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Abstract.  The problem of the production of extended (~1 m) 
plasma channels is studied in atmospheric air by amplitude-modu-
lated laser pulses of UV radiation, which are a superposition of a 
subpicosecond USP train amplified in a regenerative KrF amplifier 
with an unstable confocal resonator and a quasi-stationary lasing 
pulse. The USPs possess a high (0.2 – 0.3 TW) peak power and effi-
ciently ionise oxygen molecules due to multiphoton ionisation, and 
the quasi-stationary lasing pulse, which has a relatively long dura-
tion (~100 ns), maintains the electron density at a level ne = (3 – 5) 
× 1014 cm–3 by suppressing electron attachment to oxygen. 
Experiments in laser triggering of high-voltage electric discharges 
suggest that the use of combined pulses results in a significant low-
ering of the breakdown threshold and enables controlling the dis-
charge trajectory with a higher efficiency in comparison with 
smooth pulses. It was shown that controlled breakdowns may 
develop with a delay of tens of microseconds relative to the laser 
pulse, which is many orders of magnitude greater than the lifetime 
of free electrons in the laser-induced plasma. We propose a mecha-
nism for this breakdown, which involves speeding-up of the 
avalanche ionisation of the air by negative molecular oxygen ions 
with a low electron binding energy (~0.5 eV) and a long life-
time (~1 ms), which are produced upon cessation of the laser pulse. 

Keywords: high-voltage discharge, discharge guiding, laser dis-
charge triggering, plasma channels in the atmosphere, air ionisa-
tion by laser radiation.

1. Extended plasma channels in atmospheric 
air produced by laser radiation for electric 
discharge control 

There are two radically different approaches to the control 
over long-range high-voltage electric discharges in the atmo-
sphere by producing conductive plasma channel with lasers. 
The first approach consists in producing the so-called laser 

spark inside a discharge gap – a dense plasma with a high ion 
temperature. For instance, for long-wavelength CO2 laser 
radiation ( l = 10.6 mm) the threshold for the optical air 
breakdown (not higher than 109 W cm–2) is lower than for UV 
radiation, and in the course of avalanche ionisation it pro-
duces a relatively long-living dense plasma with an electron 
density ne » 1019 cm–3, which is close to the thermodynamic 
equilibrium state with the electron temperature approxi-
mately equal to the ion temperature (Te » Ti » 1 eV) [1]. The 
stochasticity of the optical breakdown, which is caused by 
aerosol particles, random fluctuations in intensity distribu-
tion, and plasma-induced reflectin of radiation, gives rise to 
the structural discreteness of a long laser spark obtained when 
the radiation is focused with long-focus optics. This does not 
permit using in full measure the high electrical conduction of 
this plasma for discharge triggering [2]. Continuous plasma 
channels may be obtained in the focusing of pulsed laser radi-
ation with conical optics [3] or, in the case of a pulse-periodic 
laser, in the translation of the optical system’s focus due to the 
motion of one of the mirrors of a ground-based telescope [4], 
or in the spatial motion of the focusing system itself due to the 
jet thrust produced under laser irradiation of support plat-
form [5]. In the presence of dense equilibrium plasma the elec-
trical breakdown voltage of long gaps is tens of times lower, 
although the energy expenses for its production are known to 
be high: apart from the energy ~ne Ii (where Ii is the ionisation 
potential) that goes to ionise the gas, they include the energy 
spent to heat ions and electrons to the equilibrium tempera-
ture. The experimentally measured energy expenses amount 
to ~200 J per one metre of plasma channel length [3]. A 
~20-m long channel, which is capable of initiating a lightning 
discharge according to the estimates of Ref. [6], requires a 
pulsed CO2 laser with an energy of ~5 kJ [3, 5]. 

The other approach to the problem involves the use of 
femto- or picosecond-long USPs of multiterawatt peak power 
generated by a titanium-sapphire laser in the near-IR wave-
length range (with the band centre at l = 790 nm) [7, 8] or a 
hybrid Ti : sapphire – KrF laser system in the UV range (l = 
248 nm) [9 – 11]. During the propagation through the air, the 
USP laser beam disintegrates, owing to the Kerr nonlinearity, 
into many separate filamentary channels with a characteristic 
diameter of ~100 mm and a local electron density ne = 
1016 – 1017 cm–3. The filaments in which the Kerr focusing is 
compensated by radiation defocusing on the radial electron 
density profile and partly by radiation diffraction transmit an 
intensity of 1013 – 1014 W cm–2 in a self-consistent regime (see, 
for instance, Refs [12 – 14]). In case of a titanium-sapphire 
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laser with laser pulses at an energy of several hundred milli-
joules and a peak power of several terawatts, the length of 
such plasma filaments may range up to hundreds of metres, 
although their conductivity is many orders of magnitude 
lower than the conductivity of optical air breakdown plasma. 
In the high-intensity laser field, in the filaments there occurs 
multiphoton ionisation of the gas (primarily of O2 molecules, 
which possess the lowest (Ii = 12.06 eV) ionisation potential 
among the air components). The detached photoelectrons 
acquire an energy of the order of an electronvolt; in this case, 
the electron and ion temperatures do not manage to change 
significantly during the short ionisation time, i.e. Te >> 
Ti, and a rapid relaxation of this nonequilibrium plasma pro-
ceeds upon cessation of the laser pulse. For a high electron 
density in the filaments (ne ³ ne* = 1014 ´ 1015 cm–3), there 
dominates an electron-ion dissociative recombination, which 
limits the electron lifetime te to several nanoseconds [12 – 14]. 
Under these conditions, the USP-induced electron conduc-
tion persists in a relatively short filament length (le = cte »1 
m), this domain travelling with the velocity of light c after the 
laser pulse. As a consequence, in numerous experiments with 
femtosecond pulses [15 – 28] the longest controlled discharge 
length did not exceed 4 m even for a megavolt voltage [20], 
which is much shorter than the filament length. 

To lengthen the controlled discharge requires increasing 
the ionisation time, for instance, with the use of a train of 
USPs, each of which produces a new portion of photoelec-
trons [29, 30]; in this case, the pulse separation in the train 
must be of the order of the free-electron lifetime. Another 
possibility for maintaining the conductivity in the photoioni-
sation plasma emerges at a later relaxation stage, when the 
electron attachment to oxygen molecules with the formation 
of negative O2

– ions begins to dominate owing to a lowering of 
the electron density, so that ne £ ne*. The characteristic elec-
tron lifetime in this case increases to several tens of nanosec-
onds, depending on the electron temperature and the applied 
electric field [6, 30]. Since the electron binding energy e in O2

–, 
which is equal to ~0.5 eV, is considerably lower than the ion-
isation potential Ii of oxygen molecules, the weakly bound 
electrons may be released with small energy expenses in the 
course of photodetachment by visible or UV radiation, this 
being possible for considerably lower radiation intensities 
attainable in longer pulses. This requires a combination of 
USPs, which efficiently produce primary photoelectrons, and 
a long pulse, which compensates for attachment and main-
tains the free-electron density in the plasma at a level ne » 
ne* [9, 31, 32]. For high intensities, the second longer and 
higher-energy pulse may multiply electrons in an avalanche 
manner up to the optical air breakdown (ne » 1019 cm–3) due 
to inverse bremsstrahlung of laser radiation in the less dense 
plasma produced by the USPs [33 – 36]. 

KrF lasers offer several potential advantages in the imple-
mentation of the approaches discussed above. 

1. As shown in the first part of our present work [37], their 
active medium recovers rapidly (tc » 2 ns) after the passage of 
a USP. This makes it possible to efficiently amplify USP 
trains with a pulse separation Dt » tc comparable to the short 
time of electron density relaxation in the photoionisation 
plasma. Generated in the regenerative amplification scheme 
simultaneously with USPs is a high-energy pulse, whose dura-
tion tlong is determined by the duration of the laser pump 
pulse (tlong » tp). Therefore, obtaining combined pulses does 
not require an additional laser, and bringing the USPs and 

long pulses into temporal and spatial coincidence is made 
considerably simpler. 

2. Since the peak power of amplitude-modulated UV radi-
ation pulses (0.2 – 0.3 TW) is several orders of magnitude 
higher than the critical power for filamentation Pcr » 0.1 GW 
( l = 248 nm), the laser beam undergoes multiple small-scale 
filamentation even at the laser output. However, in this case it 
does not produce a long self-maintaining channel caused by 
nonlinear focusing, which is typical for IR radiation filamen-
tation. Therefore, USPs and long pulses automatically termi-
nate along the propagation path [38]. To spatially overlap the 
extended domain of nonlinear USP focusing and the pulses of 
an auxiliary laser in the case of a titanium-sapphire laser, use 
should be made of an axicon, which focusing the radiation 
onto a segment [33 – 36]. 

3. The effective cross section for the multiphoton ionisa-
tion of oxygen molecules by UV KrF laser radiation is far 
greater than the similar cross section for the ionisation by IR 
radiation [39]. The cross section for the photodetachment of 
electrons from O2

– ions with a resonance peak sph » 10–17 cm2 
at   l = 248 nm is also much greater than in the case of IR 
radiation [40, 41]. 

In continuation of Ref. [42], the present work is an inves-
tigation of air ionisation by combined (amplitude-modulated) 
100-ns long UV radiation pulses generated by the GARPUN-
MTW hybrid Ti : sapphire – KrF laser system. We demon-
strated efficient control over extended high-voltage electric 
discharges with the help of plasma channels produced in the 
atmosphere. 

2. Air ionisation by amplitude-modulated 
laser pulses 

To determine the electron density in the photoionisation 
plasma produced by UV laser radiation in the atmospheric air, 
advantage was taken, like in earlier experiments [32, 42, 43], 
of a photoelectric technique which relies on measurements of 
the electric current between two annular electrodes (Fig. 1). 
The amplitude-modulated radiation pulses were generated by 
the GARPUN-MTW hybrid Ti : sapphire – KrF laser system. 
The system was operated in the regime of regenerative ampli-
fication of single USPs or USP trains injected into the unsta-
ble telescopic resonator of a wide-aperture KrF amplifier 
with electric-beam pumping [37]. To obtain a slightly con-
verging laser beam (to reduce the beam aperture and the size 
of optics in use) at the amplifier output, the resonator was 
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Figure 1.  Schematic representation of photoelectric measurements of 
the electron plasma density.
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somewhat lengthened relative to the nominal value. In the 
subsequent beam focusing with a spherical mirror with a focal 
length F = 8 m, the focal beam waist was located at a distance 
of 6.75 m from the mirror. The position of the geometrical 
focus of the resonator – spherical mirror optical system was 
determined in the alignment of the entire optical path of the 
facility using the USPs of UV radiation generated by the tita-
nium-sapphire starting complex, but without pumping the 
KrF amplifiers. Two spherical electrodes 5 cm in diameter 
spaced at a distance L = 20 cm were located in line with the 
laser beam. To eliminate the photoeffect on the electrodes, 
they had opening 1 cm in diameter, through which the laser 
radiation was transmitted. A constant voltage U = 5 – – 22 kV 
was applied to one of the electrodes, the other was loaded 
onto the 50-W input of a Tektronix TDS-3054 four channel 
digital oscilloscope with a sampling frequency of 5 GHz. 
Applied to the adjacent oscilloscope input was the signal from 
a Thorlabs DET 210 photodiode, which recorded the laser 
radiation pulse with a resolution of ~1 ns. As suggested by 
preliminary experiments, for the same laser pulses the photo-
current signals were proportional to the applied voltage U 
and inversely proportional to the gap length L, i.e. Ohm’s law 
was fulfilled. This provided the possibility to determine the 
conductivity of the plasma channel proceeding from photo-
current measurements. The temporal resolution of the mea-
surement setup was estimated at ~1 ns. 

Figure 2 shows typical waveforms of the photocurrent in 
the plasma channel obtained for a voltage U = 15 kV across 
the interelectrode gap when the geometrical beam focus was 
located near the distant (relative to the direction of radiation 
propagation) grounded electrode (see Fig. 1). Also shown in 
Fig. 2 are the waveforms of laser pulses for different operat-
ing regimes of the regenerative amplifier. In the absence of 
USP injection into the unstable resonator, the laser generated 
a smooth ~100-ns long radiation pulse with an energy of 
~15  J. In this case, the amplitude of photocurrent signal did 
not exceed 0.3 V (Fig. 2a). When a single USP was injected 
into the resonator, the output radiation pulse had the same 
energy and duration, but was modulated by the USP execut-
ing successive passages through the resonator with an interval 
of 17 ns. The USPs, which had a duration of ~1 ps [10, 11], 
were integrated by the photodiode in the waveforms, with the 
result that their peak power in the waveforms was 1000 times 
lower than the true one, which exceeded the power of quasi-
stationary lasing by about the same factor [37]. In this case, 
the photocurrent signal was a sequence of several peaks with 
amplitudes of up to 20 V synchronised to the USPs (Fig. 2b). 
The FWHM duration of the photocurrent peaks was equal to 
~2 ns, which corresponds to the characteristic electron – ion 
recombination time in our nonequilibrium plasma (see 
Section 1). When a train of USPs spaced at intervals of 5.3 ns, 
which was comparable to the population inversion recovery 
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Figure 2.  Waveforms of laser pulses and photocurrent without USP injection into the resonator (a), in the injection of a single USP (b) and a USP 
train (c) into the resonator, as well as in the injection of a USP train into a misaligned resonator (d). The USP amplitudes in the waveforms (b – d) 
of laser pulses are underrated by a factor of 1000 owing to the insufficient temporal photodetector resolution. 



	 V.D. Zvorykin, A.A. Ionin, A.O. Levchenko,  et al.342

time in the active medium, was injected into the resonator, at 
the regenerative amplifier output we observed a pulse with a 
strong amplitude-time modulation. The USPs circulating in 
the resonator largely suppressed the quasi-continuous lasing, 
because spacing between the USPs was less than the charac-
teristic lasing development time [37]. Apart from the corre-
sponding increase in peak repetition rate, the photocurrent 
signals showed an increase in peak amplitudes up to 30 V; 
there also emerged a pedestal between the peaks, which was 
3 – 5 times lower than the highest amplitude value. The emer-
gence of a constant photocurrent component evidently testi-
fies to accumulation of electrons in the plasma due to the sup-
pression of electron attachment to oxygen molecules by the 
radiation of quasi-continuous lasing (Fig. 2c). We emphasise 
that the energy and total duration of the laser pulse remain 
approximately the same in all cases described above [37]. 
Lastly, misaligning the output meniscus mirror of the regen-
erative amplifier transformed it to an ordinary double-pass 
amplifier, in which the output radiation reproduced the shape 
of the input USP train. The number of amplified USPs, their 
total energy, and the total duration of the output radiation 
pulse decreased in this case. The photocurrent signal con-
sisted of several peaks with amplitudes of up to 30 V, but the 
pedestal between the peaks turned out to be much lower than 
in the previous case, because there was no quasi-stationary 
lasing, which provided electron photodetachment from nega-
tive oxygen ions (Fig. 2d). Therefore, our experiments have 

demonstrated a high efficiency of air ionisation by amplitude-
modulated UV radiation pulses. The plasma conductivity and 
electron density produced by the combined pulses turned out 
to be at least 100 times higher than for smooth pulses with the 
same energy and duration. 

For a given focusing of the laser beam, the length of the 
plasma channel was determined by changing the position of 
the geometrical focus of the system relative to the interelec-
trode gap. Figure 3 depicts the dependence of the photocur-
rent amplitude on the position of the geometrical focus. In 
this case, the voltage across the gap was equal to 5 kV, the 
regenerative amplifier was operating in the regime of USP 
train injection, and coordinate z = 0 corresponded to geo-
metrical focus location at the distant grounded electrode (see 
Fig. 1). One can see that the plasma photocurrent is recorded 
over a length of ~100 cm, which is consistent with our previ-
ous measurements for plasmas produced by single USPs [42]. 

From photocurrent measurements it is possible to find the 
conduction of the plasma channel and, knowing its cross sec-
tion equal to the cross section of the laser beam, the plasma 
conductivity. The energy density distribution for the laser 
beam was measured from the UV radiation-induced fluores-
cence of a thin glass plate, which was imaged onto a 
Videoskan-285 digital CCD camera. Figure 4 shows the pro-
files of laser beam intensity recorded in this way. The beam 
images were obtained for a single USP and a train of USPs 
amplified in the double-pass scheme when the output menis-
cus mirror of the resonator was misaligned (see Fig. 2d). 
Multiple radiation filamentation was observed in all beam 
cross sections, although it was smoother in the cross section 
behind the geometrical focus. However, no extended domain 
of nonlinear beam focusing is observed the geometrical focus, 
unlike the case of IR radiation. For a USP train, the nonuni-
formity of the distributions is somewhat stronger than for 
single USPs because of the interaction between the subse-
quent USPs and the plasma filaments produced by the pre-
ceding pulses. 

The average beam diameter increased approximately 
three-fold at distances of 50 cm from the focus on either side. 
The focal waist length in which the beam diameter changed 
only slightly was equal to ~40 cm. For a focal spot diameter 
of 1 mm, the corresponding area S = 0.8 ´ 10–2 cm2, and a 
peak USP power of 0.2 – 0.3 TW we obtain a peak radiation 
intensity of (2.5 – 3.8) ´ 1013 W cm–2 in the waist domain. To 
estimate the plasma conductivity, from Fig. 3 we find that the 
highest photocurrent signal of 15 V (z = 0) at the 50-W oscil-
loscope input corresponds to a photocurrent Imax = 0.3 A in 
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Figure 3.  Dependence of the photocurrent amplitude on the position of 
the geometrical focus of the system. The uncertainties were determined 
by the statistical spread of measurement data.
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Figure 4.  Energy density distribution for a USP of UV laser radiation at a distance of 50 cm ahead of the geometrical focus (a, b), at the focus (c), 
and 50 cm behind the geometrical focus (d); (a) and (d) are distributions for a single pulse and (b) and (c) for a train of USPs. 
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the plasma channel; in this case, the channel resistance R = 
U/Imax = 17 k W–1 and the plasma conductivity se max = 
L/RS = 0.16 (W cm)–1. Hence one can find the electron plasma 
density ne max = se max/eμe » 1.6 ´ 1015 cm–3 corresponding to 
the peak photocurrent signal, where the electron mobility μe 
in the atmospheric air is assumed to be equal to 600 cm2(V s)–1 
[44, 45]. We note that the local electron density in the fila-
ments may by an order of magnitude higher than the density 
value found by averaging over the focal spot [12 – 14]. 
Furthermore, owing to insufficiently high temporal resolu-
tion of the photoelectric circuit (~1 ns), the measured elec-
tron density ne max is significantly lower than its peak value ne0 
at the instant of USP passage. Therefore, the electron density 
induced by the USPs satisfies the condition ne0 >> ne max ³ 
ne* = 1014 ´ 1015 cm–3, whose fulfilment signifies that the pho-
toionisation plasma is dominated by electron-ion recombina-
tion with the characteristic electron loss time of the order of 
several nanoseconds (see Section 1). A similar estimate for the 
constant photocurrent component suggests that the electron 
density ne = (3 – 5) ´ 1014 cm–3 » ne*; for this density, electron 
attachment to oxygen becomes the main relaxation process. 
Electron photodetachment from O2

– molecular ions by quasi-
stationary lasing radiation suppresses attachment and 
maintains the electron density at a quasi-stationary level 
throughout the action of a amplitude-modulated laser pulse 
(~100 ns). 

3. Switching and control of high-voltage electric 
discharges in the air by amplitude-modulated 
UV radiation pulses 

Described in this Section are experiments intended to verify 
the conception of efficient control of high-voltage electric dis-
charges in atmospheric air by amplitude-modulated UV laser 
radiation pulses. This conception relies on the production of 
electrons in photoionisation plasma due to multiphoton air 
ionisation by a train of USPs amplified to subterawatt power 
and the maintaining of their density by suppressing electron 
attachment to oxygen molecules with the use of a 100-ns long 
quasi-continuous lasing pulse. 

3.1. Discharges at constant voltage across a discharge gap

For experiments in high-voltage discharge triggering at a con-
stant voltage across the discharge gap we used a circuit with 
two IMN-100-0.1 high-voltage capacitors with a capacity of 
0.1 mF, which were charged to a voltage, controllable up to U 
= 70 kV, from two rectifiers of opposite polarity (Fig. 5a). In 
this case, a doubled voltage up to DU = 2U = 140 kV was 
applied to the discharge gap formed by two spherical elec-
trodes of radius 1.5 cm. UV laser radiation pulses with an 
energy of ~6 J, a duration of 100 ns and different temporal 
structure (smooth and amplitude-modulated) were focused 
by a spherical mirror with a focal distance F = 8 m. A similar 
focusing was employed in the photoelectric measurements of 
electron density in the plasma channel (see Section 2). The 
laser beam passed tangentially to the near (relative to the 
direction of beam propagation) electrode, and its geometrical 
focus was located in the discharge gap closer to the distant 
electrode. The discharge shape was recorded with a 
Videoskan-285 CCD camera with an acquisition interval of 
100 ms. The current was measured with a Rogowski coil; its 
signal together with the signal from a Thorlabs DET 210 pho-

todiode was recorded with a digital oscilloscope. The photo-
diode recorded both the laser pulse and the glow of discharge 
plasma. By comparing their waveforms we determined the 
delay of discharge ignition relative to the laser pulse. 

For a fixed interelectrode distance L = 8.0 cm, the applied 
voltage was varied in the range between the self-breakdown 
voltage (i.e. without application of a laser pulse) and the 
threshold of laser triggering both for smooth and amplitude-
modulated laser pulses with equal energies. The self-break-
down was inherently stochastic and was observed in the volt-
age range DUbr = 80 – 100 kV, which corresponded to an aver-
age electric intensity Ebr = DUbr /L =10 – 12.5 kV cm–1 in the 
gap. This figure is somewhat lower than that obtained in our 
previous experiments with a short discharge gap (L = 1.5 cm), 
where the breakdown voltage was DUbr = 50 kV [38, 42]. The 
difference is supposedly due to a higher field uniformity and a 
lower humidity of laboratory air in the experiments of Refs 
[38, 42], which were carried out in winter. For a gap with L = 
8 cm, the threshold of laser triggering by modulated pulses 
(i.e. the minimal voltage whereby the breakdown still devel-
oped with a probability close to 100 %) was DUtrig = 28 kV, 
which was three times lower than the self-breakdown thresh-
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old DUbr. It is significant that the discharge was guided along 
the laser beam (Figs 5c and 5d). The delay of discharge igni-
tion relative to the laser pulse was less than 0.3 ms for higher 
voltages and about 10 ms near the triggering threshold DUtrig. 
For a smooth laser pulse with the same energy, the break-
down of the same gap occurred for a significantly higher volt-
age (DUtrig » 60 kV), developed along a random trajectory 
(Fig. 5b) and for a very long delay relative to the laser pulse, 
which ranged up to 400 – 500 ms.

3.2. Extended discharges under a pulsed voltage 
across the discharge gap 

Figure 6 shows the experimental setup for the laser triggering 
of extended (~1 m) high-voltage discharges under a pulsed 
voltage applied to the discharge gap between a small charged 
sphere and a plane. The laser beam was focused in the geom-
etry described above and, using a plane deflecting mirror, was 
directed to the discharge gap through a 4-cm diameter hole in 
a plane grounded disc 70 cm in diameter. A seven-stage Marx 
pulsed voltage generator (PVG) made up of IMN-100-0.1 
capacitors generated voltage pulses with an amplitude of up 
to 490 kV, which were applied to the spherical 3-cm diameter 
electrode with an adjustable time delay tdel relative to the laser 
pulse (Fig. 7). The discharge current was measured with a 
Rogowski coil and the PVG voltage was measured with 
another Rogowski coil, which encircled a low-inductance 
load with a resistance of 2 kW connected in parallel with the 
discharge gap. The instant of gap breakdown was recorded 
on waveforms as an abrupt rise in the current signal and a 
simultaneous voltage drop (Fig. 7). A low current preceding 
the breakdown (or at all in the absence of breakdown) was 
due to the discharge of the PVG through its charging resistors 
(they are not shown in Fig. 6). The discharge shape was 
recorded with the CCD camera with an acquisition interval of 
100 ms (Fig. 8). 

The breakdown of a ~70-cm long discharge gap for a 
PVG voltage of 420 kV was observed only for amplitude-
modulated pulses, whose energy measured 6.3 J in these 
experiments. We measured the discharge development time 
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Figure 6.  Layout of the experiments in the triggering of a high-voltage 
discharge for a pulsed voltage across the gap between a sphere and a 
plane. 
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Figure 7.  Waveforms of discharge voltage (1) and current (2) as well as 
of laser pulses (3) for different delays between the laser pulse and the 
PVG pulse for sweep speeds of 0.5 (a, b) and 2.5 ms per division (c). In 
the case of Fig. 7a, the PVG pulse arrives ahead of the laser pulse and 
no breakdown occurs.
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Figure 8.  Images of discharges initiated by an amplitude-modulated la-
ser pulse in a 70-cm long interelectrode gap for different time delays 
between the laser pulse and the PVG pulse. 
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tbr, which was counted from the instant of high-voltage pulse 
application until the instant of breakdown, as a function of 
the time delay tdel of the voltage pulse relative to the laser 
pulse (Fig. 9). The minimal breakdown development time 
tbr » 0.6 ms corresponded to a time delay  tdel » 0.8 ms. With 
increase in delay to  tdel » 18 ms the discharge development 
time increased to tbr=3.7 ms. No breakdown occurred for 
higher time delays owing to a PVG pulse voltage drop result-
ing from leakage through the charging resistors. Also, no 
breakdown occurred when the high-voltage pulse was applied 
more than 1 ms earlier than the laser pulse (tdel = –1 ms in 
Fig. 9). The reason may lie with a redistribution of the electric 
field in the gap prior to the arrival of the laser pulse. In all 
remaining cases the discharge initiated by the amplitude-
modulated laser pulse was guided along the laser beam. The 
small parallel discharge trajectory displacements observed in 
Fig. 8 evidently testify to a stepwise discharge leader propa-
gation. 

4. Hypothesised mechanism of laser discharge 
triggering 

The long electric breakdown development times – tens and 
even hundreds of microseconds, which were observed in 
experiments with a constant voltage across the discharge 
gap as well as in experiments with high-voltage pulses 
delayed relative to the laser pulse, are many orders of mag-
nitude longer than the free-electron lifetime in the laser 
plasma. Proceeding from the derived data, we can propose 
the following mechanism for high-voltage discharge trigger-
ing by amplitude-modulated UV laser radiation. Free elec-
trons in the air plasma are produced by way of direct or 
stepwise multiphoton ionisation of oxygen molecules by a 
USP train and for a high initial density (ne0 >> 1015 cm–3) 
rapidly, within nanoseconds, recombine with the O2

+ posi-
tive ions. As the electron density lowers to ne = (3 – 5) ́  
1014  cm–3, electron attachment to oxygen molecules with the 
production of O2

– molecular ions begins to dominate. Quasi-
continuous UV radiation suppresses this process due to the 
resonance photodetachment of electrons from the O2

– molec-
ular ions. The USPs in combination with the 100-ns long 
quasi-continuous lasing pulse, which form an amplitude-
modulated pulse, produce electrons 100 times more effi-
ciently than a smooth radiation pulse of the same duration 
and energy. Upon termination of the laser pulse, the elec-

trons attach to O2 molecules within several tens of nanosec-
onds (this time depends on the magnitude of the applied 
electric field). The O2

– molecular ions, which possess a very 
low binding energy (~0.5 eV), are easily ionised in the 
applied electric field. The electric air breakdown develops as 
a result of avalanche ionisation with participation of this 
easily ionisable component and depends on the electric 
intensity and the O2

– ion density, i.e. on the number of pho-
toelectrons accumulated during the course of the laser pulse. 
Therefore, the breakdown development time is limited not 
by the free-electron lifetime, but by the recombination time 
between the O2

– negative ions and the O2
+ and O4

+ positive 
ions, which is equal to ~1 ms [45]. The stepwise character of 
discharge leader propagation is supposedly due to electric 
charge redistribution along the plasma channel covered by 
the leader and the corresponding electric field sharpening at 
the ends of this segment [6]. 

5. Conclusions 

The experiments carried out in the present work have shown 
that amplitude-modulated UV radiation pulses, being the 
superposition of a USP train amplified in a regenerative 
KrF amplifier to a peak power of 0.2 – 0.3 TW and a 100-ns 
long quasi-steady lasing pulse, offer significant advantages 
over smooth pulses or a USP train for the production of 
extended plasma channels in the atmospheric air, and for 
the triggering and control of high-voltage electric discharges. 
The USPs efficiently ionise oxygen molecules by way of 
direct or stepwise multiphoton ionisation, while the quasi-
steady lasing pulse maintains the electric density by sup-
pressing electron attachment to oxygen. In experiments on 
the laser triggering of high-voltage electric discharges we 
have demonstrated that the use of amplitude-modulated 
pulses results in a significant lowering of the breakdown 
threshold and a higher-efficiency control of discharge trajec-
tory in comparison with the use of smooth pulses. We have 
shown that controlled discharge may develop with a delay of 
tens of microseconds relative to the laser pulse; this time is 
many orders of magnitude longer than the free-electron life-
time in the laser plasma. A mechanism has been proposed 
for this breakdown, which involves speeding-up of the ava-
lanche ionisation of the air by negative molecular oxygen 
ions with a low electron binding energy (~0.5 eV) and a long 
lifetime (~1 ms), which are produced upon cessation of the 
laser pulse.
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