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OCOBEHHOCTHU BOJIH HOI'VIOINEHUSA JIABEPHOT'O U3TYYEHUA
ITPU OIITUYECKOM ITPOBOE I'A3A

A.B. Byaanos, A.A. Hibun
PECULIARITIES OF WAVES OF LASER RADIATION ABSORPTION AT GAS OPTICAL BREAKDOWN
A.V. Bulanov, A.A. I’in

B nmanHo#t paboTe mccne0BaHbl CKOPOCTH PACcIIPOCTPAHEHNUS BOJH HOTJIONMICHUS JIA3€PHOTO M3Iy4eHHs (CBETOAECTOHAI[MOH-
HOM BONHBI, ObICTpo BodHBI noHu3anmu (BBU) n cBepX3ByKOBO# pagualliOHHON BOJNHEI), B 3aBUCUMOCTH OT MHTEHCUBHOCTH
JIa3epHOT0 W3ITyYEeHUs IIPH ONITHYECKOM IPpoOoe B HOPMAaIBHOM aTMocdepe.

In the present study, expansion velocities of absorption waves of laser radiation (laser supported detonation wave and fast
wave of ionization and a supersonic radiative wave) are researched depending on intensity of laser radiation at optical breakdown

in a normal atmosphere.

At the present time the following supersonic mecha-
nisms of plasma fronts expansion are known: a fast
ionization wave (FIW), laser supported radiation wave
(LSRW), laser supported detonation wave (LSDW),
breakdown and electronic thermal conductivity mecha-
nism. The detailed description of the mentioned above
mechanisms is given in Refs [1, 2]. The FIW is the least
investigated among above-stated mechanisms. In the
present moment the theory of the FIW is mainly devel-
oped for atomic gases, and velocity of discharge propa-
gation in the FIW regime is the numerical solution of
unwieldy system of equations including radiation trans-
fer and ionization kinetics [2, 3]. As a rule, the most
likely mechanism of ionization front expansion is the
LSDW for sharp-focused laser radiation within intensi-
ties range of ~10°~10°W cm? in a normal atmosphere,
then as laser intensity increases the LSDW changes to
the FIW [4]. Recently the study of mechanisms of laser
plasma expansion is caused by following reasons: crea-
tion of laser ignition devices of mixtures of combustible
gases and air; development of tunable microwave radia-
tion sources [6]; examination of the spectral characteris-
tics of laser plasma [8—11] and plasmas fronts interac-
tion [10, 11] as well absorption coefficients of laser ra-
diation for various mechanisms. We shall determine
mechanism of plasma expansion towards the laser radia-
tion for a case of an optical breakdown and low-
threshold breakdown by laser wavelength A =1.06 pm
within intensities range of 5:10°~10'"" W e¢m? in a nor-
mal atmosphere that corresponds to the experimental
conditions of works [4, 10]. In a case of near-threshold
laser intensities close to breakdown threshold of air
(I~ (5-10)-10" W cm?), we are restricted to reviewing
of a case of sharp-focused laser beam. Thus, the deter-
mination of plasma expansion mechanism is reduced to
comparison of velocities of three mechanisms: the FWI,
the LSDW and the LSRW (if, for given intensity, the
certain mechanism provides the greatest velocity then
plasma expands towards laser radiation in this mecha-
nism). Where numerical results are given, we shall ex-
press focal spot radius R in cm, duration of laser pulse ¢
in ns, laser intensity 7 in W cm 2.

LSDW velocity is represented in Ref [1] by
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where 1 is air adiabatic index behind ionization front, ¢
is air density before front.

The value of the lower bound of the FWI velocity
Uiy 18 determined by relation [6]
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In this relation Ny = 2.69-10" cm™; e(a ,T) is intrin-
sic energy of the gas behind front (counting upon 1 par-

ent atom); m (7) is an average charge of plasma; e; is
the energy of the UV photon corresponding to a thresh-
old of oxygen ionization; z, F, are degree of ionization
and flux of ionizing UV photons on the border of ioni-
zation front; p = cos 8, o(e) =0.21c,, (¢) +0.790,, (¢)

is total photoionization cross-section of the air (o, ()
and o, (&) are cross-sections of the molecular oxygen

and nitrogen); o,(g) is total photoabsorption cross-
section, defined similarly to photoionization cross-
section. The value of the lower bound of FWI velocity
was determined using following assumptions [6,7]: F; =
F,, =107 , where F,, is the equilibrium flux (UV pho-
tons flux from a surface of black body). However in a
number of experiments [4, 10, 11], velocities of FWI
were much less than the value of the lower bound de-
termined by relation (2) with assumption (3). We regis-
tered velocity of the FWI u =200 km s for laser inten-
sity /= 10" W em 2, while u,,;,=2:10° km s determined
for this intensity by relation (2) with assumption (3).

We register a strong radiation of the second positive
system of nitrogen during ionization front expansion
[11], layers absorbing plasma radiation and adjoining to
ionization front emitted this radiation. Radiation of the
second positive system of nitrogen gives the significant
contribution to the common radiation of air plasma at
temperatures 5000—7000 K. Thus in investigated range
of laser intensities, 7' >> 7" and the contribution of £

into common flux of ionizing quanta is negligible. As-
sume that border of ionization front is a point on axis of
laser beam, in which ionization by electronic impact
much more exceeds photoionization, since the role of
photoionization for FWI mechanism is reduced only to
start electron avalanche [2]. According to [4] rates of
electron avalanche and photoionization are equaled at
degree of ionization before front z~ 10°~107, further
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electron avalanche rate exceeds photoionization. Thus,
on the border of ionization front, at z~ 10°~1072, the
ionization photons flux for R <<1 cm is determined by
relation (4) at x = 0. Velocity of ionization front in
LSRW regime was defined using the set of equations
described in work [3]

F, = Nyuz,,1 = 2Nue(m,T). (5)

Here z is air degree of ionization corresponding to
significant absorption of laser radiation (zy ~ 3:10 °—10"
Y, F; is flux of UV ionizing quanta. Results of calcula-
tions of ionization front velocities for three mentioned
above mechanisms are presented on Fig. 1.

Equation (1) was used to calculate LSDW velocity.
The lower boundary of FWI velocity u,,;, was deter-
mined triply: for R = 0.15 and R = 0.01 cm, in both
cases z = 3-10 2, on the basis of equations (2), (4) at x =
0 and for flux from surface of black body (3) atz = 10"".
Velocity of ionization front in LSRW mode was calcu-
lated twice: forzy = 3-10 > and R = 0.01 cm, using for-
mulas (4-6), and for zy = 3-10 2 and for flux from sur-
face of black body using equations (5) and (7). Experi-
mental points lay above the curves (Fig. 1) correspond-
ing to lower boundary FWI velocity for all experimental
conditions in which plasma front moves towards laser
radiation as FWI’ . Velocity of LSRW is less lower
boundary of FWI velocity even at coincidence of degree
of ionization z =z, = 0.03. For 7 > 10° W/em® FWI is
main mechanism of plasma front expansion.

Dependence of plasmas front velocities on time after
breakdown was investigated explicitly in work®, so
time dynamics of plasma spectra is presented in this
section. Spectra of air breakdown by 532 and 1064 nm
laser radiation are shown in Fig. 2. Molecular bands
corresponding to second positive system of nitrogen (C
3ufB,3g) against the high-intensity continuous back-
ground, dip of continuum intensity and absorption line
of atomic oxygen O I 777 nm are observed during laser-
plasma interaction, i.e. ionization front expansion. Dip
is explained by absorptive transitions from the excited
vibrational-rotational levels of the basic electronic state
and from the excited electronic states of atmospheric
gases molecules, these excited states lead to photodis-
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Fig. 1. Velocities of ionization front expansion depending
on laser intensity: curves are calculation, dots is data of ex-
periments. 1 is u,,,, FWI (z = 107, black body), 2 — LSRW (z
=310, black body), 3 — tt,,;s FWI (z =310 2, R = 0.15), 4 —
Upin FWI (z = 31072, R = 0.01), 5 — LSRW (zy=3-10% R =
0.01), dotted curve — LSDW. m — FWI velocity, R = 0.15'12
A -FWI, R=0.027 e — FWI, R=001", + — FWI,
R=0.01>".

sociation of molecules. As was mentioned above the
source of molecular nitrogen radiation is air layer ad-
joining to ionization front. The seed electrons for break-
down occur in this layer due to ionization by UV radia-
tion and then molecules are excited, dissociated and
ionized by these electrons. The molecular bands and dip
of continuous spectrum intensity was not registered in
other examined spectral ranges. “Lifetime” of oxygen
absorption line and second positive system of nitrogen
are similar and observed up to 70 ns. After laser pulse
action registered spectrum is most likely attributable to
emission line. The multiplet NII 333 was observed up to
500 ns after breakdown. Molecular bands and dip of
continuum intensity are most expressed for breakdown
by 532 nm radiation.
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Fig. 2. Spectra of air breakdown by single pulse. To the left is
breakdown by 532 nm laser radiation, to the right by 1064 nm.
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Fig. 3. Contrast of emission line 1 = 333 nm depending on
time. m is single breakdown by 532 nm, e single breakdown
by 1064 nm; V¥ distance between focal points 3 mm, A 0 mm,
¢— 1 mm.
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Contrast of emission line 1 = 333 nm for all men-
tioned above cases is shown in Fig. 4. For single break-
down emission line contrast is bigger for 1064 nm laser
radiation up to 150 ns. There is no increase of emission
line contrast for distance between focal points 3 mm.
For other distances considerable magnification (up two
times for 125 ns) is observed thus the maximal value of
contrast is shifted to larger times.

Conclusions

The obtained results show, that spectral and temporal
characteristics at colliding interaction of laser plasmas
considerably differ from a case of non-interacting plas-
mas. The main mechanism of plasma expansion for i1 =
532 and 1064 nm with intensity above 7 > 10° W/cm? is
FWI. The magnification of line and continuous spectrums
intensities is registered but in such a manner that the con-
trast increases. The significant enhancement of a time
interval with maximal contrast value is registered. Thus it
is possible to considerably improve the sensitivity of
LIBS in case of interacting laser plasmas using time delay
up to 100 ns and time gate up to several hundreds ns or
several pus depending on spectral line. Also it is necessary
to take into account molecular bands and dip of contin-
uum while carrying out LIBS measurements. For exam-
ple, in our case the time delay must be about 100 ns to
escape influence of molecular bands and dip of contin-
uum in spectral range 300-375 nm.

This work was supported by Far-Eastern Branch of
Russian Academy of Sciences (grant No 06-111-B-02-062).
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