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The laser induced breakdown thresholds of laboratory air at 0.53 Ji-m were measured for pulses 
varying from 30 to 140 ps for a variety of focal spot sizes. The breakdown threshold fields were 

found to be proportional to 1/ Jt;, where tP is the laser pulse width. Comparison with an earlier 
work at 1.06 Ji-m under similar conditions indicates that the breakdown thresholds are higher at 
0.53 than at 1.06 Ji-m. However, this increase falls short of the A, - 2 dependence exhibited by 
cascade ionization. 

PACS numbers: 51.70. + f, 52.50.Jm 

In this letter we report the results of a study of the 
breakdown of laboratory air with single pulses of 30--140-ps 
duration at 0.53 Ji-m. The laser induced breakdown field En 
the rms field corresponding to the peak-on-axis irradiance, 
was found to increase as the pulse width was decreased. Over 
the range of pulse widths used in this study, the breakdown 

field was found to scale as 1/ Jf;, where tP is the full width at 
half-maximum temporal width of the pulse. This is a stron
ger dependence than that seen in a similar study conducted 
earlier by us at 1.06 Ji-m (Ref. 1). We used this earlier work 
along with the present data to determine the wavelength de
pendence of the breakdown threshold. For conditions of 
equal pulse width and the same focal spot size, En was 
greater at 0.53 than at 1.06 Ji-m. However, the increase was 
weaker than the dependence predicted by cascade ioniza
tion. 2 A multiphoton initiated cascade ionization process 
could possibly account for the observed wavelength depen
dence.3 

The laser used in this study was a microprocessor-con
trolled, mode-locked, neodymium:yttrium aluminum gar
net (Nd:YAG) oscillator-amplifier system operated at 1.06 
Ji-m. A single pulse of measured Gaussian spatial profile was 
switched out of the resulting mode-locked train and ampli
fied. The pulse width of the laser was varied from 30 to 200 
ps by selecting various etalons as the output coupler of the 
oscillator. Shot to shot variations in both pulse width and 
energy were monitored in the manner described in Ref. 1. 

A temperature-tuned CD* A crystal was used with the 
Nd:Y AG laser to produce pulses at 0.53 Ji-m. Care was taken 
to filter out any residual 1.06-jJ-m radiation from the 0.53-
pm beam. The energy in the 1.06-pm pulse used to produce 
the second harmonic was kept below values which WOI)ld 
produce saturation effects in the spatial profile of the second 
harmonic beam. Two-dimensional scans of the 0.53-jJ-m 
beam with an optical multichannel analyzer (OMA) verified 
the absence of saturation effects and the Gaussian spatial 
profile of the 0.53-jJ-m beam. Vidicon scans of the spatial 
beam profile showed no shot to shot variations in the beam 
width (within the ± 1% limits of sensitivity of the measure
ments). Light-by-light scattering measurement in a Lil03 

crystal confirmed that the 0.53-jJ-m pulse width scaled as the 
1.06-jJ-m pulse width divided by vL 4 and a Gaussian shape fit 
the autocorrelation function well. This scale factor was used 

to compute the 0.53-jJ-m pulse widths from the measured 
1.06-jJ-m pulse width. 

The experiment was performed in an environmentally 
controlled laboratory in which temperature and humidity 
fluctuations were kept to a minimum. The average tempera
ture was 23 •c and the relative humidity was 40%. Filtration 
systems in the air ducts minimized the problem of particle 
contaminants in the laboratory air. The laser beam was fo
cused in laboratory air using single element lenses of "best 
form" design, i.e., designed for minimum spherical aberra
tions. Three lenses of focal lengths 3 7, 7 5, and 150 mm, were 
used at a fixed position from the beam waist to produce the 
focal spot radii for this experiment. The lowest /-number 
condition used in this experiment is/ /10.3 . In each case the 
input beam diameter was kept below maximum values tabu
lated for each lens necessary to ensure diffraction-limited 
performance. The beam energy was varied by changing the 
voltages used on the laser amplifier. Vidicon scans of the 
spatial beam profile confirmed that over the range of amplifi
er settings used in this work the spatial beam width remained 
constant. The output energy of the CD* A crystal was con
tinually monitored using a sensitive photodiode peak-and
hold detector, absolutely calibrated with respect to a pyro
electric energy monitor. 

The breakdown thresholds for air at 0.53 Ji-m are sum
marized in Table I. The uncertainties listed in the table are 
relative errors obtained by the method ofPorteus et a/.5 The 
absolute errors which include the relative errors plus abso
lute errors in energy, pulse width, and focal spot radius are 
estimated to be ± 20% in the breakdown electric field . No 
air breakdown was observed for the 14-jJ-m spot size for the 
highest output value available for the laser. 

The functional dependence of the breakdown electric 
field, En, for air at the second harmonic wavelength is more 
clearly seen by plotting En versus the inverse pulse width on 
a log-log plot. In Fig. 1 we have plotted E8 for the smaller 
spot sizes in just such a manner. Over the limited range of 
pulse widths used in this study, linear least squares fit of the 
data indicates that 

EoatP- x' 

wherex = 0.48 ± 0.08, approximately an inverse Jt; depen

dence. An inverse Jt; dependence of the breakdown field 
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TABLE I. Laser induced breakdown data for air at 0.531tm. The error values listed are the relative uncertainties in the threshold for damage determined by 
the method used in Ref. 5. The absoluteaccuracyofthese data is estimated to be ± 20% in the breakdown field. In this table wis the focal spot radius (HWI/ 
e~M ) in microns, tP is the laser pulse width (FWHM) in picoseconds, 18 = breakdown irradiance, E 8 = breakdown field, P8 = breakdown power, and E8 the 
breakdown fl uence. 

Air breakdown A = 0.531tm 

lp Eo Ia Po Eo Wo 
(pm) (ps) (MV/ m) (TW/cm~) (MW) (kJ/cm~) 

20 - 170 - 12 - 13.1 - 1.5 
3.4 33 ± 5 120± 6 38 ± 3 7.0 ± 0.7 1.3 ± 0.1 

80± 5 83 ± 7 18 ± 2 3.3 ± 0.4 1.5 ± 0.2 
100 ± 10 70± 5 13 ± 2 2.4 ± 0.3 1.4 ± 0.1 
140 65 ± 4 10.7 ± 2 1.9 ± 0.2 1.6 ± 0.2 

32 ± 3 129 ± 9 44 ± 5 35.8 ± 4 1.5 ± 0.2 
7.2 89 ± 5 80± 7 17 ±3 13.8 ± 1.4 1.6 ± 0.2 

110 ± 10 66 ± 4 11. 5 ± 1.2 9.4 ± 1.0 1.4 ± 0.2 

also implies that the breakdown jluence is constant. This 
trend is clearly seen in Table I. Also note the lack of spot size 
dependence of E 8 for the two spot sizes for which break
down thresholds are available. 

The observed pulse width dependence of £ 8 at 0.53 pm 
is characteristic of a cascade ionization process in the high 
electric field limit.6 This limit corresponds to a situation in 
which the increase in energy of the free electrons is simply 
proportional to the input irradiance and all losses are negligi
ble. For the low field limit, the ionization rate is exponential
ly dependent onE (the electric field), and the resulting pulse 
width dependence is relatively weak.6 

In the study conducted two years ago the breakdown 
thresholds for laboratory air under similar conditions to 
those used in this study were determined using the same laser 
system at 1.06 pm (Ref. 1). Over the range of pulse widths 
used in the earlier study the breakdown threshold fields were 
found to show an inverse fourth root of tP dependence; a 
weaker dependence than that shown at 0.53 pm. The weaker 
tP dependence observed at 1.06 pm could be due to the fact 
that £ 8 is lower at 1.06 than at 0.53 pm (as will be shown 
later in the letter). The weaker pulse width dependence for 
lower £ 8 values is consistent with the previously mentioned 
avalanche breakdown model. 6 
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FIG. I. Pulse width dependence of E8 for air at 0.53 pm. The slope of the 
linear least squares fit of the data is 0.48 ± 0.08 which is an approximate 
inverse ,JI; dependence. Owing to the lack of spot size dependence exhibited 
at this wavelength both sets of data were used in the linear least squares fit. 
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The 1.06-pm data in Ref. l showed a marked focal spot 
size dependence in contrast to the data in this work (Table I). 
Spot size dependences in £ 8 have been att ributed to the pres
ence of aerosol contaminants 7-

9 and diffusion of free carriers 
from the focal volume.9 The latter process is believed to be 
important for longer pulses ( > I ns) but should be negligible 
for picosecond pulses. 9 One possible explanation for the lack 
of focal spot size dependence seen at 0.53 pm is that aerosol 
contaminants play a lesser role in air breakdown at higher 
photon energies. 

Using the data obtained in Ref. l for comparable focal 
spot radii and pulse widths we can determine the wavelength 
dependence for air breakdown. In Fig. 2, we have plotted, in 
bar graph form, the breakdown irradiance for the two wave
lengths for a fixed focal spot radius of7 .2pm. Since the data 
for the two wavelengths did not exactly overlap in pulse 
width or focal spot radius we interpolated the 1.06-pm data 
between two pulse width and two focal spot radii for which 
data was available. The error introduced by this interpola
tion is estimated to be within the error bars shown in Fig. 2. 
The parameter I R is the ratio of the breakdown irradiance at 
0.53 pm to the breakdown irradiance at 1.06 pm for a given 
pulse width. In each case the ratio is greater than 1, indicat
ing an increase in the breakdown irradiance with decreasing 
wavelength. However, the increase falls short of theA. - 2 de
pendence observed in the mid infrared spectral region 10 and 
predicted by cascade ionization. 2 Multi photon processes 
may be coming into play for these irradiance levels 11 at 0.53 
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F IG . 2. Wavelength dependence of the breakdown field, £ 8 , for air for a 
variety of laser pulse widths. The 1.06·pm th resholds a re taken from Ref. I 
and are interpolated from measurements made at spot sizes of 6. 1 and 10.3 
11m. The parameter I R is the ratio of the threshold at 0.53 to the threshold at 
1.06pm. 
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J-tm. They may initiate the breakdown process which is then 
taken to completion by cascade ionization. 3 Thus, one possi
ble explanation for the observed frequency and pulse width 
dependence is that laser-induced breakdown at 0.53 J-tm is 
due to a combination of multi photon and cascade ionization. 

The results obtained in an earlier pressure and wave
length-dependent study of the breakdown thresholds of N2 

and 0 2 support the plausibility of this mechanism. 12 For 
pulses as short as 7 ps at 1.06 J-tm and 18 ps at 0.69 J-tm 
Dewhurst 12 found that, for pressures below 1000 Torr, the 
breakdown irradiance levels for N 2 showed very little pres
sure dependence. This lack of pressure dependence is a 

'¥; 
strong indication that multi photon ionization dominates the 
breakdown process. For longer pulses at 0.53 J-tm (25 ps) 
Dewhurst found that the breakdown irradiance levels 
showed a pressure dependence indicative of cascade ioniza
tion. 12 However, the breakdown irradiance levels were an 
order of magnitude below those found at 1.06 J-tm. Since 
multi photon ionization is strongly dependent on irradiance, 
the lower irradiance levels for longer pulses may play a fac
tor in the contribution that multi photon ionization makes to 
the breakdown process. A similar pressure dependence to 
that exhibited at 0.53 J-tm (Ref. 12) was seen for comparable 
pulse widths at 1.06 J-tm by Ireland and Morgan. 13 While 
cascade ionization seems to dominate the breakdown pro
cess for longer pulses the contribution made by multi photon 
ionization cannot be ignored. 

In summary, the breakdown thresholds for laboratory 
air were determined as a function of wavelength and pulse 
width. The breakdown irradiance thresholds at 0.53 J-tm ex-
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hibited a 1/ .Jt; dependence, a stronger dependence than that 
seen at 1.06 J-tm under similar conditions. 1 The thresholds at 
0.53 J-tm are in good agreement with the results obtained by 
others for N 2 under comparable conditions of pressure and 
pulse width. 12 The thresholds at 0.53 J-tm are higher than 
those at 1.06 J-tm; however, the increase is weaker than the 
A. - 2 dependence predicted for cascade ionization. A multi
photon-assisted cascade ionization process is suggested as 
the breakdown mechanism for air under the conditions of 
this work. 
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