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When a high energy nanosecond (ns) laser induces breakdown in the air, the plasma density generated in the rarefied
atmosphere is much smaller than that at normal pressure. It is associated with a relatively lower absorption coefficient and
reduces energy loss of the laser beam at low pressure. In this paper, the general transmission characterizations of a Joule
level 10 ns 1064 nm focused laser beam are investigated both theoretically and experimentally under different pressures.
The evolution of the electron density (ne), the changes in electron temperature (7;) and the variation of laser intensity (/)
are employed for numerical analyses in the simulation model. For experiments, four optical image transfer systems with
focal length (f) of 200 mm are placed in a chamber and employed to focus the laser beam and produce plasmas at the
focus. The results suggest that the transmittance increases obviously with the decreasing pressure and the plasma channels
on the transmission path can be observed by the self-illumination. The simulation results agree well with the experimental
data. The numerical model presents that the maximum 7. at the focus can reach 10" cm’3, which is far below the critical
density (n¢). As a result, the laser beam is not completely shielded by the plasmas.

Keywords: laser-induced plasma, high energy, nanosecond laser pulse, rarefied atmosphere

PACS: 52.38.Dx, 42.25.Bs, 52.38.-1, 52.80.Mg

1. Introduction

Recently, many groups have studied the transmis-

sion effects of the high energy short pulse laser in the

1= which is useful for some technical fields,

13]

atmosphere, [
such as directed energy systems, '?! laser lightning rods,|

5] etc.

atmospheric laser communication, 4] Jager radar,!!

As is well known, the nonlinear effects, such as Kerr
self-focusing and plasma defocusing, can be generated when
an intense enough laser with short pulse duration propagates
through air. Kerr self-focusing will be the result when the
laser power reaches its threshold, which further increases the
laser intensity (/) undoubtedly. The propagation mentioned
above triggers the multiphoton ionization (MPI) and cascade
ionization (CI) to generate electrons and ions.['%! The break-
down happens when the I reaches the threshold, which means
that the electron density (n.) is strengthened to a magnitude
of ~ 1013 x neo/em? (neg is the natural electron density) and
an intense spark (plasmas) is formed.!'”! Because of the com-
plex recombination processes, the plasmas can be observed
by its self-illumination.!”] However, plasmas generated by the
pulse negatively affect the refractive index, which defocuses
the laser beam and absorbs the laser energy.?! It is well
known that the absorption coefficient can be extremely high
when the 7. is large enough, and the laser beam will be atten-

uated rapidly in plasmas.!'®! To our knowledge, most previ-
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ous reports used the femtosecond (fs) lasers to study the trans-
mission effects.!!=3 This is because the pulse duration of the
fs laser is similar to the time for forming plasmas, which al-
lows the pulse to propagate through a long distance with less
assimilation. Unlike the fs laser, however, when a high en-
ergy nanosecond (ns) laser is focused by a single lens in nor-
mal air, the plasmas generated at the focal region strongly ab-
sorb the energy. In this case, the ns laser barely gets out of
the plasma region due to long pulse duration and huge ab-
sorption coefficient, so that the I at the focus is seriously af-
fected. Theoretically, the plasma density induced by a high
energy ns laser in the rarefied atmosphere is much smaller
than that at normal pressure, which is correlated to a rela-
tively lower absorption coefficient and reduces energy loss of
the laser beam.>®! In this paper, the transmission character-
izations of a Joule level 10 ns 1064 nm focused laser beam
are investigated both in theory and experiment under different
pressures. The key physical quantities are discussed in the nu-
merical simulation. For the experiment section, 10 ns pulses
from a Q-switched Nd:YAG laser (model number: SGR Extra-
10) transmit through four optical image transfer systems with
focal length (f) of 200 mm in an aluminum alloy chamber,
with air pressure of 5-760 Torr. The simulation results show
a good agreement with the experimental data. For the incident
energy of 6 J, the transmitted energy after passing through
the chamber is 3.4+0.1 J at 5 Torr. The maximum #. at the
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first focus is calculated as 2.4x10'° cm—3. Additionally, the
transmittance and the average n. along the transmission path
in the first optical image transfer system (7z.) versus light in-
tensity at the first focus without absorption (/p) and pressure
are detailed discussed. Moreover, the transmission effects of
picosecond (ps) pulsed laser can be predicted by using the nu-
merical model.

2. Theoretical model

The theoretical simulation focuses on the propagation of
a 10 ns pulse 1064 nm laser beam in air. Some parameters are
discussed, including the 7, the electron temperature 7. and
the variation of /. It is assumed that the laser beam exhibits a
fundamental-mode Gaussian distribution and the propagation
is one-dimensional (1D). Additionally, the air is assumed to
comprise 80% nitrogen and 20% oxygen in this paper. The
neo at normal pressure is defined as 103 cm™3 and it reduces
linearly with pressure.!!”]

The atoms in a powerful laser field can absorb multiple
photons to achieve the transition, thereby shifting from the
ground or excited states to the continuous state and produc-
ing MPI. The electrons generated by MPI or existing in air
are heated by the laser field, and then collide with neutral gas
molecules, resulting in CI. As a joint result of these two kinds
of ionization and electron recombination process, the growth
of ne can be described by the following equation: (1%

one NA

_ IK+nN[377q (Y’
(S

2
9 KR o (%) ]’—“"e- M

The first term in Eq. (1) represents the MPI process. K
is the number of photons required for multiphoton ioniza-
tion of the gas. N is the neutral atom density of the gas
(N =3.56 x 10'°P cm~3, where P is the pressure in Torr). A
represents the multiphoton absorption coefficient, which can
be defined by the following expression: !

oK

A= 2
vE=1 (K —1)! (hv)’ @

where the photoionization cross section G is set as
10—17j:1

cm?, 16191 v g the frequency of the laser beam, and
hv refers to the energy of the single photon. The second term
in Eq. (1) describes the CI process, where g is a constant for
a particular gas, o is the angular frequency of the laser and
vm refers to the frequency of the electron momentum trans-
fer collision. The third term in Eq. (1) expresses the radiative
electron recombination, where o is the coefficient, which is
determined by 7;.[?"

When the contribution of MPI and plasmas for absorbing
energy of laser through transmitting procedure are considered,
the variation of / with distance can be given as follows: 318211

d1
o= — 1] — hvNAKTK. 3)
Z

In Eq. (3), Kkjp is the inverse bremsstrahlung absorption coeffi-
cient of plasma, which is written as!!8]

1
X _Vei(”c) Ne ? ne\ 2
st () e

In the above equation, n. is the critical density for a laser beam,
which is inversely proportional to the square of the laser wave-
length (1).['8) Normally, when ne > n, the plasmas exert a
severe shielding role on the laser beam and a negative effect
on the transmission. Besides, v.; represents the frequency of

electron ion collision, which is described as follows: 18!

6 Zzne InA

Vei = 2.9 x 107 5
[T (eV)]?

®

In Eq. (5), Z represents the charge number of an ion. A is the
Coulomb cutoff coefficient. T; refers to the electron tempera-
ture, which is determined with the Saha—Eggert equation and
written as follows:!®!

3
le -~ E 27'Emek]3 Te 2 ex _Vvion (6)
-7z N w2 P\ et )

where Z; = n. /N is the degree of ionization, m. is the mass of

electron. W, represents the ionization potential, which nor-
mally is 15.6 eV for nitrogen and 12.1 eV for oxygen. kg
stands for the Boltzmann constant.

Usually, the Kerr self-focusing occurs when the laser
power is higher than the critical value P.; = 3.774%/(87tnons),
in which n; is the nonlinear refractive index, which is
5x107' cm?/W for normal air and 1x1073* cm?/W for
vacuum. 2 ng = 1 is the linear refractive index of the medium.
It has been reported that the n, of air depends linearly on

23-251 As aresult, Py = 3.4 GW at atmospheric pres-

pressure. !
sure and P, increases with decreasing pressure. In this pa-
per, the incident power of the laser is lower than 1 GW, which
means that the self-focusing can be neglected. The numerical
results of the transmission effects at different pressures can be
obtained by solving the above equations with the finite differ-

ence method.

3. Experiment setup

Figure 1 shows the schematic diagram of the experimen-
tal system. A Q-switched Nd:YAG laser is employed to gen-
erate the 10 ns 1064 nm laser pulses (red lines in Fig. 1). With
the assistance of a control panel, the single pulse is emitted
in each experiment and the maximum energy can reach 10 J.
The initial radius of the beam is about 15 mm and the beam
quality factor () is about 1.7. In the experiment, the radius
of the beam is reduced to 7.5 mm by using a positive lens
(f = 1000 mm) and a negative lens (f = —500 mm). The ra-
dius of focus (r) is calculated to be 28 um. The aluminum
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alloy chamber in Fig. 1 is filled with air, and its pressure of
5-760 Torr. To prolong the plasma generation region and in-
crease the the absorptivity of pulse, four optical image transfer
systems (f = 200 mm), consisting of eight focal lenses and
placed side-by-side, are adopted to focus the laser pulse four
times and produce four small plasma channels. The plasma
generation region is enclosed by the dashed lines in Fig. 1. The
plasma channels can be observed due to its self-illumination.
The transmitted energy via the chamber is measured with an
energy meter. After the inherent loss of the chamber is sub-
tracted, the incident energy of laser pulses in experiments is
14171,2917,45 ], and 6.0 J, respectively. For a Gaussian
beam, the effective area is equal to mr2/2. Therefore, the Iy
can reach 11.4 TW/cm?, 23.5 TW/cm?, 36.5 TW/cm?, and
48.7 TW/cm?, respectively. In contrast with the experimental
data in the previous literature (for 6 ns single pulse, the break-
down threshold is 0.2 TW/cm? at 760 Torr and 3 TW/cm? at
10 Torr),! the Iy here is large enough to generate the plentiful
plasmas and absorb the energy.

Plasmas
L1 F3

F1 F2

CF—f—1

1064 nm, 10 ns
Nd: YAG laser

Energy meter D+[

Chamber

Fig. 1. Schematic diagram of the experimental system. F1-F3 are the
focal lens with the f of 1000 mm, —500 mm, and 200 mm, respec-
tively). T is the transmission window. M is the 45° high reflective
mirrors. Numbers 1-4 represent four independent plasma channels.

4. Results and discussion

Figure 2 describes the two typical plasma channels (the
first and second channel in Fig. 1) recorded by two cameras
at the pressure of 5 Torr and the incident energy of 6 J. The
total length and diameter of four channels is 3.5 cm and 0.17—
0.3 cm, respectively. The energy meter shows that the trans-
mitted energy is 3.4+0.1 J. Meanwhile, the simulation results
indicate that the transmitted energy is about 3.3 J and the max-
imum 7, at the first focus is 2.4x 10! cm~3. As demonstrated
in Fig. 2, the first channel lies more left than the second one,
which is caused by the transmission path of the laser. The
breakdown initiates at a location before the focus of the focal
lens, and the breakdown-induced plasmas begin to spread. The
backward moving plasmas (toward the lens) absorb the rem-
nant energy of the incident laser pulse and exhibit a more ob-
vious growth trend when compared with the forward-moving
plasmas (away from the lens). 2%

The transmitted energies for the 1.4 J laser pulses pass-
ing through the chamber at different pressures are shown in

Fig. 3. Tt suggests that the transmitted energy is increased
with the reducing pressure and the energy changes with log
base 10 of pressure approximately linearly when the pressure
ranges from 30-350 Torr. However, the transmitted energy de-
clines slowly with the increasing pressure after it is higher than
350 Torr. This is because the 7, is relatively small at the initial
stage of the Gaussian pulse, which cannot disturb the energy
so that the front part of the pulse transmits through the cham-
ber. In addition, the error bars are much longer in the middle
parts than that in the marginal parts, which may be attributed
to the following two aspects. Firstly, the gas molecules are
unevenly distributed, causing different results for repeated ex-
periments. Then, the experimental data may be influenced by
some aerosols with the breakdown threshold of 108 W/cm?,
which is far below the threshold of the air.[*”! When the pres-
sure approaches to the atmospheric pressure, both aerosols and
air can be easily breakdown. However, there are almost no
aerosols at low pressure. As a result, the error bars at these
two parts are relatively shorter.

First channel

Second channel

Fig. 2. Images of two plasma channels generated by the first and second
image transfer systems in Fig. 1, the pressure is 5 Torr and the incident
energy is 6 J.

1.6 T T

= —— Exp. data
zl2r b
—

5}

=t

15}

- 0.8F b
o}

It

=

0l |
@

=

0 M M .
1 10 100 1000

Pressure (Torr)

Fig. 3. Transmitted energies of 1.4 J incident energy versus pressure.

Figure 4(a) shows the experimental and numerical re-
sults of the transmittance versus Iy under different pressures.
Solid stars and error bars represent the experimental data, and
solid lines are selected to mark the numerical results. Ac-
cording to Eq. (1), the breakdown threshold increases as the
pressure decreases. When the [y is 11.4 TW/cm?, the in-
tensity is not high enough to excite more plasmas to absorb
the energy at low pressures. Therefore, the transmittance in
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this situation approaches to 100%. Meanwhile, it suggests
that the experimental data are slightly lower than the theoret-
ical results. It can be inferred that the diffusion of plasmas,
which is not considered in the numerical model, increases
the energy loss in the experiments. To investigate the effects
of the n. on absorption, the maximum n. during the trans-
mission is calculated, which can reach 10'7=10!° ¢cm=3 in
the experiments. However, the n. at the focal region under
the high-pressure air has to be considered, because it is large
enough to severely influence the energy. After the n. along the
transmission path is integrated, the average n. is calculated.
Figure 4(b) shows the 1. versus Iy under different pressures
in the simulation model. The variation tendency of the 2,
is observed to be opposite to the transmittance. This is be-
cause a larger Iy can generate more plasmas at high pressure,
which absorbs more energy and seriously affects the transmit-
tance. Due to different pressures and incident energies, the
plasma channels present various total lengths. For example,
the channel is 2.1 cm in length when the pressure is 50 Torr
and the I is 11.4 TW/cm?, but it can be 10.6 cm when the
pressure is 30 Torr and the Iy is 48.7 TW/cm?. Furthermore,
no self-illumination is found at the pressure of 5 Torr and I
of 11.4 TW/cm? in the experiment. Whereas the transmitted
energy is slightly lower than the incident energy under the
same conditions. It indirectly proves that the total length of
the plasma channel is longer than that of the self-illumination
due to its invisible part, which is consistent with the find-
ings in a previous study.[*8! Additionally, the results in Fig. 4

1.0

(a) *»  Exp. data 11.4 TW /cm?
Sim. data 11.4 TW /cm?
*  Exp. data 23.5 TW /cm?
Sim. data 23.5 TW /cm?
*» Exp. data 36.5 TW /cm?
Sim. data 36.5 TW /cm?
*  Exp. data 48.7 TW /cm?
. data 48.7 TW/cm?

0.5

Transmittance

00 100 200 300 400
Pressure (Torr)
‘é i (b) — Sim. data 11.4 TW /cm?
S — Sim. data 23.5 TW/cm?
=8 —— Sim. data 36.5 TW/cm?
= 6r — Sim. data 48.7 TW/cm?
ey
B
g 4p
=
2
2 o}
[}
)
50
£
5] I 1 I 1 I 1 I
é 00 100 200 300 400

Pressure (Torr)

Fig. 4. (a) Transmittance and (b) 7ie versus Iy and pressure (5-310 Torr).

can be based to estimate the transmittance and n. of the laser
pulse with pulse duration larger than the time of plasma gen-
eration (~ 10 ps) under different atmospheric pressures.

5. Conclusion

The transmission characterizations of a Joule level 10 ns
1064 nm focused laser beam in the atmosphere with differ-
ent pressures are theoretically and experimentally analyzed in
this paper. A 10 ns pulse from a Q-switched Nd:YAG laser
is transmitted through four optical image transfer systems in-
side a chamber, with the pressure ranges from 5-760 Torr. The
shapes of the plasma channels are photographed, and the nu-
merical results agree well with the experimental data. At the
pressure of 5 Torr and the incident energy of 6 J, the transmit-
ted energy passing through the chamber is 3.4 +0.1 J and the
maximum 7, at the first focus is 2.4 x 10! em—3. Addition-
ally, the transmittance and the 71, during the propagation are
detailed analyzed. Furthermore, the theoretical model is em-
ployed to predict the transmission effects of ps pulsed laser in
the air. For example, when a 10 ps pulse with energy of 6 mJ

transmits through the experimental system at 5 Torr, the trans-

mittance and maximum n. are 55.87% and 4.5x10'° cm~3,

respectively.
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