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Laser Energy Deposition in Quiescent Air
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Laser energy deposition in quiescent air has been studied experimentally and numerically. The study is focused
on the gasdynamic effects of the laser energy spot on the flow structure. A Gaussian profile for initial temperature
distribution is proposed to model the energy spot assuming the density is initially uniform. A filtered Rayleigh
scattering technique has been used for obtaining the experimental results. These consisted of flow visualization of
the blast wave, and simultaneous pressure, temperature, and velocity measurements. Good agreement has been
achieved between numerical and experimental results for shock radius vs time. The comparison of computed and
experimental density, pressure, temperature, and velocity outside the laser spot show good agreement as well.

Nomenclature
ds = ambientspeed of sound
B = optics calibration constant
Cc = constantdark level
ko = observed light wave unit vector
ky = incident light wave unit vector
[(v) = laserspectral distribution
Mo = molecular mass
M, = shock Mach number
Pr = Prandtl number
D = pressure
0 = optics calibration constant
R = gasconstant
R, = focal radius
r = Rayleigh scattering (RS) distribution, radius
o = radius
S = the grayscale value collected at a particular
pixel of the image
T = temperature
t(v) = absorptionprofile
\4 = flow velocity vector
Vo = focal volume
V = shock velocity
X = nondimensional frequency in RS
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y = ratio of collisional frequency to the acoustic spatial
frequency in RS

oR = Rosseland mean absorption coefficient

AT = temperature variation due to energy addition

AT, = peaktemperature variationdue to energy addition

Avp = Doppler shift

€ = absorption coefficient

K = constant thermal conductivity

A = wavelength of incident light

" = dynamic viscosity

v = frequency

Vo = incoming light frequency

0 = density

o = Stefan-Boltzmann constant, 5.67 x 10~% W/K*m?

0 = angle between the incident and scattered wave vectors

Subscript

o0 = ambient value

Introduction

ASER-INDUCED breakdown in air has been studied since its

discoveryin 1963." The breakdownis describedby foursucces-
sive stages. Figure 1 illustratesthese four stages: 1) the initial release
of electrons due to multiphoton collision with the gas molecule, 2)
ionization of the gas in the focal region by the cascade release of
electrons, 3) formation of the plasma, and 4) formation of the blast
wave due to the absorption of laser energy by the plasma and the
propagation of the blast wave into the surrounding gas. A primary
observationobtained from experiments (Refs. 2 and 3; Adelgren, R.,
Boguszko, M., and Elliott, G., Rutgers University, Oct. 2001, pri-
vate communication) is the propagation of the blast wave and the
formation of a vortex ring in the focal region due to the asymmetric
shape of the plasma region.

Many analytical and numerical models®>*~!5 have been investi-
gated to better understand the essential features of this phenomenon.
Similarity laws proposed by Taylor* and von Neumann’ accurately
describe the motion of the blast wave at its early stage when it
remains strong. Sedov® independently derived the same similarity
laws as Taylor. Bach and Lee!¢ proposed an approximation to de-
scribe weak blast waves based on the assumption of a power-law
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Fig. 1 Formation of laser spot.

density profile behind them. Brode’ performed a numerical simula-
tion of spherical blast waves using two types of initial conditions:
a point source and an isothermal sphere. It is noted that the ideal
gas assumption is reasonably valid in air for shock pressures less
than 10 atm. Svetsov et al.? experimentally and numerically studied
the fluid motion due to a laser discharge and the results exhibited
a vortex ring due to an initial asymmetry. Steiner et al.!> presented
a real gas model simulation with a self-similar strong shock solu-
tion as the initial condition. The laser energy release was taken as
a linear function of time. The shock radii of the real gas and the
perfect gas solution only slightly differ in contrast to the classical
point explosion with a sudden release of a fixed amount of energy.
Jiang et al.!! performed an experimental and numerical simulation
of a microblast wave with the initial conditiondescribed by the sim-
ilarity law.* Recently, Dors!'® presented a computational model that
takes into account the asymmetry of the laser energy deposition as
well as ionization and dissociation effects on fluid properties with
assumed initial conditionstaken upon terminationof the laser pulse.
Liang et al."* demonstrated that there were three outward-moving
weaker shock waves behind the main shock in the propagation of
a weak spherical blast wave, created by rupture of a high-pressure
isothermal sphere.

The present work studies the gasdynamic effects of the laser en-
ergy deposition on the flow structure. The comparisons between
experimentaland numerical simulationare made to validate the pro-
posed initial condition for the laser energy spot. This study is also
verifies a computationalmodel that will be used in future studies on
the effect of energy deposition on compressible flows.

Filtered Rayleigh Scattering

Flow visualization of the blast wave, created from the laser-
induced breakdown in quiescent air, was obtained by a Rayleigh
scattering (RS) technique.!’~! RS is defined as a scattering process
for which the interacting particle is less than one-tenth of the wave-
length of the incident light. For visible light, scattering that falls in
the Rayleigh range is due to the air molecules? that can be utilized
for flow measurements without the need for any artificial seeding.

The intensity of the RS is a function of the number of scatterers
per unit volume, which is proportionalto the density of the flow. The
RS spectral distribution is a function of the flow velocity, pressure,
and temperature 2!

Considering a unit volume of air and a monochromatic irradiat-
ing light, the observed RS profile has a finite spectral distribution
about the frequency of the incoming light. This is due to the fact
that the molecular random velocities, which are proportional to the
gas temperature, produce a Doppler shift in frequency that mani-
fests macroscopically as a broadeningof the spectrum.?? Therefore,
the broadening is proportional to the flow temperature. The profile
can be parameterized by two nondimensional quantities, namely,
the nondimensional frequency x and a parameter y that can be in-
terpreted as the ratio of collisional frequency to the acoustic spatial
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Fig. 3 Scheme of overlapping of scattering and absorption band.

frequency® (shown in Fig. 2):
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The whole RS profile can also be Doppler shifted in frequency
due to the bulk velocity of the flow with respect to the laboratory
frame of reference according to

Avp = (1/M)V (ke — k) 3)

In general, the detecting devices, such as cameras or photodi-
odes, are insensitiveto frequency;they only measure total energy or
power.2! To resolve the frequency information and make the ther-
modynamic property measurements possible, a filter is used. In this
experiment, the filter consists of a glass cell filled with moleculario-
dine thathas absorption lines within the tuning range of our 532-nm
Nd:YAG tunable laser.

The methodisbased on tuningthe laseracrossone of theseabsorp-
tion lines, provided that 1) it has sharp cutoffedges, 2) its absorption
band is wider than the laser bandwidth, 3) it has a large extinction
ratio, and 4) it is isolated from other absorptionbands.?> By placing
the filter in front of the detector the signal collected is going to be
the convolution of the RS and the absorption profile?! (Fig. 3):

S(vo + Avp, p,T) = Q,O/ t(W)r(v—vy — Avp, p, T)dv

+B / tWI()dv +C “4)

As mentioned, the detector is only sensitive to energy or power,
integrating the contributions over the frequency domain, which is
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Fig. 4 Grayscale as a function of laser frequency.
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Fig. 5 Experimental arrangement: M, mirror; W, wedge; OPM, off-
plane mirror; G, partially reflecting mirror; IC, iodine cell; BI, boxcar
integrator; Pd, photodiode; and BD, beam dump.

represented by the area under the solid line in Fig. 3. The collected
intensity is due to the molecular RS and the backgroundreflections.
The latter have approximately the same spectral linewidth as the
laser. The first term of the equation represents the filtered RS and
the second term the background scattering.

As the laseris tunedin and out of the absorptionband the intensity
recorded by the detector varies, producing a curve of grayscale as
a function of laser frequency shown in Fig. 4. Using a curve-fitting
routine the values of p, T, and Avj are found by iteration. Once
Avp is found, a velocity component can be computed by Eq. (3).

Experimental Apparatus

The arrangementfor this experimentincluded two Nd: YAG lasers
with an output wavelength of 532 nm. Figure 5 shows the schematic
of the experimental arrangement. One of them was tunable in fre-
quency with a power of approximately 500 mJ and was used to
create a laser sheet that illuminated the test section. The second
laser, with a power of about 180 mJ, was directed to the test section
and focused down to a small focal volume to produce an energy
discharge (10-ns duration) on the plane of the laser sheet. A Prince-
ton Instruments intensified charge-coupled device (ICCD) camera
was placed at 90 deg with respectto the sheetimaging the region of
interest. The three elements were controlledby a Stanford Research
Systems pulse generator with a frequency of 10 Hz. An iodine cell
calibrated at 50°C was placed before the camera to serve as a filter.
A Dell Pentium IV personal computer, labeled Computer 1 in Fig. 5,
was used to collect the images taken by the camera. The ICCD was
also connected via a Princeton Instruments boxcar integrator to a
Gateway Pentium III personal computer (Computer 2). The function

Table1 Test conditions

Parameter Value
Pressure for quiescent air p; 0.101 MPa
Temperature for quiescent air T 293 K
Laser perturbation focal volume Vj 3 mm3
Laser beam incidence energy 108, 112, and

for quiescent air E 145 mJ/pulse

Excitation beam
from second
Nd:YAG laser at 180mJ

Imaging
sheet from ‘
seeded Nd: YAG laser Spherical
T lens (f=250 mm)

Viewing
Region

‘ Energy
deposition
ICCD .
camera Todine
filter
z
Y

X
Fig. 6 Test section detail.

of this personal computer was to control the seeding bias voltage of
the tunable laser to obtain the desired wavelength.

To accurately monitor the laser frequency, a frequency monitor
system was installed on the side of the seeded laser. Using an optical
wedge interposed in the path of the first beam a backreflection of
about 5% of the total energy is obtained. This backreflection was
then directed with two mirrors to a set of photodiodes. One pho-
todiode (Pd1), with no iodine cell in front, monitors the intensity
of the laser and the other two (Pd2, Pd3) monitor how much light
is being absorbed by the iodine. Because the absorption frequen-
cies are fixed the frequencies at which the images are taken can be
accurately monitored.

InFig. 6 the test sectionis shown in more detail. Particle scattering
due to ambient dust was kept out of the field of view by a very low
speed coflow moving from bottom to top. The coflow was slow
enough that its influence on the flow of interest was negligible.

The test conditions for the quiescentair case are listed in Table 1.

Numerical Methodology

A one-dimensionaltime-dependentsimulation was performed in
the spherical polar coordinate system. Real gas effects are not in-
cluded. The compressible Navier-Stokes equations in the spherical
polar coordinate system can be written as follows:

) a(pv, 2pv,
_P+ﬂ+ﬂ
ot or r

dpv, 3(PU,2+17) 2002 49 v, v,
=7 4 + — g_ ul—--=
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The state equation of ideal gas is
p=pRT ®)
where
ke =k + (16/3) (0, /ar) T’ ©)

The dynamic viscosity u using Sutherland’s law is calculated as
follows:

Ol

T \? T+ 1104
= | — ) = 10
H “‘(T,ef> T+ 1104 (10

For air, ptef=1.71 x 107° kg/(m - s) at T,;s =273 K. The constant
thermal conductivity k is chosen to keep Pr =0.89, in which p is
computedat T =293 K using Eq. (10). The computed flowfield out-
side the initial energy depositionregion was found to be insensitive
to the Rosseland mean absorption coefficient ag ranging from 1 to
10° m~1.

The flux-corrected transport algorithm®* is used and the second-
order Godunov method is applied to compute the inviscid fluxes.
The two-stage Runge-Kutta method is utilized for the time integra-
tion. The first- and second-order MUSCL scheme? is used for the
reconstructionof the flow variables at the interfaces of the adjacent
cells. The algorithm is second-order accurate in space and time.

Results

Flow Visualization

Filtered RS was used to visualize the flow at different time de-
lays from the laser pulse. The asymmetric formation of the laser
deposition region leads to an initial ellipsoidal blast wave and then
a subsequent vortex ring formation at later times (Fig. 7). The laser

10 mm 10 mm

a) b)

10 mm 10 mm

d) e)

10 mm 10 mm

t+150 pus

g) h)

E

pulse is incident from above in Fig. 7. In the early stages of the for-
mation process, the plasma forms and a laser-supported detonation
wave will propagate up the laser incidence axis toward the focal
lens (Fig. 7a). This fluid motion creates shearing stresses with the
adjacent cooler ambient fluid. The cooler ambient fluid will also
begin to move into the back of the plasma region, and the heated
fluid will be ejected forward, toward the lens (Figs. 7d-7f). A blast
wave begins to move out from the heated region and is initially el-
lipsoidal in shape due to the asymmetric plasma region. However,
the blast wave becomes almost spherical by 15 us. Baker?® also ob-
served the spherical blast wave from asymmetric energy sources for
larger explosions. A vortex ring structureresides at later times in the
heatedregion due to the asymmetric formation process and the laser-
supported detonation wave. The radiation from the bremsstrahlung
process subsides by approximately 10 us and is dependent on the
incident radiation energy. Likewise, the strength of the blast wave,
magnitude of asymmetry, size of the deposition region, and the
strength of the vortex ring depend on the incident energy. These
characteristics also depend on the optics of the incident laser, that
is, focal length, beam diameter, and beam divergence.

Figures 7a-7i show the time sequenceofimages of the breakdown
from 15 to 300 us for a laser incidence of 108 mJ/pulse. Each image
is an ensemble average of 100 images where the laser sheet for the
RS image is phase-locked to the energy deposition laser.

Numerical Initial Condition

The choice of the initial condition for modeling laser energy ad-
dition is based on the choice of stage in Fig. 1. We focus on the
gasdynamiceffects of the laser energy spot; therefore, only the pro-
cess after stage 4 is within our scope of study. Baker®® noted that
the blast front tends to become spherical in shape with increasing
distance from the origin independently of any finite source shape.
This is also confirmed in our experiments (Figs. 7a-7d).

10 mm
c)
10 mm
t+100 ps
f)
10 mm

Fig. 7 Flow visualization; time sequence.
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Consequently, a spherically symmetric initial temperature distri-
butionis proposed to model the laser energy pulse assuming that the
energy is added instantaneously at constant volume (therefore the
density is constant) and the gas is ideal. The temperature variation
using a Gaussian profile can be written as

AT = ATye™" 1% (11

where ATy, the peak temperature variation, is determined by the
total energy deposited,

2 T 00
E = / / / r2 sinOpsc, AT dr d6 d¢ (12)
o Jo Jo

where ¢, is the specific heatat constantvolume. SubstitutingEq. (11)
into the preceding equation and integrating it, we obtain

AT, = E/n%rgpooc,, (13)

where r is related to the initial radius Ry =0.90 mm of the laser
spot obtained from the laser perturbation focal volume V, = %n R}
and set to be Ry/2. From Eq. (11), AT will reach 2% of ATy at
r=R,.

Computational Results

The ambient condition is T,, =293 K, p,, =1.20 kg/m’, and
freestream velocity U,, =0, which is consistent with the experi-
ment. Two different grid spacings (Ar =0.01 and 0.02 mm) are
used and show 1.3% difference in predicting the profile of shock
wave radius vs time in Fig. 8, showing the sufficient grid resolution
in the simulation. The grid spacing of Ar =0.01 mm was therefore
used in all of the simulations.

A blast wave formed by the rapid expansion of the high-pressure
and -temperature region propagates into the ambient air. The posi-
tion of the leading front varying with time for £ =112 mJ is shown
in Fig. 8. The position of the blast front is determined by locating
the maximum pressure along the radial distance from the center of
the source. Considering that not all of the laser energy is absorbed
and some of the energy is reflected, transmitted, scattered, and emit-
ted by the plasma, the total energy absorbed is assumed to be € E.
Therefore, Eq. (13) becomes

AT, =6E/n%r8poocu (14)

The net energy deposited (¢E) in the flow affects the flow
characteristics. The choice of € is based on the criterion that
the standard deviation of the predicted profile of the shock wave
radius vs time is within 5% of the experimental fit. The re-
sults using € =0.65 show good agreement with experimental fit
given by Adelgren et al. (private communication) for E =112 mJ
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Fig. 8 Shock wave radius and shock Mach number vs time for
E=112m].

[r(t) =140.692 %893 4 2.466 x 1073, where ¢ is in seconds and
in meters] except at very early time instants (f <5 ps) where no
experimental data are available. The experimental fit of Adelgren
et al. agrees with experiment to within 5% for t =5 us to 40 us.

Taylor* and Sedov® proposed a similarity law at the early stage
of the air explosion, r () = Ar%4, where A is the function of input
energy and ambient density when M, ? > 1 (where M, =V, /a,,,and
Mg, V;, and a,, are the shock Mach number, shock velocity, and
ambient speed of sound, respectively). Jiang et al.!! utilized this
law as the initial condition and they found that the flow showed
non-self-simlar behavior in the mid- and far-field regimes where
the shock is too weak to follow Taylor’s similarity law.

The differentbehavior in our study compared to Taylor’s similar-
ity law is due to the relative weak strength of the shock wave in our
case, which is demonstratedin Fig. 8; the Mach number atz =5 us,
which is the first time record in our experiment, is about 1.6 and the
shock strength decreases rapidly until it propagates at essentially
the speed of sound.

Figures 9-12 show the experimentalcontourplots for E = 145 mJ
at t =20 pus. The laser beam is incident from the left. The origin
(0, 0) in the x-y plane is the center of the laser spot. For the velocity
contours, only the magnitude of the y component is shown. In the
experiment, the temperature and pressure were measured and the
density was computed from the equation of state for a perfect gas.
The experimental uncertaintiesin the measurement of the pressure,
temperature, and velocity are £2.33, +1.34, and £3.83%, respec-
tively. The central part is blanked out because no experimental data
are available there. In the incident direction, the blast wave shows
an asymmetric shape due to the directional formation of the plasma,
while in the vertical direction, the shape is fairly symmetric and the
data is extracted in this direction to compare with the simulation.

Figures 13-16 show the comparisonwith experimentat =20 us
for E = 145 mlJ. The experimentaldata are extractedalong a vertical
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line from y =0 to 15 mm. The assumed absorption coefficient is
€ =0.5. Good agreement is achieved for the shock wave position,
the magnitude of the change of the flow variables across the shock,
and the distribution of flow variables for points with r less than the
shock radius and outside the laser spot region. Because the intensity
of RS is proportional to the density and the density is very low at the
center of the energy spot, the uncertainty increases near the center
due to lower signal levelsin RS. Also, as mentionedearlier, the RS is
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Fig. 14 Pressure vs radius at £ =20 us for E = 145 mJ.
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dominated by the plasma emission for early time so no experimental
information is shown here.

To understand the propagation of the blast wave, we plot the
density, pressure, temperature, and velocity distribution along the
radius at the different time instants shown in Figs. 17-20. The data
for r/Ry <5 are omitted because the plasma effect in this region
is not considered in the simulation. The shock wave propagates
through the air along with a decrease in intensity. The attenuationin
intensity gradually decreases with time. The expansion fan brings
the pressure below ambient. A reversed flow shown in Fig. 20 is
formed by the adverse pressure gradient. At the same time, the
effect of the expansion fan produces a shock wave moving toward



1994

1.6

14

1.2

plp.,

-
T T T

0.8

us
us
us
us

[N T T NN T SN SN [N TN TN [N NN NN N [T T S N |
06 5 10 15 20

o

25
IR,

Fig. 17 Density vs radius for E =112 mJ.

-
LI e e

e - t=40 us

FTEIN EEETI R SRR R
08 5 10

15 20 25
R,

Fig. 18 Pressure vs radius for E =112 mJ.

1.2

TT.
=3 =
& s

=y

0.95

S

o
©

10 15 20 25
R,

Fig. 19 Temperature vs radius for E=112mJ.

05

04

03

k3

802
3

LI B B |

(=]
a

(o]

)
a
S

Fig. 20

15 20 25
"R,

Velocity vs radius for E =112 mJ.

YAN ET AL.

the origin, causing the pressure recover to the ambient value. The
size of the high-temperature region induced by laser energy stays
almost constant.

Conclusions

Laser energy deposition in quiescent air has been studied experi-
mentally and numerically. The study is focused on the gasdynamic
effect of the laser energy spot. The filtered RS technique success-
fully captures the shock wave position and provides a good means
of visualizing two-dimensional effects of the flowfield. A numeri-
cal simulation using a proposed initial temperature distribution to
model the energy spot using the Gaussian profile achieves good
agreement with experiment for shock radius vs time. The distribu-
tion of density, pressure, temperature, and velocity along the radius
forr/Ry > 5 also agrees well with experiment.
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