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Spectroscopic Investigation of Laser-Initiated

Low-Pressure Plasmas in Atmospheric Gases

I. INTRODUCTION

The subject of laser-initiated breakdown of gases nas been of interest since the

early application of lasers. Excellent articles have been published on some phases

of this subject and Morgan has reviewed the important results of the early work.

The vast majority of the work has involved investigation of the energy coupling and

breakdown threshold mechanisms, and resulting electron densities and tempera-

tures. More recently, interest has increased in energy coupling at or near sur-

faces in support of laser fusion and laser damage studies. Relatively little atten-

tion, however, has been focused on understanding the time-resolved spectroscopy

of the relaxing plasma after the breakdown. Stricker and Parker 2 have initiated

some limited work in this area and ladziemski et al 3 ' 4 have applied the technique

to spectroscopic analysis of trace species. These investigations, however, are at

relatively high pressures. Detailed knowledge of the spectroscopy and dynamics

of plasmas of low pressure atmospheric gases is important for understanding the

(Received for publication 3 November 1982)

1. Morgan, C. Grey (1978) Sci. Prog. 65:31.
VW

2. Stricker, J., and Parker, J.G. (1982) J. Appl. Phys. 53:851.

3. Radziemski, L. J., and Loree. L. R. (1981) Plasma Chemistry and Plasma
Processing, 1(3):281.

4. Radziemski, L. J., Loree, T. H. , Cremers. D.A.. and Hoffman, N. Al.
unpublished.
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behavior of upper atmospheric disturbances. The technique of laser-initiated

breakdown can be used to simulate strong electron disturbances in the laboratory.

We report here the results of initial investigations of the plasma spectroscopy,

including additional information on breakdown thresholds, for Ar, N2 and 02 over

the pressure range 3-760 torr, using focused laser radiation at 1. 06 tim.

2. PLASMA SPECTROSCOPY INVESTIGATIONS

The experiments employed a Quanta-Ray DCR-lA Nd:yttrium aluminum garnet

(Nd:YAG) laser, which can produce up to 750 mJ/pulse at 1. 06 Am with a pulse

width of 10 ns full width half-maximum (FWHIM). The pulse shape was somewhat

"spikey" in normal operation without an etalon in the oscillator cavity. However,

the pulses were not mode-locked, so the breakdown threshold data could be inter-

preted in a straightforward manner. No discernible difference was found with a

single mode-generating etalon inserted into the cavity. The unstable resonator

cavity produced a 0. 65 cm-(diameter) annular beam in the near field with a diver-

gence 0 < 0. 5 mr (FWIMI). The beam was focussed into the gas chamber by a

short focal length lens (f = 5.8 cm) with less than one wavelength of spherical

aberration. The laser was pulsed typically at 10 11z; the results were not affected

significantly by reducing the frequency to 2 H1z.

Apparent breakdown thresholds were determined by observing broadband

(300-700 nm) emission from the focal volume. For pressures above 25 torr. the

onset of breakdown was defined by the sudden appearance to the eye of visible

emission from the focal volume. However, this method proved to be unreliable at

pressures below 25 torr, so an RCA 1P28 photomultiplier tube was used to observe

the plasma emission at lower pressures.

The results of the visual and photometric measurements for Ar, N 2 and 02

are plotted in Figure 1. The data were fit to the function of I = aPb, where I isP P
peak intensity and P is the pressure in torr. The observed breakdown curves for

all three gases are remarkably similar, with pressure exponents, b, of -0. 3 to

-0. 5. An obvious change in slope occurs near 100 torr for argon and nitrogen, but

not for oxygen. While the argon data are similar to Ireland's 5 for similar pulse

widths, the break in slope was not evident from previous investigations using a

Nd:YAG laser source.

5. Ireland. C. 1. M. (1974) J. Phys. D: Appl. F'hys. 7:L179.
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Figure . Apparent Breakdown Thresholds for
A. N 2 and 02 Pressure exponents, b
obtained from least squares fits (solid lines) for
P > 100 tors and P < ioru are indicated. Forclarity, the argon and oxygen curves have been

offset by a factor of 4 from their actual position

The pressure dependences above 100 torc are weaker than the p- behavior

predicted byt theory of inverse bremsstrahlung "cascade", , 6,f78 in marked

contrast to measurements for argon gas breakdown at 0.69 m 
9 
which show a

P-08 anpodefence. The weak pressure dependence in the present case may re-

sult from other effects such as multiple-photon inverse bremsstrahlung ionization, 0

or self-focussing which have not been included in theoretical treatments.
At sufficiently low pressure, direct multiphoton ionization should dominate

over the cascade mechanism, a resulting in a change of slope of the pressure de-

pendence plots to b-se/ n is d is the number of photons ralured for multistep

eionization. The previously unreported break in the slope of I vs P occurs atP
nearly an order of magnitude higher pressure than the theoretically predicted

P<0wh where is the laser pulse width in secondsd liowever, we do not ob-serve an approach to P-I1/n behavior as seen in cases of visible, picosecond time-

scal geeratd beakdwn.I Ia result consistent with findings of other investiga-
tions. 1,5 This observation is difficult to understand for several reasons. First,

below 10 tort, the electron me.an free path is long relative to the spark dimensions.

We calculate our focal radius and length to be 14. 5 Am and 107 Azm respectively.

from which we derive 'in effective cylindrical electron diffusion length of 6 A m.

(Due to the large number of references cited above, they will not be listed here.
See References, page 15.
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Since tne electron mean free path in air is - 10 gm at 1 torr, and 10 inverse

bremsstranlung events are required per electron to acnieve ionization, collisional

processes should not dominate at pressures below 10 gm. Second, our photo-

metric results below 25 torr show a significant range of laser intensities near

threshold over which plasma emission can be observed, similar to picosecond
11

pulse width observations which exhibited optical behavior consistent with multi-

photon breakdown (- 10-3 torr). Third. Baravian et al12 have shown, using ion

counting, that the multiphoton process dominates up to at least a few torr. Thus,

although our low pressure data should reflect multiphoton controlled ionization,

the optical behavior of the pressure dependence of breakdown intensity, Ip, is more

consistent with cascade breakdown.

Spectra of the plasma emission following the laser pulse were obtained for the

three gases from 300 to 600 nm. Gas pressures of 10 and 125 torr were used and

the laser intensity was held at twice the apparent threshold value in each case. The

spectra were obtained with a scanning monochromator (McPherson 219) and a box-

car integrator (PAR 162/ 165) with a 200 ns-wide gate, averaging over several

laser pulses for each element of spectral resolution. The electronically excited
13,14 + + 2+ 3+species identified' from the spectra are N 2 . N 2 . N+ , N . and N 3 . C+ and

2+0 . Ar and Ar , for breakdown in N2 , 02. and Ar, respectively. The atomic

states observed include high-lying Rydberg levels. Conspicuous by their absence
+- 3+

are transitions of 0 0 and 0 . In similar experiments performed at pressures
22 2at and above 1 atm , the multiply charged species found here were not observed.

The nominal spectral resolution in our measurements is -0. 05 nm. The ob-

served linewidths are 2-3 times broader; likely due to Stark broadening. Esti-

mates of the electron density from the observed linewidths give - 1018 cm-3 at

-9ptically thin conditions of 10 torr, indicating the gas is essentially fully ionized,
15

consistent with earlier investigations. The prevalence of atomic transitions in
the spectral data further indicates that the molecular gases are highly dissociated.

In addition to the line spectra, a broad continuum was observed at 125 torr, but

was ,Tsent at 10 torr. This time-integrated continuum, which is identical for 02

and N2' has a peak near 420 nm and an FWHM of about 150 nm, and is skewed to
the red. The spectral distribution does not fit that of blackbodv radiation, and we

conclude that it is due to bremsstrahlung emission.

12. Baravian, G., Godart, J. , and Sultan, G. (1980) AppI. Phys. Lett. 36(6):415.

13. Pearse, R. W. B., and Gaydon, A. G. (1976) The Identification of Molecular
Spectra, John Wiley and Sons, Inc., New York.

14. Wiese. W. L., Smith, M. W., and Glennon, B. M. (1966) Atomic Transition
Probabilities, National Standard Reference Data System, National Bureau
of Standard 4.

15. Braerman, W.F., Stumpfel, C.R., andKunge. H.J. (1969)J. Appl. Phys.
40(6):2549.
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A measure of the excitation of N + and 0+ at a laser intensity of twice break-

down threshold was obtained from the spectra by plotting the observed relative

emitting-state population. N u , vs energy. Relative populations of N u were deter-

mined from the observed peak intensities, 1, of isolated atomic lines by

Nu c I X /(A ulg u ) where X is the wavelength, ( .is the instrument spectral

efficiency (as determined from separate calibrations), and Aul and gu are the upper

level transition probability and degeneracy as obtained from compilations. 14

Apparent electronic "temperatures" were then determined by fitting the data to the

Boltzmann formula N a exp(-E /kT). where E is the energy of the emittingu u u
species. These "temperatures" should be viewed with some caution since their

accuracy is limited by that of the transition probabilities given in Reference 14.

The results at 10 torr (±la) give (17, 900 ± 1,400)°K for N+ and (26,700 1 1, 600)'K
+

for 0 ; at 125 torr, the apparent temperatures are (24. 400 & 2700)'K for N+ and

(24, 300 ± 2700)'K for O4. The significant difference between the N + and O+

temperatures at 10 torr reflects the larger energy required to excite high levels

of N from N The similarity of the and N temperatures at 125 torr may be

accounted for if the plasma is optically thick. Estimates of the absorption coeffi-

cients for these transitions indicate that the plasma is indeed optically thick at

125 torr, but should be optically thin at 10 torr. The electronic temperature

analysis does not assume any equilibrium conditions, but merely provides a mea-

sure of the extent of excitation of the observable states.

Time-resolved measurements were made of several emitting species with a

5 ns boxcar gate width. Nearly all visible emission occurs after the laser pulse.

Measured species exhibited varied rise times of less than 100 ns at laser intensity

,)f twice breakdown threshold for a given pressure, but in no case was peak emis-

sion reached within the laser pulse width. Emission decay rates of molecular

nitrogen second positive and first negative systems were close to radiative decay

rates. All atomic species, however, including those excited to high-lying energy

levels, exhibited decay rates much longer than radiative. Species for which elec-

tronic temperatures were obtained exhibited constant relative population distribu-

tion throughout the decay. These results may be explained by a combination of

spatial variations of source emitters and local thermodynamic equilibrium as pre-
4

sented by Radziemski. However, increasing laser intensity results in non-

uniform temporal relaxation as shown in Figure 2, a plot of the temporal profile

of the 444. 7 nm line of N + . The upper curve exhibits a very complex kinetic and

dynamic behavior which is not consistent with a thermodynamic equilibrium model.

11



125 TOIRR 1
I=4.6 x 10m

I-
125 TORR 1

LL 1P' I = 2.0 x 
1

z

u.J125 TOR
.. I =98 X 10u

0
z 10 TORR ,

p= 2.9 -
1

'

0 !00 200 300 400 500 600 700
t (nS)

Figure 2. Temporal Profile of the
444. 7 nm Line of N'. lp is peak
laser intensity in W cm-2 at the
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at Ip of twice threshold for breakdown

3. CONCLUSIONS

In conclusion, although several articles on laser induced eas breakdown

appeared in the 1960's literature, an adequate explanation of the failure of nano-

second pulse width 1. 0 pm laser breakdown to show clear crossover to multi -

photon behavior at low pressure has never emerged. Some recent articles purport

to explain the behavior but they fail to fit the data, and cannot be uenerallv applied

to all laser breakdown conditions. We have used a photometric scheme to deter-

mine the low pressure breakdown thresholds and by so doing, identified a heretofore

unreported break in the slope of breakdown threshold vs pressure for a 10 ns pulse

width Nd:YAG laser. We have also reported new data on 0, and N., as well as time

behavior which is not explainable by a thermal equilibrium model.

While we do not yet have a full explanation of the optical behavior of the laser

produced plasma, it is clear that simple models of multiphoton vs cascade proces-

ses are not adequate. We also caution that it is difficult and somewhat arbitrarv

to assign breakdown "threshold" at reduced pressures and the onset of detectable

emission from the focal volume may be an insufficient criterion for the attainment

12



of breakdown "threshold". The issues cannot be resolved without a detailed experi-

mental and theoretical investigation of the coupled gas dynamics, optics and

kinetics of the laser initiated plasma. We are continuing to investigate these pro-

cesses.

13
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