VOL. 25, NO. 8, AUGUST 1987

ATAA JOURNAL 1093

Laser-Sustained Plasmas in Forced Argon Convective Flow,
Part I: Experimental Studies

Richard Welle,* Dennis Keefer,T and Carroll Peters}
University of Tennessee Space Institute, Tullahoma, Tennessee

The results of an experimental investigation of the properties of laser-sustained plasmas in argon at forced
convective flow speeds of 0.4-4.5 m/s are reported in this paper. At these speeds, the incident flow rate has a
significant effect on the shape, size, and position of the plasma, which in turn affect the power absorption, ther-
mal radiation, and total energy conversion efficiency of the plasma. In addition to the incident flow rate, the
focusing geometry, chamber pressure, and laser power were varied as parameters in the experiments. The ther-
mal conversion efficiency was found to range 9-38%, depending on the various parameters.

Introduction

EVERAL laser thermal propulsion concepts'-* were pro-

posed during the 1970’s and the laser-sustained plasma
(LSP) was recognized as an effective means to absorb laser
power into a propellant in the steady-state mode. A col-
limated laser beam from a remote site is focused into an ab-
sorption chamber, which is analogous to the combustion
chamber in a conventional chemical rocket. Laser power is
absorbed by and sustains a high-temperature plasma core
(about 15,000-20,000 K), which mixes with the cold buffer
flow of propellant downstream, heating the flow to the max-
imum temperature that the chamber wall material can
tolerate. Then the flow is accelerated through a conventional
nozzie to produce the required thrust. The major advantages
of laser thermal propulsion compared to chemical propulsion
are that the propellant having the lowest molecular weight
(pure hydrogen) can be used and that the maximum
temperature of the working fluid is not limited to the flame
temperature of a combustion process. An estimated specific
impulse for laser thermal propulsion using hydrogen pro-
pellant® is in the range of 1000-1500 s, which is about three
times that of the most advanced chemical propulsion system.
The relative high specific impulse, along with the thrust
levels that can be achieved (roughly 100 N/MW of incident
laser power), makes this laser propulsion concept attractive
for orbital transfer missions.

The LSP used for power absorption would have to be
stable in a forced convective flow and to absorb nearly all
energy in the incident laser beam. In an effort to understand
the relevant physics, our group has undertaken a series of ex-
perimental and analytical studies of the effect of a forced
convective flow on the characteristics of the LSP in argon.

Previous experimental investigations of laser-sustained
plasmas have been conducted in buoyancy-dominated flows,
either with no flow controls®® or with a forced convective
flow limited to speeds on the order of those generated by
buoyancy effects (=30 cm/s).>!! The effect of forced con-
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vective flow in this speed range has proven to be negligible
and the energy conversion efficiency of the LSP has been
determined by the other principle variables: ambient pres-
sure, incident laser power, and focusing geometry. In this
paper, we are reporting for the first time the results of
measurements made on argon plasmas sustained in a forced
convective flow at flow speeds significantly above those
generated by buoyancy effects. Laser-sustained plasmas are
also being investigated theoretically and the current status of
these investigations is discussed by Jeng et al. in an accom-
panying paper.!?

Experimental Procedure

The plasmas sustained in these experiments were contained
in a 22 mm i.d. cylindrical quartz flow tube with a converg-
ing entrance section. A diagram of the experimental ap-
paratus is shown in Fig. 1. The laser power was provided by
an axial-flow, electric discharge, carbon dioxide laser that
provides a nominal 1 kW continuous beam. The beam has
an annular profile produced by an unstable oscillator of 1.5
magnification. The beam, =54 mm in diameter with good
axial symmetry, was focused collinearly with the axis of sym-
metry of the flow tube. The apparatus was oriented with its
symmetry axis in the vertical direction, with the laser beam
propagating vertically upward to eliminate nonaxisymmetric
buoyancy effects. This configuration generally provided for
a plasma with good axial symmetry, which is required for ac-
curate diagnostics.

The primary measurements acquired from the experiments
were digital images of the plasma. These images were obtained
by a CID video camera whose spectral range was limited by a
narrow bandpass interference filter. The filter was chosen to
isolate a 1 nm wide region of the continuum radiation from the
plasma, free of line radiation and centered at 626.5 nm. The
digital images were acquired using a digital image processing
computer, which allowed images to be acquired at video frame
rates (30/s) and averaged into memory. The entire image ac-
quisition system was calibrated through the direct substitution
of a standard lamp of spectral radiance.

In order to determine the fraction of the incident laser
beam absorbed by the plasma, the position of the plasma
relative to the focal zone of the beam must be known. This
was achieved by mounting an acrylic block in the field of
view of the camera such that the axis of symmetry of the
laser beam would lie approximately in the plane of the sur-
face of the block. The beam was then turned on in short,
high-power bursts until all of the acrylic intercepting the
beam was burned away. A digital image of this burn pattern
was then acquired to determine the position of the laser
focus relative to the field of view of the camera. The uncer-
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tainty in the location of the circle of least confusion, as
measured by this method, was approximately =+ 15 pixels, or
about +% mm. Knowing this uncertainty is important in
determining the precision of the power absorption cal-
culations.

In contrast to earlier experiments, the high incident flow
rates used in the current set of experiments resulted in
plasmas whose position relative to the focal zone of the laser
beam could be controlled by the flow. In order to keep the
plasma within the flow tube and within the field of view of
the camera, the sodium chloride focusing lens was mounted
on a calibrated vertical-axis translation stage and was moved
as necessary during the experiments to position the plasma
within the field of view of the camera. Additional details of
the apparatus and experimental procedure have been described
in earlier papers. 10:11

Data Analysis

The eight-bit digital images of the plasma contained
240x 512 pixels obtained from single-field scans of the
camera. In each case, 16 sequential images were averaged in
memory to improve the signal-to-noise ratio in the low-
intensity regions of the plasma. In a typical plasma image,
the plasma is 7 mm in diameter and 10 mm long, covering
130 pixels in the radial direction and 320 pixels in the axial
direction. The camera background was subtracted from this
image and an Abel inversion of the resulting image was per-
formed using Fourier techniques that will be described in a
later paper. (These methods were compared with the Abel in-
version technique described in our earlier work!®!! and were
found to produce identical results without requiring sub-
sampling and at a substantial savings in computer time.) By
applying the appropriate calibration factors, the emission
coefficient was obtained as a function of position in the
plasma and, from this, the temperature was obtained by in-
terpolation in tabulated data published by Morris. !3
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Fig. 1 Schematic diagram of the experimental apparatus.
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The thermal radiation loss in the plasma was determined
using the relation published by Kozlov et al. for optically
thin radiation,'* and the absorption coefficient at 10.6 pm
was calculated according to the method described by Kemp
and Lewis' using the thermodynamic data tabulated by
Drellishak et al.'® and the Gaunt factors published by Karzas
and Latter.'” To calculate the total power absorption, the
measured annular profile of the incoming laser beam was
broken into discrete rays, each representing a fraction of the
incident radiation. Each ray was traced, using geometric op-
tics, through the sodium chloride focusing lens and window
and then through a grid system superimposed on the
measured temperature field of the plasma. At each step
through the grid, the power absorbed from each ray was
subtracted from the ray and added to the plasma. This pro-
cedure gave both the spatial distribution of power absorption
and the total power absorbed by the plasma. Subtracting the
thermal radiation loss from the total power absorbed gave
the total energy conversion efficiency of the plasma.

In previous work, the refraction of the rays by the in-
homogeneous index of refraction in the plasma was
neglected. This effect has now been included in the analysis
by calculating the index of refraction at each point in the
grid system according to the relation published by Cheng and
Casperson.'® At each step of a ray through the grid system,
a refraction gradient was approximated by the first-order
radial difference of the refractive index. It was assumed that
the axial component of the gradient could be neglected, as
the ray was always within 9 deg of the axis and it was only
the normal component of the refraction gradient that caused
deflection of the ray. The angle of deflection of a ray in any
grid cell was proportional to the product of the gradient and
the path length in the cell. The refraction of the ray was then
effected in the power absorption calculations by adding this
calculated deflection angle to the propagation path of the ray
before going on to the next cell.

To evaluate the influence of refraction on the absorption
efficiency, the ray trace was performed with the index of
refraction defined uniformly over the plasma with a value of
1.0 and the results were compared with the results obtained
using the calculated inhomogeneous index of refraction. In
our earlier work, this effect appeared to cause a change in
the calculated power absorption of up to 5%, but with the
present set of data, there was no variation in excess of 1%.
The difference is most likely due to the greater uncertainty in
the position of the plasma relative to the laser focus in the
earlier work. An uncertainty in the axial position of the
plasma will generate uncertainty in the power absorption in
two ways: 1) if the plasma is offset a sufficient amount, the
incident beam will not pass through the highest temperature
portion of the plasma, resulting in an apparent reduction in
the power absorption; and 2) as will be noted herein, in the
current set of data the plasma is usually shaped such that the
path of the beam at the leading edge of the plasma is normal
to the temperature isotherms, minimizing the refraction ef-
fect on entry into the plasma. If the plasma is offset in the
axial direction, the ray trace is more likely to enter the
plasma on a path with a component parallel to the
isotherms, resulting in an erroneously large calculated refrac-
tion effect at the leading edge, where any errors will prop-
agate through the entire plasma. The uncertainty in the
power absorption calculation resulting from these two effects
was evaluated by introducing an offset into the plasma posi-
tion and performing the calculations for several different
plasmas. In no case did an offset of 4 mm in either direc-
tion result in a change of more than 2% in the fractional
power absorption, but in certain cases, offsets of 2 mm
resulted in 5+ % changes in the fractional power absorption,
with one case resulting in an 11% change at 2 mm offset.

In addition to the refraction of the beam in the plasma,
there is also the effect of diffraction caused by the finite size
of the lens aperture. This effect has been neglected in the
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current study as it presents a much more difficult problem
than refraction. A preliminary analysis indicated that the dif-
fraction limited spot size is approximately twice the size of
the spot calculated according to the geometric ray assump-
tion. This effect would place a larger share of the incident
energy away from the center axis and would likely result in a
slight reduction in the total power absorption. Additional
details of the data analysis procedure were described in an
earlier paper.!!

Experimental Results

The objective of these experiments was to investigate the
effect of high incident flow rates on the behavior of laser-
sustained plasmas and, specifically, the effect on energy con-
version efficiency. At low incident flow rates (<30 cm/s),
the position and shape of the plasma relative to the incident
laser beam geometry was essentially unaffected by the flow.
The plasma stabilized in the region of the focused beam,
where the incident intensity was just sufficient to balance the
thermal radiation, conduction, and convection losses from
the plasma. In general, this means that the plasma stabilizes
at a position upstream of the focus of the incident beam; this
position depends on the incident power, focusing geometry,
and ambient pressure. The plasma tends to fill the beam at
the position of stabilization and therefore grows larger in
diameter as it moves up the beam. When the incident flow
rate is increased significantly beyond 30 cm/s, the flow tends
to force the plasma to stabilize at a position further down
the beam and closer to the focus. The plasma again tends to
fill the beam, but because the beam is narrower near the
focus, the plasma is smaller in diameter and lies in a region
of greater laser intensity.

Figure 2 shows an isothermal contour plot for the high-
temperature region of two plasmas sustained under similar
conditions of pressure and laser power, but with substantially
differing incident flow speeds. In these and all subsequent
diagrams, the contour interval is 500 K with the outer
isotherm at 10,500 K and the focal point of the laser (defined
as the location of the circle of least confusion) is at the loca-
tion labeled 50 mm on the x axis. In all cases, the flow is
from left to right and the laser beam is incident from the
left. With the low-flow case, the major portion of the
plasma is upstream of the laser focus and there is a signifi-
cant off-axis temperature peak. The temperature peak in this
case occurs near the annular focus of the beam produced by
spherical aberrations, as discussed in our earlier paper.'! By
comparison, the high-flow plasma stabilized with a signifi-
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Fig. 2 Isothermal contour plots of two plasmas sustained using the
8 in. lens and a chamber pressure of 3 atm. The contour interval is
500 K, with the outer contour at 10,500 K.
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cant fraction downstream of the focus, and has no signifi-
cant off-axis temperature peak. In addition, the peak
temperature of the high-flow plasma is much higher than
that of the low-flow case: 15,500 K compared to 13,700 K.

The path of the incident laser beam through the plasma is
also illustrated in Fig. 2 and in subsequent isothermal con-
tour plots. The lines represent the approximate boundaries
of the annular beam in an unrefracted path through the
plasma. As was noted earlier, the incident beam in most
cases enters the plasma on a path that is nearly perpendicular
to the isotherms, which results in very little refraction of the
beam before it passes through the high-temperature region of
the plasma; the effect of refraction on power absorption is
therefore minimized.

In Fig. 2, the path length of the beam through the two
plasmas is about the same, but in the high-flow case the path
has, on the average, a higher temperature, particularly in the
region of highest laser intensity near the focus. This results
in a significantly higher overall absorption efficiency: 83%
compared to 66%. At the same time, because the overall size
of the high-flow plasma is smaller than the low-flow plasma
and, because the highest-temperature region is confined to a
very small volume near the axis, the overall thermal radia-
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Fig. 3 Isothermal contour plots of two plasmas sustained using the
8 in. lens at 2.5 atm pressure. The contour interval is 500 K, with the
outer contour at 10,500 K.
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Fig. 4 Isothermal contour plots of two plasmas sustained at 1.5
atm with the 8 in. lens. The contour interval is 500 K, with the outer
contour at 10,500 K.



1096 WELLE, KEEFER, AND PETERS

tion loss increased by only 3%, from 54 to 57% of the inci-
dent radiation. The energy conversion efficiency, from laser
to thermal energy in the flow, increased from 12 to 26% as a
result of the increase in the flow.

When the chamber pressure is reduced, similar results are
obtained. Figure 3 shows the effect at 2.5 atm; note the
reduced tendency toward an off-axis temperature peak as the
absorption coefficient decreases with the pressure. The in-
crease in flow in this case has the effect of making the
plasma relatively longer and narrower and reducing the
diameter of the 10,500 K contour by 1 mm, while increasing
the length by about the same amount. The value of the peak
temperature increased from 14,600 to 15,600 K with the in-
crease in flow, but the highest-temperature region was again
confined to a very small volume in the focal zone of the inci-
dent beam. This resulted in an increase of absorption effi-
ciency from 67 to 78%, while the thermal radiation loss was
actually reduced from 353 to 45% of the incident radiation.
The net energy conversion efficiency increased from 14 to
32% as a result of the increase in flow.

It is worth noting that the maximum incident flow rates
investigated in this series of experiments were limited in the
low-pressure experiments by the capacity of the flow system
and in the high-pressure cases by the capacity of the
available flow meter. In no case was there any indication of
plasma instability caused by high flow rates. The only
noticeable unsteadiness occurred in high-pressure, low-flow
plasmas, but none was spontaneously extinguished. The
minimum flow rate in all cases was limited to the minimum
mass flow that would register on the meter.

At 1.5 atm, Fig. 4 shows the effect of flow speeds
somewhat higher than those available at higher pressures. In
the low-flow case, the plasma was centered very near the
focus of the incident laser beam and was relatively symmetric
along the axis, with the temperature gradient on the
upstream boundary about double that at the downstream
boundary. When the flow speed was increased by a factor of
four, the plasma moved downstream to where the 10,500 K
contour on the leading edge was only 1 mm upstream of the
focus, with a very strong temperature gradient, while the
trailing edge was roughly 10 mm downstream of the focus,
with a very weak temperature gradient. In this case, the
higher flow rate pushed a sufficient portion of the plasma
beyond the high-intensity region to cause a reduction in the
absorption efficiency of the plasma from 56 to 44%. The
smaller size of the plasma also caused a reduction in the
thermal radiation loss from 38 to 23% of the incident laser
power. The combined effects result in only a very small
change in the energy conversion efficiency of the plasma, in-
creasing it from 18 to 21% with the increase in flow speed.
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Fig. 5 Graph of variation in power absorption Vv and thermal
radiation loss A with flow rate for a series of plasmas sustained at
1.5 atm.
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Figures 2-4 represent the endpoints of three series of
plasmas. The data for the intermediate values of flow are
shown in the next three figures. In Fig. 5, at 1.5 atm, the
trend with increasing flow is a monotonic decrease in both
power absorption and thermal radiation loss. The difference
between the two represents the total energy conversion effi-
ciency, which shows a weak maximum near 350 cm/s, but
the magnitude of the peak is probably smaller than the
uncertainty in the calculations.

At 2.5 atm (Fig. 6), the absorption efficiency shows a peak
near 300 cm/s, while the thermal radiation loss peaks near
100 cm/s. The conversion efficiency increases with the flow
until about 300 c¢m/s, after which it is nearly constant at
30%. At 3 atm (Fig. 7), the thermal radiation loss appears to
peak around 200 cm/s, while the absorption efficiency does
not reach a peak in the range of flow speeds observed. The
maximum conversion efficiency for this pressure level,
therefore, occurs at a flow rate somewhere above 250 cm/s.
(It should be noted that we had some difficulty holding the
laser power constant in this series, with a variation between
900 W for the low-flow case and 780 W for the high-flow
case, which is a possible cause for the apparently anomalous
behavior of the absorption and thermal reradiation curves at
41 cm/s. In the two lower-pressure series, the laser power
was held within the range of 705-735 W. The effect of laser
power changes will be discussed below.)

Some indications of the effects of chamber pressure are
seen in the three sets of isothermal contour plots (Figs. 2-4).
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At high pressures, the absorption coefficient is sufficiently
high to allow the plasma to move upstream into a region of
lower laser intensity. With the annular laser beam this can,
in extreme cases, result in large-diameter plasmas with off-
axis temperature peaks. Because of the lower laser intensity
in the annular focus relative to the axial focus, the
magnitude of a typical off-axis temperature peak is lower
than that of one on the axis, resulting in lower power ab-
sorption efficiency. At the same time, the large plasma
diameter ensures that the thermal radiation loss remains
large. The effects are illustrated in Fig. 8, where the power
absorption and thermal radiation losses are shown as func-
tions of pressure for a given mass flow rate. (It must be em-
phasized here that this series is at a constant mass flow rate,
so the incident flow speed is an inverse function of the
chamber pressure.) At the lowest pressures, the flow speed is
high enough to force most of the plasma downstream of the
focus, so that the plasma resembles the high-flow case of
Fig. 4 and the absorption and thermal radiation losses are
correspondingly low. As the pressure increases and the flow
speed decreases, the plasma moves upstream. At 2 atm, it is
approximately centered on the focal volume and, at 4 atm, it
has moved so far upstream that there is essentially no plasma
at the axial focus. The net result is that both the absorption
and the total energy conversion efficiency go through a peak
at just above 2 atm pressure, when the plasma is just slightly
upstream of the focus. Although this was the only pressure
series we ran, the graphs of Figs. 5-7 indicate that at higher
flow rates, this peak may occur at higher pressures.

The influence of the focusing geometry on the plasma
stability and energy conversion efficiency was also modified
by higher incident flow rates. In an earlier paper,!’ we
reported that we were unable to initiate or sustain a plasma
at pressures greater than 2 atm using a 12 in. focal length
lens (f/5.6 with a beam diameter of 54 mm). The incident
flow speed in that set of experiments was limited to less than
15 cm/s. As the pressure increased, at a constant mass flow
rate, the plasma would move upstream until, at 2 atm, it
became unstable. At much higher flow speeds, however, we
had no trouble initiating and sustaining plasmas with the
12-in. lens at pressures up to 3 atm. Figure 9 shows a pair of
isothermal contour plots of 2.5 atm plasmas that illustrate
this effect. The axial scale has again been selected such that
the focal point of the laser is at the value 50 mm. In the low-
flow case, the leading edge of the plasma has moved
upstream to a point 10 mm ahead of the focus and there is
no plasma at the focal point. The peak temperature in this
plasma is 14,200 K and the highest-temperature region is
mostly located away from the axis, giving it a relatively large
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volume. The net result is a very poor energy conversion effi-
ciency of only 12%. In the high-flow case, the plasma has
been forced into a location approximately centered on the
focal zone, with the diameter at all temperature contours
decreased by about 1 mm and the overall length increased by
about 3 mm. The peak temperature has increased to 16,300
K, and the highest temperature zone is confined to a narrow
cylinder along the axis. These effects combine to provide an
energy conversion efficiency of 38%, the highest observed in
any of our current series of plasmas.

A comparison between the results of this flow series using
the 12 in. lens (f/5.6) and a similar series using the 8 in. lens
(f/3.8), both at 2.5 atm, is shown in Fig. 10. The conversion
efficiency in the f/5.6 series is clearly tending toward zero as
the flow is decreased, indicating that the plasma will become
unstable in this flow region. As mentioned, this instability
was observed in previous experiments. It is also seen that the
flow rate at which the peak efficiency occurs increases with
the increase in focal length. Further insight into this effect
can be obtained by comparing the high-flow cases at two dif-
ferent f/numbers as shown in Fig. 11; both cases are 2.5 atm
plasmas sustained at approximately 720 W and a 4 m/s flow
rate. The f/3.8 plasma is centered about 2 mm downstream
of the focus and has a peak temperature of 15,600 K, while
the £/5.6 plasma is centered within %2 mm of the focal point,
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Fig. 9 Isothermal contour plots of two plasmas sustained at 2.5

atm using the 12 in. focal-length lens. The contour interval is 500 K,
with the outer contour at 10,500 K.
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Fig. 11 Isothermal contour plots of two plasmas sustained at 2.5
atm in a 4 m/s incident flow, with 720 W incident power and using
two different focusing lenses. The contour interval is 500 K, with the
outer contour at 10,500 K.
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is just slightly smaller in diameter, and has a peak
temperature of 16,200 K. Because of the narrower angle of
convergence of the beam, the flow speed required to force
the plasma into the downstream region of the focal zone,
where the efficiency begins to deteriorate, is higher for the
larger f/number lens. This indicates the possibility of sus-
taining stable plasmas with very long focal length lenses,
provided the forced convective flow is sufficiently fast.

We turn now to the effect of changing laser power. Figure
12 is a typical graph of the variation in the power absorption
and thermal radiation loss with changing laser power in a
series of plasmas where the pressure and flow rate were held
constant. On the low-power end, as expected, the absorption
begins to fall off rapidly as the minimum maintenance
threshold is approached. As the power is increased, the ab-
sorbed fraction increases asymptotically to 75%, with no in-
dication of a trend toward a subsequent decrease. In two
other series (not shown), a similar effect was observed, with
the asymptote being a function of the pressure, flow rate,
and focusing geometry. In a fourth series, sustained at 1.5
atm and 315 cm/s with the 12 in. lens, the absorbed fraction
continued to increase at the maximum available laser power,
reaching 67% at 932 W incident power.
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In Fig. 12, we see also that the thermal radiation loss frac-
tion continues to increase with increasing power and with no
apparent asymptote, although it obviously cannot exceed the
absorbed fraction. This effect was observed in each of the
power series. In the series of Fig. 12, the total energy conver-
sion efficiency appears to be decreasing slightly with increas-
ing flow. The other three power series were sustained with
the 12 in. lens, all at approximately the same mass flow rate
but at different pressures and hence different flow speeds. At
3 atm and 150 cm/s, the total conversion efficiency appeared
to decrease with increasing power, as in the /3.8 case. At 2
atm and 235 cm/s, the conversion efficiency first increased
with power and then began to decrease, passing through a
maximum of 33% near 500 W. In the third series, at 1.5 atm
and 315 cm/s, there was no discernible trend in the total
conversion efficiency, but this was the series in which the
power absorption did not reach a peak, so the peak in con-
version efficiency, if there is one, may occur at a higher
power level than was reached. From these results, it appears
that the effect of laser power level changes, at least in this
range, is less important than the effects of pressure, focusing
geometry, and flow speed.

Conclusion

It has been seen that, in contrast to earlier results, changes
in incident flow rates, when the flow speeds are greater than
those associated with buoyancy, have a significant effect on
laser-sustained plasmas. Under conditions of low flow
speeds, the LSP tends to propagate up the beam to the point
of minimum maintenance intensity. High incident flow
speeds can be used to force the plasma downstream into the
region of maximum laser intensity, resulting in a significant
improvement in the thermal conversion efficiency. In these
experiments, the laser power was supplied by an annular
beam. It is worth noting that the results of similar ex-
periments with a Gaussian beam profile would likely be
substantially different. The rate of change of the laser inten-
sity on the axis would be smaller and there would be no
possibility of an off-axis temperature peak. Under these con-
ditions, much larger changes in the flow rate would likely be
required in order to achieve changes in the plasma size and
position similar to those observed with the annular beam.
Significantly, the results of these experiments indicate that
there are no ‘‘fatal flaws’’ in the concept of using the LSP
for orbital transfer propulsion. It appears that it will be
possible to tailor the LSP characteristics as necessary by
varying the chamber pressure, flow patterns, and laser focus-
ing geometry.
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