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Abstract. This paper presents the construction, use and char- The most dominant time constant attributed to,€TEA
acterisation of a laser-induced sealed plasma shutter to clipser pulses is its nitrogen tail that can extend for several mi-
off the nitrogen pulse tail of a COTEA laser-based lidar croseconds beyond the gain-switched spike. If there is some
dial system. Investigation of the optimum gas filling pressurelow level of near-field scatter into the receiver, this effect can
temporal profile of the clipped pulse, and the laser thresholte quite significant, as the aerosol backscatter return is of the
power intensities to achieve ionisation growth and breakdownrder of 10-* of the transmitted power within this wavelength

in helium, argon, and nitrogen are also presented. Values afiterval [10]. In this case, the unclipped, near-field scattered
these power density thresholds lie betweenI®* W cm—2—  signal, which is seen at the receiver sevemshfter the peak

5x 102Wem2, 2x10MWem2-2x10%Wem=2 and laser pulse is transmitted, can interfere with the weak signal
3x 102 W cm~2-2 x 10"*W cm~2 for helium, argon, and ni-  backscattered from the atmospheric aerosols. The latter is ly-
trogen, respectively. The range resolution attainable with theng only hundreds of metres away from the lidar system, thus
present clipped pulses is 15 m, which is 30 times better thaappearing coincident in time with the near-field scatter. This
that readily obtained with the nitrogen-tailed pulses. Fieldype of pulse limits the range resolution of lidars to some hun-
measurements of the lidar returns with the clipped pulse frondreds of metres unless pulse-deconvolution techniques [11]

a co-operative target are presented. are adopted.
Short laser pulses can also be obtained by various tech-
PACS: 42.68.Wt; 52.75. Kq nigues such as mode locking, free induction decay, pulse

slicing with electro-optic switched [12—15]. However, output
pulses from these require further amplification for any useful
. ] application due to their very low energy content. This prob-
In the Lidar laboratory of our Institute, we have developediem is circumvented in this work by the use of a sealed plasma

a differential absorption Lidar-Dial station. The system isshuytter [16] that achieves high range-resolved remote sensing
well known to be extremely useful for remote sensing anthf the urban pollution in the atmosphere.

quantitative measurement of gaseous trace constituents of the The gas, which is normally insulating and transparent to
lower atmosphere. Moreover, because of the fact that the oufhe radiation at ordinary intensities, is rapidly transformed
put radiation from a C@ laser lies in the middle of the 8 into highly conducting, self-luminous, hot plasma by the ac-
to 12um atmospheric window, C&laser-based dial systems tjon of a high-intensity laser pulse. The resultant plasma inter-
have been applied to a wide range of remote sensing problergts with the excitation pulse and modifies its temporal pro-
over the past 20 years [1, 2]. Lidar-dial systems operating ifjle. The properties of the gaseous plasma created by focusing
the infrared have been used for monitoring the presence 9iser radiation have also been extensively studied since the
major atmospheric constituents such as CO [3,4], NO [Sfirst report of the laser-induced breakdown of air in 1963 [17—
SO, [6], ozone [7], and others [8]. However, most of the re- 19].

cently reported studies have dealt solely, either directly or "of course, electro-optic crystals such as CdTe and CdSe
indirectly, with improvements of the accuracy of dial sys-could be used between crossed polarisers to achieve the same
tems [9]. The experimental work has generally involved theesuits [20]. However, the minimum permissible clear aper-
analysis of large data sets, which yielded statistically usefuyre due to the large laser beam diameter is approximately 9 to
results, but little teChnOlOgical information was obtained that30 Cn’?, requiring an excessiveiy |arge and expensive electro-
would be useful for the design of more compact lidar systemgptic crystal; telescopic reduction of the beam diameter could
with optimized sensitivity. be performed to reduce the required aperture at the expense
- of the beam divergence. It also possible to reduce the nitrogen
*Corresponding author. tail by the use of a low-nitrogen laser gas mixture. However,
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this approach reduces the energy in the gain-switched spikeable1. Typical characteristics and performances of the-TEA lidar

and does not eliminate the tail as fully as clipping does [21]. dial

To our knowledge, most of the published work dealtP
. . . . arameters
mainly with the mechanisms of generating the plasma break-

Specifications

down and its use as a retro-pulse isolator for high-powes,sngritter
infrared lasers or as laser pulse clipper for IR multiphoton ¢,
selective dissociation [22—26]. However, as far aodBA

laser-based lidars are concerned, the data [27] are still scarggise width
Dedicated investigation to the use of simple and rugged

plasma shutters as devices for short pulse generation ardergy
hence as a means to provide laser pulses for range-resolvBebpetition rate
monitoring still needs to be provided. Moreover, intra-cavity Wavelength
and electrical discharge assisted plasma shutters showed thining
limitations in terms of complete clipping of the nitrogen tail. geceiver module
This behaviour is even pronounced in the case of shortefescope
(~30ns) pulses where shuttering of &-Nch mixture at g/ of view
short delays often resulted in a re-lighting of the opticalpgiector
pulse due to the excess vibrational energy stored in the N L
molecules. Data acquisition

Although passive plasma shutters have been quite usefGPmPuter

Tunable, pulsed GETEA
Lumonics 370XT upgraded at 10 Hz

Unclipped pulse:3us
Clipped with plasma shuttek: 70 ns

12 J (gain-switched spike at P20)
2-10Hz

9.2 to 18 um

Scanner computer controlled

Newtonian 1830, F4t5
5 mrad
EG&G LN-cooled: J15-D12

PC 200 MHz, 32 Mb RAM

in practical CQ lasers, little has been reported about a deSoftware language C++ _
tailed characterisation of the plasma shutter nor the criterig'9tization Tektronix TDS 540-200 MHz, 8 bits
Interfaces |IEEE-488

necessary to design it for a lidar application.

In the following paragraphs, we present the plasma cell-
based experimental set-up and a detailed description of the
main elements that were used in monitoring the laser-induce
plasma parameters under investigation. The variation of th
threshold intensities for gas breakdown as a function of th
filling pressure for helium, argon, and nitrogen will be pre-
sented and analysed. The temporal evolution of the clippe
pulse width with respect to gas pressure within the cell will be
depicted and discussed. We conclude this article by reviewin
the main results.

Gas inlet

To vacuum pump

Fig. 1. Schematic of the sealed plasma shutter, 100-mm focal length ZnSe
meniscus lens (1,2), AR coated ZnSe window (3,4), plasma chamber (5),

. . . isualisation window (6
The CQ laser lidar dial system operates with the general spe\ilsua isation windaw (8)

cifications listed in Table 1. It is designed and built as a sys-
tem for detecting and mapping with high-resolution urbangon, and nitrogen gases were carried out for static pressure
pollution and chemical vapour plumes. The sealed plasmasf these gases in the range of 75 to 1500 Torr. This range
shutter pulse clipper, filled with gas, is shown in Fig. 1. Theof pressures was investigated during this work because the
cell is located at the exit of the laser and is prior to the opstudy was limited essentially to locating precisely and op-
tics used to sample out the transmitted power. The collimatetimising the pressures at which the plasma effectively clips
laser beam enters the afocal lens pair and is focused at a pothe nitrogen tail of the laser pulse. Laser energy was ad-
in space producing an intensity that is to the level requiredusted by varying the voltage of the laser modulator. A typical
for causing gas breakdown and creating plasma. The laseecord of the beam profile at Blum and 95 um is shown in
pulse provides therefore the means to initiate the breakdowRig. 2. An energy meter (Gentec-ED500) was used to meas-
at any desirable laser energy. The need for a higher brealkire the energy of the laser. To examine the clipping efficiency,
down level [28] and a long-term stability operation of the a room-temperature fast photon-drag with bandwidth of ex-
shutter dictated the choice of helium, argon, and nitrogen asess of 200 MHz was used to observe a small fraction of
filling gases. the laser beam that was scattered off a carbon block after
The CQ-TEA laser used in the present study, is a Lu-transmission through the clipper assembly. The jitter in time
monics 370 TS upgraded to operate at a repetition rate dbr the clipping was approximatel10 ns and was set by
10 Hz, delivers up to 4 joule per pulse. A plano-convex the resolution of the digital generator used to initiate the
ZnSe meniscus lens having a focal length of 100 mm is useldser fire. The divergence of the laser beam was less than
to focus the laser beam whereas a second lens with the sar@enrad. The waist diameters of the focused laser beams were
specifications re-collimates the clipped outgoing beam. Theneasured by passing the razor-blade edge through the laser
aluminium cell, closed by two anti-reflection-coated ZnSefocus. The razor edge was mounted on a translation stage
windows, was evacuated to a pressure better thad TOrr  with micrometer positioning adjusters. The estimated area
and purged several times before filling any gas into the chanof the focal spot at 9 to 1lm ranged from 3 10~*2cn?
ber. Measurement of breakdown thresholds of helium, arto 8 x 10~*?cn?.

1 Experimental apparatus
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Fig. 2. Temporal profile of the unclipped G EA laser pulse. The nitro- Fig. 3. Temporal profiles of the clipped laser pulse in the presence of helium

gen pulse tail appearspk after the gain switched spike and extends ovems a function of the cell pressure. The pulse width decreases as the pressure

3us in the cell is increased. The inset graph represents a magnified view of the
clipped pulses during the first 500 ns interval

The optimum gas pressure that gave both the sharpeptessures achieved both the best attenuation of the nitrogen
pulse cut and the highest efficiency in terms of minimum en4tail and best stability in terms of the transmitted energy. The
ergy loss was obtained by varying the pressure of the cebfficiency, achieved with helium in this work, is superior than
while maintaining the laser input energy constant. To deterthat reported by Parthasarathy [24] for a range of pressures
mine the breakdown threshold, the laser power was graduallgxtending from 200 to 300 Torr. Still, any further increase in
increased while keeping the gas pressure in the cell fixed, uthe pressure would result in a progressive reduction of the
til a visible spark, seen visually through the side window, wasefficiency.
observed in the focal region. Figure 4 shows the temporal profile of the clipped laser

pulse as a function of pressure in the presence of nitrogen.
Complete extinction of the nitrogen tail is achieved for pres-

2 Resultsand discussion sures extending from 375 up to 1500 Torr. It should be noted,
however, that increasing the gas pressure does indeed reduce
2.1 Temporal profile of the clipped pulse the pulse width of the clipped pulse, but at the expense of the

available laser energy that is recovered after clipping. Again
An example of laser-induced clipping in helium is shown incareful examination of the baseline reveals that the attenua-
Fig. 3. For the sake of clarity, each figure was limited to fivetion of the clipped portion of the laser pulse is approximately
curves to illustrate the evolution of the temporal profile of 10°, which is one order of magnitude higher than that already
the clipped pulse as a function of pressure. The laser lineschieved with helium. No pulse recovery occurs after clip-
used in this study, were mainly the 9P(20) and the 10P(20)ping takes place and the extinction factor maintains the same
However, all the other lines were clipped with equal facility, value throughout the duration of the original GOEA laser
including the 9P(44). Careful examination of the baseline repulse. Nevertheless, the plasma clipping action drains out al-
veals that the attenuation of the clipped portion of the lasemost 40% of the laser energy. This energy loss is relatively
pulse within 500 ns of the breakdown is approximately;10 high but is still acceptable considering the multi-joule energy
the degree of attenuation is somewhat sensitive to opticalutput that a CQ- TEA laser can deliver.
alignment. Some 2 to 3s after breakdown, a small recov- The temporal profile of the clipped laser pulse with argon
ery occurs and the attenuation factor drops td. the en-  as afilling gas in the cell is depicted in Fig. 5. No pulse recov-
ergy lost within the cell after clipping never exceeded 25%.ery is observed after clipping is initiated. The argon plasma
The average clipping efficiency for helium at pressures ofvas both stable and repetitive all along the pressure interval
600-900 Torr was approximately equal to 75%. This range ofrom 150 to 1500 Torr. During the whole duration of the ni-
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Fig.4. Temporal evolution of the clipped laser pulses in presence of nitrogs a function of pressure. Notice the pulse width reduction and the complete
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gen at the various indicated pressures. No pulse recovery is observed aigfinction of the nitrogen tail after clipping

clipping of the pulse. The inset graph depicts the reduction in the laser pulse

width as the pressure within the cell is increased

trogen tail the attenuation of the clipped portion of the lasel
pulse is approximately POAgain, the same observation was
made with regards to the clipping efficiency in the presence ¢
argon. More than 50% of the input energy is lost to the plasmi
upon clipping.

The evolution of the laser pulse width versus cell pressur
for helium, argon, and nitrogen is illustrated in Fig. 6. A grad-
ual change in the laser pulse width can be noticed as soon .
the pressure for helium and nitrogen exceeds 300 Torr. Rapi
decrease of the width of the clipped pulse is thereupon ok

served for a pressure range between 300—-600 Torr. A near %

asymptotic value of the width is reached at pressures highe¢=
than 700 Torr. Further increase of the filling pressure of theg
three gases beyond this value does not affect the final trer u
of the laser pulse. For argon, however, once the breakdowz
is initiated within the cell, the evolution of the clipped pulse
width versus time does not show any gradual transition fron
a nitrogen-tailed pulse to a clipped pulse even at pressures b
low 150 Torr. In other words, the clipping is effective as soon
as the laser pulse is launched into the cell.

Figure 7 shows a typical round-trip return of the signal of
the lidar pulse. The dotted curve depicts the return of the rav
pulse of the lidar where the effect of the nitrogen-tail pulse is
clearly identified by the presence of a second hump. The lai
ter is delayed 1us after the arrival of the gain-switched spike.
The solid-line curve is the return of the clipped pulse in the
presence of helium, argon, and nitrogen. The detected si¢

nal clearly shows the normal exponential decay of the singlgig. 6. Evolution in time of the clipped pulse width as a function of pressure
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which further laser light absorption, heating, and hydrody-
namic processes become increasingly important. As the elec-
tron and ion concentrations increase both electron—ion and
ion—ion interactions contribute to the growth mechanisms.
The gas will remain heated for substantially longer than the
duration of the laser pulse which created it, but the extinction
processes of recombination, diffusion, radiation, and conduc-
tion remove energy from the plasma region, and local ther-
modynamic equilibrium with surrounding gas is established
in about microsecond time scale. Thus, laser-induced dielec-
tric breakdown acts like a switch which allows the leading
edge of the excitation laser pulse to pass through the plasma
cell as a short spike while absorbing and scattering [26] the
remaining part of the incident light.

However, because very near the threshold the appearance
of the spark could be quite erratic, the threshold was defined
as the power setting for which the visible spark was ignited
with nearly 10% probability. To check the reproducibility of
the results, the experiments were repeated several times for all
pressures at all wavelengths. Breakdown thresholds were es-
timated from the average of several pulses, nominally 1000 at
10 Hz.

Figure 8 shows the measured values of the threshold
breakdown intensities as a function of pressure for helium, ar-
gon, and nitrogen over the pressure range of 75-1500 Torr.
The 100 ns gain-switched pulse of the £TEA laser in-
duces the gas breakdown. Since it is customary to express

the pressure dependence of the intensity threshojglsby
I P? (B < 0), the data for the 10(P20) line have been plot-
%gd on a logly) versus logP) scale and fitted to a straight

Fig. 7. Typical round trip return of the GOTEA dial lidar. The signal of
the clipped pulse follows the normal exponential decay time of the gai
switched spike while the unclipped pulse shows the second hump due to
nitrogen tail

of the hump, which was initially associated with the nitrogen '3 3~ ——— =

tail of the CQ-TEA pulse. Moreover, the pulse recovery ob- 1 ' : Nitrogen
served for helium had no significant effect on the pulse returi - % : Helium
since its energy content was very low. The long exponentie *+ :Argon
decay time is inherent to the EG&G J15-D12 detector whosi . | e, sLinearhit | |
time constant is approximately 400 ns. The difference in in- : ;
tensity between the two signals is mainly due to the powe
loss within the shutter upon clipping of the pulse.

IE13 : =

2.2 Laser-breakdown threshold

Since the earliest observations of laser-induced breakdown
gases, much consideration has been given to the laser inte
sity required for breakdown [29]. The optical breakdown is
a function of the gas pressure, the ionisation potential of th:
gas and the pulse width of the laser. In laser-induced dielectri
breakdown, the extremely rapid transformation from neutra
gas into hot gas plasma takes place in three distinct phase
(a) initiation, (b) formative growth and onset of breakdown,  iEi1 - N L
and (c) plasma formation accompanied by the generation ¢ 5 ;
shocks and their propagation [18].

Two mechanisms are proposed for the initial ionisation. i —___
One involves ionisation by multiphoton absorption whereas 100 1000
the other involves cascade-ionisation-assisted collisions. A
-Soo-n as conditions f_or the _onset of breakdown a-re Sa-‘ltis-ﬁeclliig. 8. Threshold breakdown intensities for nitrogen, helium and argon ver-
|on|§at|on growth will continue as ang as the irradiation sus the cell pressure. The linear fitting of the data for the three gases shows
continues. There then follows the rapid plasma development continuous line with a gradient @f-1.1) which supports the predomi-
stage with production of highly ionised hot expanding gas imance of the collisional ionization mechanism in the three gases

IEI2 L

laser breakdown intensity ( W.cm

Pressure (Torr)
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line. The latter appears reasonable for most of the data se@x 1013 W cm—2-2x 101*W cm~2 for helium, argon, and ni-
although some could perhaps be better interpreted as a twtrogen, respectively. The optimum pressures for the three
slope fit. The scatter of points about the straight line givegases, which provided the best operation stability of the trans-
an approximate measure of what we believe to be the uncemitted energy and the highest attenuation of the nitrogen
tainty in our measurements: the standard deviations of the fitsiil, are located within the 450—600 Torr interval. Complete
are 1%—-8%. In reporting the results, we have lumped togetheaxtinction of the nitrogen tail is achieved for pressures ex-
the helium, argon, and nitrogen to obtain a larger database féending from 375 to 1500 Torr for both nitrogen and argon
comparison. gases. For helium, some 2 tqu8 after breakdown, a small
For helium, the pressure dependence of the breakdowrecovery occurs with no significant effect on the spatial reso-
threshold intensity is noticeable. The threshold intensities exution of the lidar-dial system. The range resolution attainable
tend from 3x 101 Wem2-5x 1022Wcm 2. There is no  with the present clipped pulses is 15 m, which is 30 times bet-
evidence for the plateau in the threshold curve of the kinder than that readily obtained with the nitrogen-tailed pulses.
observed and predicted by the multiphoton ionisation (MPI)The average energy efficiency after clipping is 75% for the
processes in gases [30]. The curve shows, instead, a contimelium and 60% for argon and nitrogen. The shutter provides
uous line with a gradient of about-(.1). This result agrees therefore pulses for high range-resolved remote sensing of at-
reasonably well with the work of Morgan et al. [31]. It also mospheric urban pollution with minimum laser power loss.
confirms the predominance of the collision ionisation pro-Field measurements of the lidar returns with these clipped
cess over the other mechanisms. The absence of this platepuises, reflected off co-operative targets, confirmed the great
is due to the IR emission band of GOEA lasers. At in- improvementin the spatial resolution of the lidar-dial system.
frared wavelengths, laser-induced breakdown is generally un- A further possible application of this plasma shutter could
derstood to occur by an avalanche ionisation mechanism [32e in the studies of non-linear phenomena where the effect of
in which the initial “seed” electrons are produced by MPI orthe high peak power spike can be obscured by those due to the
thermal processes. However, at wavelengths less tipan,1 significant energy present at lower intensities in the pulse tail.
laser-induced breakdown in a gas is believed to occur by way The shutter is also characterised by its simplicity, rugged-

of MPI and collisionfavalanche ionisation processes [33].
For argon, the breakdown threshold intensities lie well be-

ness, reliability, and very low cost of construction.

low that of helium and are also dependent on pressure ovégknowledgements. Support by the Conserjarde Educadn y Cultura

the range 75—1500 Torr. The argon curve also shows the sang
tendency observed with the helium. The threshold intensities
stretch out from 2 10" W cm—2-2 x 102 W cm2.

the Comunidad Adnoma de Madrid Grant No 07M390/1997 and
ES Grant PB97-0272 are gratefully acknowledged.

For nitrogen, the curve shows a dependence of the threskyefer ences

old intensities on pressure for the whole pressure range
under investigation. The threshold intensities extend from 1.
3x 108Wem2-2x 10" W cm2. Very high stability and
reproducibility of the breakdown are achieved only for the 2-
pressures above 375 Torr. The range of threshold intensities i
rather higher than for helium and argon due to the additional
vibrational energy losses inherent to the nitrogen molecule. 5.
The nitrogen molecule is usually considered as a five-level 6.
system [33]. 7.
So with the increase in gas pressure, the threshold for®
breakdown for the three gases under investigation, goes oRq.
decreasing leading to an earlier onset of the plasma for-
mation. This results in a faster switching of the excitation 11.
pulse with a concomitant shortening of the transmitted pulse!?-
through the plasma cell. Energy efficiency for the output,,
beam, however, gets progressively reduced because a larges.

part of the excitation pulse gets absorbed or scattered.
15.
16.

3 Conclusion 17,
We presented the construction, characterisation and use dB.
a laser-induced sealed plasma shutter to clip off the nitro-19:
gen pulse tail of a CQTEA laser-based lidar dial system.
Results on the optimum gas-filling pressure, temporal profile,;
of the clipped pulse, and the laser threshold power densities

to achieve ionisation growth and breakdown in helium, ar-22.
gon, and nitrogen are also reported. Few tens of ns clipped>:
pulses with an attenuation ranging fron?2Q(® are achieved 2
at power density thresholds lying betweer 30 W cm—2—
5x 102Wem 2, 2x10MWem2-2x 102Wcem2 and
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