aldlxr Breakdown
Shadowgraphs

J00mt, 10 micro-s

Fig. 1. Shadow graphs for time delays of At = 0 ps (top left), At = 1 ps (bottom left), At = 5 ps (top right), At = 10 us
(bottom right) for laser pulse energy of 300 mJ
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Thefocused laser irradiance can be estimated by use
of resultsfor Gaussian beam propagation [38]. Thefocal
spot diameter is d, = 2f *A , where A isthe wavelength,
and the f-number is defined by f* = f /D, with f the
focal length of the lens, and D the diameter of the laser
beam. For multimode laser radiation, the spot-size is
larger by afactor M (the so-called M factor) of typically
1.4for theY G680S-10 Nd: YAG 1064-nm |l aser radiation.
The depth of focus or confocal parameter is given by
22, = 6.28(f #)2)\. The focal volume is v, =19.2
(f #)4)\3.Thepeak irradianceis |, = Po/z(f #)\)2 , Where
Py =0.94 (Energy / pulse) /Ty iS the total power of
the beam, with 1, the full-width at half-maximum.
For example, focusing 3.5-ns pulse width, 300-mJ energy
per pulse, 1064-nmradiationwith f* =20 (10-cmfocal-
length lens, 0.5 cm laser beam diameter) leads to an
irradiance of = 10,000 GW/cm?, a peak power of 86 MW,
adepth of focusof 2z, = 0.25-cm (see extent of shadow
for =0 pstimedelay, Fig. 1topleft) inafocal volume of
3 x 10® cm?®. The peak electric field strength, E, of a
focused laser beamis calculated from E = 27.4,/1, , for
E in volts per cm and | in watts per square-cm [39]. A
maximum irradiance of 10,000 GW/cm? by way of
comparison is about 1/10 of the electric field strength
(of =2.8 GV/cm) that holds the hydrogen atom together.
For theindicated irradiances of 1,400 to 10,000 GW/cm?
and theelectric field strengths, plenty of optical radiation
from the laser-induced plasma is available for laser
induced breakdown spectroscopy. However, associated
with optical breakdown is the formation of a blast wave
that shows local speeds greater than 1km/s [40].
Spectroscopic data of the hydrogen Balmer lines were
collected up to 3 us after optical breakdown (see air-
breakdown shadowgraphs on right side of Fig. 1).
Typically molecul ar recombination emission spectra[41]
can be measured for time delays of the order of 1 to a
few 10's of microseconds after L1OB.

Figure 2, shows the measured Balmer Series
hydrogen-alpha line, recorded 5-ns after generation of
the optical breakdown plasma. The experimental
spectrum was recorded by scanning the spectrometer and
recording the signal with the photomultiplier. A 2-nsgate-
width was used for the Boxcar. The measured Stark width
amountsto 254 + 35 A, and the Stark shiftis27 + 6 A.

\
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Figure 3, shows the measured Balmer series
hydrogen-beta emission, 100-ns after optical breakdown.
The measured Stark width amounts to 178 25 A This
spectrumwas measured using thelinear diode array, with
a 6-ns gate-width of theintensifier.

G H,
2 1.0 - experiment ¢
.E o o T Gg‘:‘g&.‘goo
o ' ¥ ke
@ = o5 8 g0
— ;é‘) Of& @ Sac
‘ w»o ‘&'\:@ o
3 o %
o o Snotela 5 ° B8R
0.5 - Ggasia °
Tl B
§ e g
5 ns time delaz
2 ns gate widt
0.0

LI ] LI ] LI I LI I LI ]
6200 6400 6600 6800 7000
wavelength (A)

Fig. 2: Experimental hydrogen balmer-alphaline,
N,=85x 10 cm—3
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Fig. 3: Experimental hydrogen balmer-beta line,
N,= 6.2 x 10% cm=3

In investigations of aluminum optical breakdown
plasma[31], the hydrogen Balmer SeriesH  and Hg lines
were used as a measure for electron densities N.. The
experimental detailsof thiswork are: 45mJNd: YAGir,
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12-ns pulsewidth radiation resulting in apeak irradiance
of 300 GW/cm? on the aluminum target in a cell. The
irradiance level is approximately afactor 3 above LIOB
breakdownin air for thisparticular Q-switched Nd: YAG
laser beam. The cell was carefully evacuated and filled
to alevel of 100 Torr (0.13 x 10° Pa) hydrogen gas. The
timeresolved spectrawererecorded using a0.5 mActon
spectrometer with a 1200 groove/mm grating. For the
selected slit width the spectral resolution amounted to
0.27 nm. For the time-resolved work a 6-ns gate (or
intensifier) was used in conjunction with alinear diode
array and an optical multichannel analyzer.

8000

6000

4000

relative intensity

2000

655 660 665

wavelength [nm]

650

Fig. 4: Hydrogen-al pha emissions following auminum
LIOB. The measured spectra were recorded at time delays of 25,
30, 50, and 75 ns. Both width and shift of the H, line were used

[27] toinfer N, of 10 x 10* cm~3to 3 x 10* cm~3
for the indicated spectra (top to bottom)
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Wavelength and sensitivity corrected data were
smoothed using a21 point, second-order Savitzky-Golay
filter. Figures 4 and 5 show the results for hydrogen-
alpha and beta emissions early in the plasma decay.
Significant free-electron contributions are noted for the
indicated time delays At, specifically for At = 25 nsfor
H, and At = 75 nsfor H,. These recorded Balmer series
lines can be used in diagnostics applicationsfor materials
processing, viz. calibrations were provided for the
Stark-broadened and shifted, neutral aluminum lines
Al 1394.4 nmandAl | 396.15 nm. Stark-broadening for
these Al lines amounts to 0.52 + 0.08 nm and 0.61 *
0.08 nm, respectively; the measured shifts amount to
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Fig. 5: Hydrogen-beta emissions following aluminum LIOB. The
measured spectra were recorded at time delays of 75, 100, 150,
and 200 ns. The H; line was used [27] to infer N, of 4 x 101 cm~3
to 1 x 10'7 cm~3 for the indicated spectra
(top to bottom)
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Fig. 6: Hydrogen-gamma emissions in expanding methane flow at 2.7 x 10° Pa. Time delays (a) tyeia = 0-3 US (top), 0.4 s,
(b) tieia = 0.6 LS (top), 0.8 ps, (c) Loy = 1.2 US (top), 1.5 us, (d) tieay = 1.8 US (top), 2.1 us. Note presence of the C, d3l'lg - n,
swan system Av = 2 sequence for time delays > 1 psin Figs (c) and
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Fig. 7: Hydrogen-beta emissions in expanding methane flow at 2.7 x 10° Pa. Time delays (a) tyeia = 0-3 s (top), 0.4 s,
= 0.6 s (top), 0.8 s, (C) tyy, = 1.2 us(top), 1.5 ps, (d) tyy, = 1.8 us(top), 2.1 ps. Note weak (particularly near 490-nm)

presence of the C, M — I, swan system Av = 0 sequence for time delays > 1.5 psin Fig. (d)
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Fig. 8: Hydrogen-alpha emissions in expanding methane flow at 2.7 x 10° Pa. Time delays (a) tieiay = 0-3 US (top), 0.4 s,
(b) tieia = 0.6 S (top), 0.8 s, (c) tieay = 1.2 HS (top), 1.5 ps, (d) tia = 1.8 HS (top), 2.1 us

0.25+ 0.03 nmand 0.29 + 0.03 nm, for el ectron number
density of N, = 10 x 101" cm=3[31].

Applications of Stark-broadening include H-alpha,
H-beta, and H-gamma (H:6562.8 A, H,:4861.4 A,
H,: 4340.5 A) diagnostic of LIOB in methane [32-34].
Flgure36 8 show spectrafor H,, Hg and H, recorded in
expanding methaneflow at apressureof 2.7 x 10° Pa. For
theseexperiments, weused a100-nsgatewidth to evaluate
electron density following LIOB. A 100-ns gate (or
intensifier) limits somewhat study of early plasmadecay
due to the previously debated temperature variation
[27, 28] early in the plasma decay. Nevertheless, the
Boltzmann plot method was applied to extract
temperature. Figure 9, shows the inferred temperature
versustimedelay fromLIOB. Clearly, therearesignificant
uncertaintiesdueto useof incompleteatomiclineprofiles.
And of course uncertainties result from the temperature
gradient early after LIOB when agate-width of 100-nsis
utilized, indicated by the horizontal error bars.

- o NN eo

temperature [10* K]
()
I
1

At [us]

Fig. 9: Temperature versus time delay from LIOB, inferred from
Boltzmann plots. The vertical error bars reflect the uncertainty in
determining Boltzmann plots from incomplete line profiles
(seeFigs6-8)
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3. RESULTS

Theinitial analysisobtained by using Griem's SBT/theory
showed that the val ues of the electron density N, inferred
from the H, and H, widths agree with each other for
timedelaysof 0.2—0.5 psfollowing laser-induced optical
breakdown, i.e. for N, << 108 cm~3. However, for the
subsequent instants of time, i.e. for N << 10" cm~3, the
results obtained from the H, and H; line widths were
dramatically different up to afactor of 5.

The application of Oks' SBT/theory (including his
analytical calculations of Stark shifts) allowed obtaining
consistent resultsfromthe H  and H;; linewidths and the
H, line shifts for a much broader range of time delays
and densities: from 10* cm=2 to 3 x 10% cm~3. In

order of 10* cm~2 are expected away from the target
[42] and for timedelays up to several tens of nanoseconds.
Time-resolved measurements of aluminum breakdown
[31], using 100 Torr (0.13 x 10° Pa) and for time delays
of 25 ns to 200 ns shows electron densities of N =
10 x 10 cm=3 to 1 x 10* cm~3, inferred from H,
broadening and shifts. Typical values for H, Stark-
broadening and shifts, including inferred electron
densities, are summarized in Table 4. Table 5 shows H
Stark-broadening, electron density and Hg double-peak
separation.

Table3
H, widthsand inferred electron density

Time Delay (Us) H, Width (A) N, (10" cm~?)
particular, the values of N, as high as 10 cm~3 were ) . o
. . . ot 1-0.
determined from the H Stark width and Stark shift '
measurements. The electron densities up to almost 0.5 59+ 4 15
108 cm~2 were found from the H, measurements (the 1 30+3 0.59
Hg line cannot be used for measuring densities higher
than 10'® cm~3). Table 4
. . Linewidth (FWHM) and redshift for
Table 1, showstypical valuesfor theinferred el ectron . = 65628 nmof H line
density (N, fromtheH  width, Table 2 showsvaluesfor
N, from the H, red shifts, and Table 3 showsthevalues TimeDelay  H, Widih N~ H, Shift N
for N, from the Hy, width, [27] for the indicated time __[H9 [om]  [107em™)  [om]  [107cm™]
delay from generation of the optical breakdown micro- 0.025 81+20 12+5 055+008 10+3
plasma 0.030 725+10 10+5 054+005 9+3
Table 1
0.050 50+08  9+4 043+003 743
H, widths and inferred electron density
0.075 38+03 5+5 021+003 3+2
Time Delay (us) H Width (A) Ne (10" cm~3)
5 Table5
0.005 254 £ 35 /0-100 Linewidth (FWHM) and peak separation for
0.1 545+5 7-12 /. =486.14nmof H, line
055 145+15 13 Time Delay [us] H,Width [nm]  N_[10" cm ] Separation [nm]
1.05 8.67+0.8 0.56
0.075 12.3+2.0 4+04 37+20
Table 2 0.100 9.1+07 3+03 23+10
H  red shiftsand inferred electron density 0.150 50+05 2402 15+03
Time Delay (Lis) H  Shift (A) N, (10 cm ) 0.200 53+04 1+01 1.2+02
0.005 27+6 40-80 e .
However, noted are difficulties in using H-alpha
0.04 10=3 10-20 diagnostics due to thel arge free-el ectron background for
0.1 40+08 45-7 time delays of 25 ns. Resultsfrom H-beta measurements
05 07+05 15 indicate agreement within the experimental error bars.

Experimental studies of LIOB of solid aluminum
causes generation of typically 10%> cm~2 electron density
near the surface [42]. Measurements of densities in the

5 \

Measurements of H;, line widths pose problemsin solid
aluminum breakdown for N, =5 x 10" cm ™2,

Results of recent experimental work on optical
breakdown in methane [32-34] indicate agreement of
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H-alpha, H-beta and H-gamma measurements. Once
again, early in the plasma decay, the Boltzmann-plot
inferred temperatures [34] in the range of 30,000 to
10,000 K for delays of 0.4 to 2.1 psfrom LIOB, shows
relatively large errors dueto recording of incompleteline
profiles. The inferred temperature and uncertainties for
earlier delays of 0.2 and 0.3 s show relatively large
variations due to the choice of 100-ns gate-width aswell.
In addition, self absorption [34] is noted for recorded
line profiles early in the plasma decay. Tables 6 and 7
show selected results for the three Balmer linesH,,, Hg
and H,.

Table 6
Measured (FWHM) for H,, H; and H, linesin CH,
flow at 2.7 x 10° Pa

Time Delay [ps] H Width [nm] H  Width [nm] H Width [nm]

0.4 28x03 10.0+x0.9 11.0£ 20

0.6 21+03 8.1x0.7 8715

1.2 12+01 50+0.3 58+1.0

15 1001 41+0.3 52+10

1.8 0.79+0.1 3.6+02 50+ 10
Table 7

Deduced N from FWHM (Table6) for H ,H and H  lines

Time Delay H N, H, N, H N,
[us| [10Y em™) [10Y e [10Y ecm™)
04 5004 29+0.8 2407
0.6 30x04 2.2%0.6 19+£05
1.2 1.3+£02 11+05 11+£03
15 1.0+£02 0.79+0.3 092+03
18 072x0.1 0.68x0.2 0.90+0.3

The primary contribution inthe error barsoriginates
from experimental widths. Other contributions to the
error bars comprise uncertainty in the temperature and
the uncertainty in the reduced mass of the pairs
"perturber-radiator" the LIOB discharge occurs in
methane (CH,), so the perturbers could be not only
hydrogen ions (protons), but also carbon ions. The
reduced massis i = 0.5for thepairsH—H" or |1 =0.923
for the pairsH-C"and H-C™.

Detailed curve fitting [8, 43, 44] of the H-beta line
using line-profiles based on the so-called Vidal-Cooper-
Smith (VCS) unified theory shows deficiencies in
predicting the Hg center-dip. lon-dynamical correction

in the computational model [43] shows notable
improvementsin the residuals. Figure 10 showsatypical
result when using Ziki¢ et al. [43] computational model
curve fitting.

e
2]
c L
Q
e
=
8 0.5 -
N .
© _ ;
£ - & ]
L 1
o iR G
= h
0 Ww“m‘wumw —
PO ITRYRI TSNS NSNS S NSNS S NS T T ' P
480 482 484 486 488 490 492
% [nm]

Fig. 10: Results of H-beta fitting using symmetric profiles from
Zikic et al. [43]. Time delay from LIOB At = 2.0 ps, Ay = 3.2
nm, N,= 0.56 x 107 cm~3, T_= 1.2 x 10* K, reduced
mass 1 = 0.93

Theinferred electron densities al so agree when using
full-width-half maximum (FWHM) or full-width-half-
area(FWHA) for theH , Hg and H, lines[34]. Recently
predicted asymmetrical line profiles[35] for H-betaline
profiles show agreement with measured peak-separation
of the double-peak Hg profiles [27]. Applications of
hydrogen Balmer series measurements including spatial
and temporal characteristics of LIOB will be of continued
interest in LIBS and/or LIPS[18-21, 45—-49].

4. CONCLUSIONS

Measurements of the electron density of up to
10% cm~ were possible using the H,, spectral line. Use
of the H,, spectral line for determination of the electron
density is limited to approximately less than
6 x 10" cm~2 dueto thetypically by afactor of 4 broader
hydrogen-beta line than the hydrogen-alpha line, for
otherwise identical plasma conditions, and due to the
spectral proximity of other Balmer series lines such as
H;. Uncertaintiesin determining the electron temperature
early inthe plasmadecay, by use of Boltzmann plots, are
caused by extreme broadening and partial overlap of the
Hy. Hp and H,, spectral lines. In fact, values for the
temperature were determined only for time delayslonger
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than 0.25 s following optical breakdown. Thisin turn
results in uncertainties of the electron densities.

Use of Oks SBT/theory allows one to eliminate the
discrepanciesthat would result when using Griem's SBT/
theory to determine the electron density N fromH_ and
H, width measurements. Moreover, the values N
obtained from the H,, shift using Oks' theory also agrees
with the corresponding values of N inferred from the
widths. We note that the employment of SBT/simulations
by GC/GGC would still lead to noticeabl e discrepancies
between the values of N, deduced from H, and H, width
measurements.

Although the presented experimental resultsfor H ,
HB and Hy lines, with the use of Oks SBT/theory to
determine electron density, nicely agree within the
experimental errors, further experimental studies are of
interest— for example, designing a modified setup that
ideally would measure simultaneously spectrally and
temporally well-resolved Balmer-series hydrogen lines
subsequent to laser-induced optical breakdown. In the
studies presented here emphasiswas on the early plasma-
decay, with line-widths significantly larger than
instrument or Doppler widths. So, to further address
discrepanciesthat might exist at the lowest experimental
density range, or for time delays longer than 2 ps from
optical breakdown, highly spectrally and spatially
resolved data are desirable. Yet in turn, the onset of fluid
physics phenomena, as can be seen from the
shadowgraphs, will pose experimental challengesdueto
development of expected electron density gradients as
the plasma expands.
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