








AN EXPERIMENTAL STUDY OF THE
HYDRODYNAMICS OF REDUCED DENSITY CHANNELS

I. INTRODUCTION

We report the results of studies of the hydrodynamics of hot, reduced density channels produced
by focusing a pulsed CO2 laser' in 900 torr of nitrogen containing 0.7% SF6 as an absorbant. We also
describe the hardware developed to perform these experiments.

These channels were studied to determine the mechanisms which control the cooling of hot chan-
nels in the atmosphere and the rate at which such channels cool. Observations of the channel forma-
tion are compared with results from the 1-D hydrocode, ETBFCT which predicts the relationship of
radial heating profiles to the evolution of the channel density profile. Observations of the channel
decay are compared to results taken from recently developed theories3 and computations which allow
asymmetries in the channel profile to induce vorticity and thus to enhance channel cooling by convec-
tive mixing. To create specific asymmetries, channels were produced using multiple heating (laser)
pulses which could be separated spatially and/or temporally.

Channel cooling is of particular interest for the case of lightning channels in the atmosphere,
where it has been suggested 4 that significantly enhanced cooling rates, i.e., much larger than caused by
thermal conduction, are necessary to explain the production of oxides of nitrogen in the atmosphere.
In similar experiments using the channels produced by laser-guided and unguided, electric discharges in
the atmosphere5 we have already shown that such channels cool by convective mixing and that the
cooling rate is _103 times that anticipated from thermal conduction. The difference in the experiments
reported here is that for the CO2 laser produced channels the amount of energy deposited was less than
for the electric discharges (-0.1 J/cm compared with -3 J/cm); the energy was deposited more uni-
formly across the channel diameter; and the geometric perturbations (kinks and bends) imposed during
channel formation were much smaller.

II. EXPERIMENTAL APPARATUS

i. Description of the Chamber

* The chamber consists of an aluminum cylinder 3.5 m long and .3 m inner diameter: it is shown in
Fig. 1. The CO 2 laser beam entered the 2.5 m long convergence section through a 23 cm diameter, 3
m focal length NaCI lens (a), passed through a short transition region consisting of two baffles (b,c) 6.5
cm apart having 7.5 cm diameter holes in their centers, and entered the I m long absorption section.
Windows (d) 15 cm in diameter, allowed both horizontal and vertical lines of sight through the center
of the absorption section. A NaCI window (e) in the end of this section permitted external monitoring
of the transmitted CO 2 laser beam. Horizontal pairs of 2.5 cm ports (f) are part of the gas composition
monitoring system described in section iii.

Nitrogen entered the convergence section at (g) and SF6 doped nitrogen entered the absorption
section at (h). The nitrogen had to exit the convergence section through the baffle at (b). Thereafter,
the combined gases left the chamber through exhaust ports at either (i) or (j). A mechanical vacuum
pump (k) was provided to evacuate the chamber after each shot.
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The pure nitrogen for the convergence section was supplied from a regulated cylinder through a
metering valve and a flow gauge. The mixture for the absorption section was supplied by mixing
metered flows of SF6 and nitrogen, from regulated cylinders, in a mixing manifold.

ii. Operating Procedure

The chamber was initially evacuated to a pressure of 200 m Torr. All sections were then filled to
just above 1 atm with pure nitrogen. At this time the exhaust valves were opened and nitrogen flow
rates of 21 I/min and 12 /min in the convergence and absorption sections were set. One minute was
allowed to establish a steady state flow condition in which the chamber pressure stabilized at 900 Torr.
SF6 was then added to the nitrogen flow in the mixing manifold and a 15 minute purging of the absorp-
tion section was allowed prior to a shot. (These gas handling procedures were initially tested using
brown N20 4 in place of the SF6 to allow the flow patterns to be observed.)

High intensity 10.6 p. radiation is strongly absorbed by the vibrational structure of the SF6
molecule in a nonlinear multiphoton process. 6. 7 The energy is collisionally transferred into heat of the
nitrogen gas. The collisional transfer rate for vibrational-translational relaxation is the limiting step in
the process and saturable absorption occurs at modest laser intensities. However at the very high laser
intensities used in these experiments multiphoton absorption takes place and a much faster energy
transfer ensues7 (see Section III, i). This absorptive property was demonstrated by the ability of a small
percentage of SF6 to suppress the aerosol-induced breakdowns that occurred when full CO 2 laser energy
reached the minimum beam waist as shown in Fig. 2. The figure shows schlieren photographs taken 4
pzsec after the CO2 laser pulse with differing concentrations of SF6 . The photographs were taken
through the 15 cm windows (d) in the absorption section.

iii. SF6 Monitoring System

The concentration of SF6 at various positions in the chamber was monitored by measuring the
absorption of low power cw CO2 laser beams directed across the chamber diameter. This system is
shown in Fig. 3. The beam from a horizontally polarized 3 w CO2 laser was directed through a series of
three adjustable-output beam splitters. Each beam splitter redirected a small fraction of the laser beam
through a ZnSe window, across the chamber, and into a pyroelectric detector. A window and a detector
were mounted in each pair of 2.5 cm ports (f). Milli-voltmeters monitored the output of each detector.
The voltage readings of the detectors in the convergence section did not normally drop during the 15
minute gas flow operation. However the output of the detector in the absorption section fell to zero ;n
a few minutes.

The adjustable-output beam splitter, shown in Fig. 4, re-directs a fraction of the CO 2 laser beam
at a constant 900 deviation and without change in lateral position. The horizontally polarized input
beam is incident at angles near Brewsters angle on a ZnSe beam splitter (a). The reflected beam strikes
a totally reflecting mirror (b) completing the 900 deflection. Both the splitter and the mirror are verti-
cally mounted on a horizontal rotary table. The line of intersection of their faces coincides with the
axis of rotation. Rotating the table varies the output beam intensity but not its deviation or position.
The bulk of the incident beam is transmitted without deviation but with a variable lateral displacement.
Therefore the monitoring system was aligned starting with the splitter nearest the cw CO 2 laser.

iv. Diagnostics

The channel was normally un-ionized and nonluminous. Breakdowns due to insufficient SF6
and/or excessive CO 2 laser energy were observed through the 15 cm windows using open shutter cam-
eras.
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The total laser power incident on the NaCI lens was measured with a large, full beam calorimeter
and simultaneously with a calorimeter/beam splitter sampling - 10% of the full beam energy. The sam-
pling calorimeter was thus calibrated to give the total incident power and remained in the laser beam(s)
on all shots. A photon drag detector also received a portion of the sampled beam to give timing refer-
ences.

A small, volume absorbing calorimeter was constructed by embedding Cr-Al thermocouples in
polyethylene. This calorimeter was mounted on a telescoping stalk attached on axis to th-e end plate of
the chamber and was used to measure laser energy as a function of axial distance within the absorbing
section. A similar stalk was used to hold burn paper to measure beam profiles. The paper has a meas-
ured minimum threshold of .5 J/cm2 and a saturation limit of 2.5 J/cm2.

Four different optical systems were used to detect the channels through the refractive index
changes caused by the neutral gas density variations. All these systems looked through the 15 cm win-
dows (d) on the absorption section. Qualitative pictures of the channels were taken using a schlieren
system which followed normal practice except for the substitution of a 1 mm pinhole for the usual
knife-edgc. This reduces the sensitivity of the system but allows it to detect density gradients in all
directions rather than just perpendicular to the knife-edge. When the schlieren system was illuminated
by a pulsed ruby laser (-25 ns FWHM) the channel motion at early times (-0 to 50 As after the CO 2
laser pulse) was stopped. Late time behavior was observed by illuminating the schlieren system with a
cw HeNe laser and recording the output with a high speed 16 mm movie camera. The camera took a
40 .s exposure every 100 A&s which was sufficiently rapid to stop hydrodynamic motion that occurred
after the initial channel expansion phases were over. Shock waves were seen as blurs on the movie
frames.

A quantitative schlieren system was used to measure radial density profiles.8 The system (Fig. 5)
directed a vertical ribbon of light across the channel. Vertical deflections of this light due to the
reduced density channel and the shock wave appear as horizontal deflections of the ribbon when it is
imaged onto the film. The result is therefore a plot of angular deflection versus impact parameter and
may be inverted to yield the channel density profile. This system was used at both early and late times
and was illuminated by the pulsed ruby laser.

Radial density profiles at early times were also measured via double-exposure holographic inter-
ferometry using the pulsed ruby laser. The methods suggested by Jahoda and Siemon 9 were used with
the channel imaged onto the holographic plate to allow a white light playback system.

A large Mach-Zehnder interferometer, with 6 inch diameter optics, was used to take inter-
ferometric movies of the late time channel behavior using the same HeNe laser and high speed camera

as used for the schlieren movies.

v. Shock Attenuation

Formation of the reduced density channel created an outwardly expanding cylindrical shock wave.
This wave was reflected from the aluminum chamber wall and refocused on the channel. The returning
shock may have influenced the hydrodynamic behavior of the channel and had therefore to be
attenuated. Figure 6(a) is a quantitative schlieren photograph showing the unattenuated returning
shock. The characteristic pulse width behind the shock front is -. 5 cm. Therefore the chamber was
lined with carpeting having a -. 5 cm pile depth and spacing between ridges. Figure 6(b) shows the
improvement caused by carpeting the chamber.
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1II. CHANNEL EVOLUTION

i. The Absorption Mechanism

The CO 2 laser pulses consisted of a -100 ns spike containing -16 J followed by a -2 /is tail
containing -32 J. At focus the resultant fluxes were -5 x 108 w/cm 2 in the spike and -2.5 x 107
w/cm 2 in the tail. At these fluxes the SF6 molecules were multiply excited and vibrational-translational
energy transfer was greatly enhanced.7 At low laser intensity the collision cross-section for energy
transfer is

17v. Y-- 10- 17 cm2

and rises to

_ V . -T 10-16 cm 2

at high intensity while the absorption cross-section for 10.6 I~m radiation in SF6 is
6

0-A - 10-17 cm 2 .

Thus the rate of population of the "excited" SF 6 levels may be approximated by

dn*_. A *- aA A + (- v-rn 3vI

where n, na and n3 are the populations of the excited SF6 state, the total SF6 population, and total gas
population (N2 + SF6) respectively, 4) is the laser photon flux, and v the mean thermal velocity. For
the above laser fluxes and the quoted ground state absorption cross-section the equilibration time for
the excited state population was always much less than the relevant irradiation time. Therefore we con-
clude that the SF6 molecules spent most of their time in the excited state. In reality the SF 6 molecules
were multiply excited to levels in the near-continuum of excited states 0 known to exist in SF 6. The
excited molecules did not return to the ground state following an inelastic collision but only dropped to
some lower excited state. Thus o-A decreased to that of the lower excited state and we suspect that the
SF6 molecules were continuously cycled between the upper and lower excited states. Then the net
energy transfer to kinetic energy of the gas was

d Ekitletic I

dt 2 aV.v3

which when "integrated" over the CO2 laser pulse was - .4 J/cm3 in the target zone where the concen-
tration of SF6 molecules was -2.0 x 1017 cm- 3. The rate of energy absorption was therefore limited by
the concentration of SF6 but may have increased beyond .4 J/cm as v rose.

Absorption Measurements

The laser energy per pulse, incident on the salt lens was normally -50 J. Measurements were
also made inside the absorption section of the experimental chamber of the surviving laser energy as a
function of the distance from the lens. These measurements were made under actual gas flow condi-
tions. The calorimeter used in these measurements could not be placed within the transition section of
the chamber but extrapolation of the data shows the entire 50 J was being transmitted through the
clean nitrogen in the convergence section. The energy absorbed per unit length was derived from these
measurements (Fig. 7). Values of -0.15 J/cm and -0.05 J/cm were measured aL the "upstream" and
the "downstream" sides respectively of the field of view through the 15 cm windows. Beam burn pat-
terns were also taken, as a function of distance from the lens, under actual gas flow conditions. The
energy deposition per unit volume was derived from the calorimeter and burn pattern measurements.
The absorption appears to saturate in the forward end of the absorption section at > .6 J/cm 3 and to fall
for the remaining distance away from the lens. A value of >.4 J/cm 3 appears characteristic of the
channel segment seen through the 15 cm windows. These measurements thus agree with the predicted
saturation limit.
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iii. Energy Deposition Radius

The best direct evidence of the effective radius of the laser beam, i.e., the radius over which
energy is absorbed, comes from quantitative schlieren photographs of the channel at early times (Fig.
8). The pattern of spikes seen in Fig. 8 corresponds to an outward going shock which was just forming
and an inward going rarefaction which had yet to reach the axis. These two waves started near the edge
of the laser beam and propagated away from each other. The shock was supersonic while the rarefac-
tion was sonic within a hot medium. Assuming similar speeds for both waves and measuring the
appropriate spacing on the photograph yields an estimate of the initial radius as -2.5 mm. This agrees
well with the radius of -2.5 mm that one infers from the burn patterns (Fig. 9).

iv. Basic Experimental Observations

The first observations of a single CO 2 laser pulse interacting with the doped gas were made with
the open shutter camera and the schlieren system illuminated by the pulsed (25 ns) ruby laser. At low
SF6 concentrations luminous breakdowns were seen by the still camera and spherical disturbances by
the schlieren system (Fig. 2). When the SF6 concentration was increased to -0.7% by volume these
phenomena were suppressed and a reproduceable cylindrical channel resulted which was invisible to the
still camera but could be seen by the schlieren system (Fig. 10a). The channel assumed a fluted
appearance after -250 14s and after -900 /s acquired a chaotic, turbulent structure. These changes
were accompanied by a growth in the average channel size. The channel density gradients eventually
became too weak to be detected by the schlieren system after -10 ms.

Subsequently the channels were observed using holographic interferometry and quantitative
schlieren photography, both with the pulsed ruby laser (25 ns) as the light source. These techniques
permitted a detailed study of the evolution of the channel at early times. Typical interferograms are
shown in Fig. 10b. The shock wave generated by the expanding channel separated from the channel at
-20 jzs and by -100 /s can be clearly seen at a radius of -4.5 cm.

v. Comparison of Hydrocode Simulations and Experimental Density Profiles

The evolution of the channel density profile was simulated using the NRL ETBFCT hydrocode. 2

This is a l-D (radial) Eulerian code which incorporates real gas equilibrium thermodynamics and
correctly models shock propagation and heating. In the simulation, energy was deposited instantane-
ously at time zero by initiating the run with a pressure profile in the form of a "Super-Gaussian" given
by

p(r, t-0)-po+ (p1 -p 0 ) e

where p(r. t - 0) is the pressure at radius r for time t - 0, Po is the ambient gas pressure, Pi is the
pressure on axis (r - 0) at t - 0, a is the characteristic radius within which the laser energy was depo-
sited, and n >, 2. The evolution of the profile was then followed in time until a stable, ambient pres-
sure channel had formed and the outward going shock was some distance from the channel (-30 p.s).
The measured value for the energy deposition radius was used as the characteristic radius in conjunc-
tion with various different values of deposited energy and a relatively square deposition profile
(n - 5.5) to achieve a best fit to the measured density profiles. The amount of energy deposited that
gave the best fit was then compared to the measured value. This approach was adopted because the ini-
tial radius and final profile were considered more accurate measurements than the energy deposited.
Flat topped profiles were assumed in accordance with the absorption theory and the dynamic effects dis-
cussed below.

The schlieren and interferometric measurements of the stable, ambient pressure, density profiles
agree within the expected uncertainties. Figure 11 shows experimental measurements by both methods
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for -100 /As after the CO 2 laser pulse. The shock wave was beyond the field of view in each case so
the "outside" densities have arbitrarily been set to align with the wings of the simulation which is also
plotted on Fig. 11. While the simulation is for -30 As after the CO 2 laser pulse, the channel profile
has stabilized by that time and should be comparable to the results at -100 As. The discrepancy in
times does however preclude any comparison of shock wave position and jump conditions. The best
match of the channel width and the slope of the channel sides occurs for an assumed energy input of
0.14 J/cm which compares reasonably well with the measured value of .1 J/cm.

Simulations using both smooth (Bennett and Gaussian) and squared (super-gaussian with 2 < n
< 10) profiles have shown that smooth profiles give channels with long sloping sides while squared
profiles lead to steep sided, box-like channels. The discrepancy between the measured and predicted
values of the on axis density most likely results from a slight deviation of the channel from the circular
cross-section assumed to invert the data.

Another dynamic effect is associated with the enLrgy deposition profile. Square deposition profiles
cause the on axis channel density to overshoot the stable value and "ring" before reaching an equili-
brium vale whereas with smooth deposition profiles the central density falls monotonicly to the stable
value. Figure !2 compares experimental measurements of the central channel density made with the
holographic system to simulations for a square initial heating profile. Both data show the ringing effect.
Thus an indirect confirmation exists that the absorption process saturates leading to a flat-topped heat-
ing profile.

IV. CHANNEL DECAY

i. Qualitative Observations

Experiments involving single channels, created by heating pulses with both round and oval cross-
section, and experiments with compound channels, created by two parallel but spatially and/or tem-
porally offset heating pulses, gave similar results. All channels acquired a fluted appearance (Fig. 13)
between 300 ls and 1 ms after formation. This was followed by the appearance of a 3-D turbulent
structure. These changes were accompanied by growth in the apparent channel size, i.e. the channel
envelope. This growth must have been the result of convective mixing between the cold outside gas
and the hot channel since pressure equilibrium had long since been established. We interpret the fluted
appearance as a large size 2-D convective flow which subsequently broke up through Kelvin-Helmholtz
instability into the 3-D turbulence later observed. The causes of these convective flows have been stu-
died theoretically by Boris and Picone 3 and are predicted to be asymmetries in the channel heating.

ii. Review of Theory

The vorticity of a fluid is defined as the curl of its velocity

and is a measure of the amount of rotary motion present in the flow. The equation of motion may be
modified (chiefly by taking its curl) into the vorticity equation which shows that crossed pressure and
density gradients can change the vorticity within the fluid

I .A (Vp x Vp) + other terms.

This phenomena causes circulating flows to arise in asymmetrically heated channels and occurs princi-
pally when the pressure gradients associated with shocks become misaligned with density gradients.
Residual vorticity is left in the fluid at late times after pressure equilibrium has been achieved.
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A specific example which was treated in detail by Boris and Picone 3 is shown in Figure 14a. A

second, circular heating pulse occurs offset from an existing reduced density channel. The simulations
of this situation run by Boris and Picone show that the residual vorticity left after the shock wave from
the second pulse has crossed the density gradient of the existing channel takes the approximate form of
two vortex filaments (Fig. .14b). Shear exists within this flow and the high Reynolds number (v -

c,/10, Re - 104) leads to Kelvin-Helmholtz instabilities. There will result 2-D eddy structures giving
the channel a fluted appearance and eventually a chaotic 3-D structure (Fig. 14c).

Integrating the residual vorticity over the half plane on either side of the symmetry axis joining
the two channels yields a single number, the vorticity strength, which characterizes the strength of the
circulating flows. The vorticity strength is proportional to a form factor which depends on the dimen-
sionless offset between the pulses. A typical curve for this form factor is shown in Fig. 15.

Other asymmetric configurations which have been simulated and lead to convective flows include

noncircular heating pulses and two simultaneous but offset heating pulses. These configurations have
all been observed experimentally to become turbulent. In addition the structure present in the heating
pulses used to create the nominally circular single channels causes even those channels to be turbulent
(Fig. 9).

iii. Experimental Results

The effect of two circular heating pulses offset both temporally and spatially was reproduced

experimentally by using two -50 J CO 2 laser pulses separated by -100 As and brought through the
NaCl focusing lens at different positions and angles to give approximately parallel channels near focus.
Experiments were run at dimensionless offsets (as indicated by burn patterns) of 1.4 and 2.8 (Fig. 16).
These experiments were observed using the Mach-Zehnder interferometer, high speed camera
combination. Selected frames from these movies (and a movie of a single round channel) are shown in
Fig. 13. The large scale flow (2 vortex filaments) predicted by theory is disrupted before becoming evi-

dent in these photographs and we first observe more complicated 2-D (fluted) structures and eventually
3-D turbulence. The level of turbulence appears to be greater for the lesser offset which is consistent
with the dependancy of the form factor. The turbulence is least for the single round channel with its
lesser asymmetries.

In similar experiments two side by side oval channels were produced simultaneously and observed

both from the side and above with the schlieren system coupled to the high speed camera. This case is
similar to that of two simultaneously produced round channels which was studied theoretically. The
simulations predicted four vortex filaments positioned to pump gas out from between the channels.
Figure 17 shows the top and side views of this experiment. It is evident from the side view that gas
was being expelled from between the channels whereas in the top view very little spreading occurs. In

Fig. 18 the average radius versus time is plotted for both views and this directional effect is again evi-
dent. Thus evidence exists in this experiment of the large scale flows predicted by theory. In time this
flow also disrupted and the composite channel became turbulent.

iv. Late Time Behavior, Turbulent Diffusion

Even for the single round channels large scale convective flows disrupted in time to give the tur-

bulent behavior noted in the movies. These channels also continued to grow showing that mixing con-
tinued between the cold outside air and the hot channel. We have applied simple turbulence theory to
predict the scaling with time of this growth." A brief review of this work follows. As the eddy cells
shuffle parcels of gas about in a random manner the average effect is like an anomalous diffusion of
both matter and heat. Given a characteristic eddy cell size 1, and a characteristic eddy velocity v the
anomalous diffusivity is a - Iv. The governing equations of fluid motion may be averaged in such a
way that the effect of turbulence appears as an (anomalous) diffusive term in each equation. Based on

these equations the scaling with time is found to be
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r2 (t) - r2 (7) + 4 a(t - 7)

where r(t) is the channel radius at time t and r(r) the radius at t 7 r. A self-similar expansion of a
Gaussian profile is assumed and leads to the numerical factor of 4.

The average radius of the turbulent round channel was measured, as a function of time, from the
interferometric movies. The square of this radius is plotted versus time in Fig. 19. This plot shows
two linear regions. Up to -500 lss (Fig. 19a) a more rapid growth corresponding to an anomalous
diffusivity of -250 cm2/sec occurred and corresponds to the period when 2-D fluting was apparent.
Beyond that time (Fig. 19b) the channel showed 3-D turbulence and displayed diffusive growth at a rate
of -60 cml/sec. The rate of growth declined steadily after the first 20 ms such that the average over
the total observation time of 60 ms was a - 30 cm2/s. Beyond -60 ms the edges of the channel were
not clearly enough defined to measure a radius. Such anomalous diffusivity greatly exceeds the true
thermal diffusivity of -. 2 cm2/s so channel dissipation is greatly enhanced by the turbulence.

V. CONCLUSIONS

Our experimental chamber has functioned as intended, in particular the windowless transition
region successfully separated the clean and doped nitrogen flows. The SF6 detection system was a sen-
sitive monitor of the cleanliness of the nitrogen gas in the convergence section.

The general description of the absorption process for 10.6 g radiation by the SF6 gas appears to fit
the experimental absorption measurements. The absorption appears to have saturated at approximately
the calculated value, and the details of the density profile measurements also indicate a saturation
effect.

Reasonable agreement exists between the observed evolution of the density profile, the measured
initial conditions, and the hydrocode simulations of the channel formation process.

All channels observed dissipated by turbulent mixing at rates greatly exceeding that predicted by
thermal diffusion. Thus these results follow the general pattern of channel cooling by turbulent mixing
seen in channels produced by electric discharges in the atmosphere, 5 and further support the hypothesis
that hot channels in the atmosphere, produced by lightning, will also cool much more rapidly (- 100 to
1000 times faster) than simple thermal conduction. In experiments intended to test the vorticity theory
of Boris and Picone 3 concerning the source of this turbulence, qualitative support was found for the
dependancy of the strength of the turbulence on the dimensionless spatial offset between time stag-
gered heating pulses. Experiments with simultaneous offset channels also gave qualitative evidence for
the existence of the large scale convective flows predicted by the theory.

The dissipation of the channels occurs as the result of turbulent mixing and fits well to a diffusive
model of the process.
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Fig. I - A side view of the experimental chamber showing the gas flow system and the diagnostic windows and ports.
The approximate CO 2 laser beam envelope is indicated by dashed lines.
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Fig. 2 - Schlieren photographs showing channels produced by the absorption of 10.6 j~m radiation in N2 doped with variousamounts of SF6. All photographs are 25 ns exposures taken 4 j~s after the CO2 laser pulse. A 1 mm pinhole was used in place ofthe usual knife edge to reveal both vertical and horizontal density gradients. The view is through the 15 cm windows in the
absorption section and the CO 2 laser was incident from the left.
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Fig. 3 - A top view of the experimental chamber showing the SF6 monitoring system.
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Fig. 4 - The adjustable beam splitter used in the SF6 monitoring system.

Fig. 5 - The optical train of the quantitative schlieren system.
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Fig. 6 - Quantitative schlieren photographs showing the attenuation of the returning shock wave after carpeting the interior of
the chamber. Both photographs are 25 ns exposures taken 800 jus after the CO 2 laser pulse (a) without carpet, (b) with carpet.
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Fig. 7 - A graph showing the laser energy absorbed per centimeter of channel length for a round beam, versus
distance from the lens. The field of view is noted by the dashed lines. The data was measured with a calorimeter
under actual gas flow conditions.
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(a)
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Fig. 3_ A quantitative schlieren photograph (a) of the (b
channel at t - 2 ps. While the photograph has not been
inverted, the general features, shown expanded in (b), may
be interpreted as resulting from an outward going shock
and an inward going rarefaction as shown in (c).

(C)
P

r

Fig. 9 - A burn pattern for a single round beam taken at the center of the

CM cfield of view and showing the irregularities present in this laser pulse.
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Fig. 11 - The radial density profile of the single round channel a -100 jss as measured with both the Mach-Zehnder inter-
ferometer and the quantitative schljeren systems. The best fit simulation is also shown but is for a time of -30 /As and therefore
still shows the shock wave. In the simulation n - 5.5.
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Fig. 12 - The on-axis channel density versus time as measured by holographic interferometry (). Also shown are calculated
densities from the simulation (-). Both show the density to undershoot the pressure equilibrium value and oscillate before sta-
bilizing.
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Fig. 14 - An example of the generation of vorticity and turbulence by heating asym-
metries. (a) A second heating pulse deposits energy off-axis from an existing channel.
(b) The hypothetical velocity distribution left, after pressure equilibrium is achieved, is
approximately two vortex filaments as shown. (c) The high Reynolds number causes this
flow to be unstable. A 2-D pseudo turbulence develops before any substantial fluid drift
occurs and the channel assumes a fluted appearance. This flow then degenerates into a
true 3-D turbulence and the channel appears rumpled.
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Fig. 15 - The dimensionless vorticity strength versus the dimensionless offset for Bennett profile
heating pulses (c, - sound speed) taken from Boris and Picone3. Similar form factors result for
Gaussian and square heating pulses.
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Fig. 16 - Laser bum Patterns taken at focus
for two different spatial separations. In both
cases the equilibrium size of the first channel,
So. is -. 5 cm so dimensionless separations of

1.4 and -2.8 are represented by these shots.

25





TWIN ~~ WI OVLVVETCALVE

.5

12 3
TIME (msec)

Fig. IS - The average radius versus time for both side and top views of the simultaneous oval channels.
The expulsion of gas is evident in the side view.
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i Fig. 19 - The square of the average channel radius versus time for a single round channel.
(a) viewed for the first few milliseconds only.
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Fig. 19 - The square of the average channel radius versus time for a single round channel.

(b) viewed over longer times.
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