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Power Absorption in Laser-Sustained Argon Plasmas

Dennis Keefer,* Richard Welle, and Carroll Petersi
The University of Tennessee Space Institute, Tullahoma, Tennessee

In this experimental investigation, stable and axisymmetric laser-sustained plasmas were produced in flowing
argon. Energy was provided by the focused beam from a carbon dioxide laser; two different focusing geometries
were used. Spatial distributions of absolute radiance from the plasmas, in a narrow-wavelength band, were
measured. The assumption of axial symmetry, along with the assumption of local thermodynamic equilibrium, was
used to deduce the radial profiles of temperature in the plasmas. From this and a geometric raytrace, the detailed
spatial distribution of power absorption was calculated, as well as the radiation lost from the plasmas. In addition
to the focusing geometry, the flow velocity, pressure, and incident laser power were systematically varied in the
experiments. The quantitative results indicate clearly that a perceptive analysis of such laser-sustained plasmas
must take into consideration the two-dimensionality of both the flowfield and the laser energy distribution in the

focused beam.

Introduction

IT has been proposed!? that the absorption of a high-energy
laser beam in a laser-sustained plasma (LSP) could be
utilized to provide a rocket propulsion system of exceptionally
high specific impulse. The laser beam power would be ab-
sorbed by the electrons in a very high-temperature
(15,000--20,000 K) plasma through inverse bremsstrahlung, as
opposed to direct absorption by molecular species. The practi-
cal realization of such a system requires creation of an LSP
with two essential characteristics: stability in the presence of a
forced convective flow, and nearly complete absorption of the
laser beam power. In addition, the plasma will have to be
sustained in a flow in which mixing occurs between the
extremely high-temperature plasma core and an outer buffer
flow. This mixing is required to ensure a nearly uniform flow
of propellent at temperatures sufficiently high to provide the
required specific impulse, but at temperatures low enough to
ensure survival of the nozzle.’?

Some experimental studies of the LSP have been carried out
in previous investigations,*% however, none of these were
performed in a forced convective flow environment. Several
effects of the flow environment are critical for LSP use in a
propulsion system: the effect on plasma stability, fractional
absorption of the laser beam, and the required focusing optics.
Several previous studies have shown that the LSP is stable for
only certain finite combinations of plasma pressure and laser
power.*"# However, the effect of convective flow and focusing
geometry was not studied systematically.

The first theoretical investigation was carried out by Raizer,’
who relied heavily on the similarity with the physics of sub-
sonic combustion. Several one-dimensional analyses of the
LSP followed in the spirit of the Raizer analysis,'*? but used
more sophisticated analytical and computational methods.
None of these analyses is capable of addressing the important
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two-dimensional aspects of the focusing of laser beam energy
and radial flow. A simplified model was proposed which
considered the two-dimensional effects of thermal conduction
but did not include the effects of radial flow or beam
focusing.!*'* Recently, Gulati and Merkle!® and Merkle'¢
developed numerical techniques capable of treating the full
two-dimensional problem. The use of the LSP for propulsion
has recently been reviewed by Glumb and Kirier.!”

In this paper, some results of the first systematic attempt to
study the LSP in a controlled convective flow are reported.
The plasmas were created in flowing argon within a cylindrical
quartz chamber using a relatively low-power (1.5-kW) carbon
dioxide laser operated at a 10.6-um wavelength. Argon was
chosen because it is relatively easy to create the LSP in argon
with the available laser power, and spectroscopic diagnosis of
argon plasmas is relatively straightforward. Experiments were
conducted using two different focusing geometries, pressures
of 1.3-2.3 atm, a range of subsonic flow velocities, and
incident power levels from 360 to 840 W.

To understand the detailed physical processes occurring
within the LSP, it is desirable to measure the temperature field
within the high-temperature plasma. In a high-temperature
plasma which can be considered in local thermodynamic
equilibrium (LTE), laser beam absorption, and thermal and
radiation transport depend only on the plasma temperature
and pressure. Thus, if the detailed temperature field is known
the spatial dependence of these processes can be determined.
In this experiment, the detailed temperature field was mea-
sured by recording digital images of the plasma through a
narrow-bandpass filter which was chosen to isolate a portion
of the continuum radiation from the plasma. The data acquisi-
tion system was calibrated to measure the absolute radiance of
the plasma emission; using the assumption of LTE, this
measurement can be related to the plasma temperature. Once
the temperature field has been measured, the detailed power
absorption and loss within the plasma can, in principle, be
calculated.

Experimental Procedure

The LSP was produced using a plano-convex focusing lens
and entrance window of sodium chloride (NaCl) in a cylin-
drical quartz flow tube having a converging entrance section.
The laser power was provided by a 1.5-kW, continuous-wave
(cw), axial-flow, electric discharge carbon dioxide laser using a
relatively low-magnification (1.5) unstable oscillator. This pro-
duces an annular output beam having excellent axial symme-



1664 KEEFER, WELLE, AND PETERS

try, which is highly desirable to ensure the axial symmetry of
the plasma required for accurate plasma diagnostics. Axial
symmetry of the plasma was also aided by operating the flow
chamber with the optical and chamber axes vertical, so that
nonaxisymmetric effects induced by buoyancy were eliminated.
The experimental apparatus is shown in Fig. 1, and is described
in more detail in Ref. 18.

Laser power was monitored by use of a NaCl wedge placed
in the output beam to split off a fraction of the beam and
direct it into a laser power meter. The system was calibrated
using a calibrated power meter whose capacity was adequate
to accept the entire output power from the laser.

The argon flow was introduced radially through a screen
into a 74-mm-diam inner quartz tube which converged
smoothly to a 22-mm-diam cylindrical test section. In all
cases, the plasma was contained within the cylindrical test
section. The inner flow tube was contained within an outer
cylindrical quartz tube which contained the chamber pressure.
The outer tube was closed on the downstream end by a
water-cooled copper cone which absorbed the transmitted
beam energy and cooled the heated flow downstream of the
plasma.

Focusing lenses of both 8- and 12-in. focal length were used
to sustain plasmas with somewhat different results. A detailed
geometric raytracing analysis of the optical system consisting
of both the lens and the window indicated that spherical
aberration limits the intensity at focus, and that the peak
intensity was greater with the 12-in. lens. The raytrace analysis
also showed that the intensity distribution in the unabsorbed
annular beam along the optical axis in the focal region was
different for the two lenses.

The intensity at focus of the laser beam, for the cw laser
used in these experiments, is insufficient to initiate gas break-
down, therefore, an alternative technique was used to initiate
the plasma. A 2.5-mm-diam tungsten rod, commonly used for
TIG welding, was inserted axially into the focal volume of the
lens. Laser heating of the tungsten liberates sufficient electrons
through thermionic emission to initiate a plasma which is
sustained by the process of inverse bremsstrahlung absorption
of the laser beam. Once the plasma was initiated the tungsten
rod was withdrawn downstream along the optical axis. When
a stable plasma was achieved, the chamber pressure, flow rate,
and laser power were set to the desired values and the re-
quired digital images of the plasma emission were acquired.
The pressure, flow rate, and laser power could then be set to
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Fig. 1 Experimental apparatus.
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new conditions without reinitiation of the plasma. The process
was repeated until the required data had been obtained.

The primary measurements acquired from the experiments
were digital images of the plasma. These images were obtained
by a CID (charge injection device) video camera whose spec-
tral 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 radia-
tion. For the argon plasma, the filter was centered at 626.5
nm. The digital images were acquired using a VICOM image
processing computer, which allowed images to be acquired at
video frame rates (60/s) and averaged into memory. The
entire image acquisition system was calibrated through direct
substitution of a standard lamp of spectral radiance. Since the
experiment was designed to ensure axial symmetry of the
plasma, the image intensity could be Abel-inverted to provide
spatially resolved measurements of the plasma emission coeffi-
cient. The plasma emission coefficient could then be related to
the plasma temperature, for an LTE plasma, through theoreti-
cal calculations verified by measurements in arc plasmas.®

Data Reduction and Analysis

The digital images of the plasma contained 512 X 240 pixels
obtained from single field scans of the camera. Typically, 16
of these images were averaged into memory to improve the
signal-to-noise ratio in the low-intensity outer edges of the
plasma image. The camera background signal was then sub-
tracted from this image and the image was subsampled axially
to provide the data used in the Abel inversion. Each radial
scan, which was obtained at approximately 0.5-mm intervals
along the axis of the plasma, contained approximately 70
points. For reference, the maximum diameter of the 10,000 K
isotherm is approximately 6 mm.

Images of the standard lamp filament, taken through the
narrow-bandpass filter and calibrated neutral density filters,
were used to obtain absolute values for the plasma radiance,
and images of graph paper, taken through the quartz fiow
tube, were used to obtain the spatial calibration of the system.
The location of the focal spot within the camera image field
was estimated, with the laser operating at reduced power, by
adjusting the tungsten rod along the optical axis and noting
the point at which maximum brightness occurred.

The centerline of the plasma image was determined by
finding, for each radial scan, the fold point of minimum
variance and then computing the least-squares best-fit straight
line for this set of minimum variance points. Each radial scan
was then folded about this centerline and fitted, in a
least-squares sense, to a series of cubic splines which were
then Abel-inverted to obtain the emission coefficient. When
the emission coefficient had been calculated, the temperature
was obtained, for the pressure appropriate to the experiment,
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Fig. 2 Three-dimensional representation of the temperature field for a
2-atm argon plasma sustained using an 8-in. focal length lens.
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by interpolation in the tabulated data published by Morris
and Yos!? To illustrate the typical resulis obtained, a
three-dimensional representation of the temperature field for a
plasma sustained using the 8-in. focusing lens at a nominal
pressure of 2 atm of argon is shown in Fig. 2. ,

The overall accuracy of this measurement technique is
influenced by several factors: absolute radiometric calibration
of the optical system, spatial calibration of the image, optical
distortion due to the quartz envelope, the accuracy of the Abel
inversion, and the validity of the data used to relate plasma
temperature and the emission coefficient. Of these factors, the
most important appears to be the distortion produced by the
quartz envelope, as evidenced by the dip in measured plasma
temperature seen in Fig. 2 at an axial distance of —0.4 cm.
This effect can, in principle, be removed by careful calibration
of each pixel in the digital image. Another factor was a change
in the absolute calibration during one experimental series due
to coating of the quartz wall, as observed during runs 206-211.
These effects are most noticeable in the higher temperature
regions of the plasma where the change of the emission
coefficient with temperature is small, and may result in errors
in peak temperature of 10%. The effect of these errors on the
other computed quantities, such as the laser absorption coeffi-
cient, is mitigated somewhat by the fact that they are also
relatively weak functions of temperature néar the maximum
temperature measured in these experiments.

In order to calculate the power absorption within the plasma,
a grid system was defined to contain the plasma; at each grid
point a value of absorption coefficient at 10.6 pm was calcu-
lated from the measured temperature field. The method used
for this calculation was described by Kemp and Lewis.?! The
required thermodynamic properties of argon plasmas have
been tabulated by Drellishak et al.,”? and the Gaunt factors
were published by Karzas and Lattér.”® The incoming laser
becam was divided into a finite number of rays, each repre-
senting a discrete fraction of the total power of the laser, such
that, when summed, the total would approximate the beam
profile of the laser. Each of these rays was traced geometii-
cally through the focusing optics and grid system, and at each
step the power absorption was calculated. The absorbed power
was then subtracted from the ray and added to the ap-
propriate location in a corresponding grid of power absorp-
tion. The power remaining in each ray was summed to obtain
the total power transmitted and, from that, the total power
absorbed in the plasma. Figure 3 is a three-dimensional repre-
sentation of the power absorption in the plasma of Fig. 2. In
tracing each ray through the plasma, the assumption was
made that the path would not be significantly affected by the
gradient in the refractive index. Subsequent analysis, utilizing
the procedure described by Cheng and Casperson,* indicates
that any given ray may be deflected up to a maximum of 200
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Fig. 3 Three-dimensional representation of the spatial distribution of
laser power absorption in the plasma of Fig. 2.
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pm from a straight path. The resulting error in total calculated
power absorption is less than 5% and depends on the position
of the plasma relative to the focal point of the incident laser
beam. In addition, the effects of diffraction, which are of this
same order, have been neglected.

Radiation loss as a function of position was calculated from
the temperature field according to the relation published by
Kozlov et al.?® for optically thin radiation. Resulting values
were integrated numerically over the volume to obtain the
radiation loss from the plasma. Figure 4 shows a three-dimen-
sional representation of the total radiation loss field of the
plasma of Fig, 2.

Experimental Results

The initial objective of this study was to investigate the
effect of a forced convective flow on the LSP. Figure 5 shows
a sequence of four isotherm plots of plasmas sustained at a
nominal pressure of 2 atm in argon, an incident laser power of
710 W using the 8-in. focal length lens, and average upstream
flow rates from 0.36 to 6.46 std. liters/min, corresponding, at
2-atm pressure, to approach velocities of 0.8-15 cm/s. (The
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Fig. 4 Three-dimensional representation of the radiative power loss
field for the plasma of Fig. 2.

2 atm., 710 watts

0.8 cm/s

2.3 cm/s

Fig. 5 Sequence of isothermal contour plots showing the effect of
changing the flow rate in the plasma test chamber, while holding
constant the pressure and laser power. The contour interval is 500 K;
the outer contour is at 10,000 K.
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contour interval in this and all subsequent plots is 500 K, with
the outer contour at 10,000 K.) The principal effect of increas-
ing the flow in this range is to move the plasma somewhat
nearer the focal point. The plasma was stable at all flow
conditions, and the maximum velocity used represents a limit
imposed by the available flowmeter. Figure 6 is a graph of the
fractional power absorption as a function of flow rate for this
set of plasmas. Reference to this graph and plasma numbers
202-205 in Table 1 shows that an order-of-magnitude change
in flow rate had a negligible effect on both the fractional
power absorption and the maximum temperature of the
plasma, while the increase in flow rate caused a slight decrease
in the fraction of absorbed power that was lost as radiation.

A similar sequence of contour plots, shown in Fig. 7,
illustrates the variation of the plasma shape and size in
response to the incident laser power. In this sequence, the flow
rate and pressure were held constant as the laser power was
reduced. (In running the experiment, the plasma was ex-
tinguished and had to be reinitiated between runs 205 and
206, and it appears that there was some change in calibration
factor at this time, possibly due to coating of the quartz
during initiation. As a result, the measured peak temperatures
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Fig. 6 Variation in fractional power absorption (4) and radiation loss

(v) with a changing flow rate. The pressure and laser power are held
constant in this series.
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Fig. 7 Sequence of isothermal contour plots showing the effect of
changing the incident laser power while holding the pressure and flow
rate constant.
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of all the succeeding plasmas were lower than the earlier runs.
In particular, plasmas 000, 204, and 208 were run at identical
conditions, and while the peak temperatures of 000 and 204
are comparable, that of 208 appears to be lower by 1000 K.
However, while the absolute numbers are uncertain, the trends
are still thought to be significant.) The effect of reducing the
incident power is to reduce the plasma volume and to confine
the plasma in a region nearer the focal point. This suggests
that the plasma expands into the beam until it reaches a point
where the laser intensity falls below some threshold value, and
the previous sequence indicates that the threshold value de-
pends weakly on the incident flow velocity. Fractional power
absorption as a function of incident power is graphed in Fig.
8, and is tabulated, along with fractional radiation loss and
peak temperature for plasmas 207-211, in Table 1. From
these, it is seen that decreasing the incident laser power results
in a slight decrease in both fractional power absorption and
fractional radiation loss, while at the same time there is a
slight increase in the maximum plasma temperature, possibly
due to concentration of the plasma in the region of highest
incident laser intensity.

Plasma pressure and the lens focal length also have a
significant effect on the plasma shape and size. Another se-
quence of plasma isotherm contour plots is shown in Fig. 9,
where the plasma pressure was varied while holding the inci-
dent laser power constant at a value of 710 W, and the flow
constant at a value of 3.2 std. liters/min. These plasmas were
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Fig. 8 Variation in fractional power absorption (a) and radiation loss
(v) with changing incident laser power, at constant pressure and flow
rate.
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Fig. 9 Isothermal contour plots of plasmas sustained using the 8-in.
focal length lens, showing the effect of changing the chamber pressure
while holding constant the mass flow rate and incident laser power.
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Table 1 Summary of measured and calculated properties of argon plasmas sustained in this experiment

Plasma Pressure, Flow rate, Incident power,

Power absorbed,® Power radiated,® Peak temperature,

no. atm cm/s w % of incident % of absorbed K
000 1.97 7.2 710 51 80 14,700
001 1.65 8.6 710 52 73 15,300
002 1.31 10.8 710 42 64 15,100
003 2.33 6.1 637 40 82 14,100
004 1.97 21.5 710 50 75 14,700
005 1.65 25.6 710 52 67 15,100
006 131 323 710 41 61 15,000
007 2.33 18.1 710 44 73 14,200
100 1.31 10.8 710 47 73 14,900
101 1.65 8.6 710 41 71 14,400
102 1.97 72 710 23 79 13,400
202 1.98 0.8 710 57 72 14,700
203 1.98 23 710 58 70 14,900
204 1.98 71 710 60 66 14,900
205 1.98 14.3 710 61 63 15,000
206 1.98 21.4 710 41 52 13,800
207 1.98 7.1 840 40 57 13,500
208 1.98 71 710 38 56 13,700
209 1.98 71 570 36 53 13,800
210 1.98 71 430 31 51 13,900
211 1.98 71 360 27 52 13,900
*Values calculated from measured temperature field.
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Fig. 10 Isothermal contour plots of plasmas sustained using the 12-in.
lens under pressure; flow rate and power conditions identical to those
of Fig. 9.

sustained with the 8-in. focal length lens. Accompanying this,
in Fig. 10, is a sequence of isotherm contour plots for plasmas
sustained with the 12-in. lens at identical power, flow, and
pressure values. Figure 11 is a graph of fractional power
absorption vs pressure for these two sequences and a third
sequence in which the plasmas were sustained with the 8-in.
lens at 710 W and a flow rate of 9.6 std. liters/min. For the
sequence with the 8-in. lens at 3.2 std. liters/min, the plasma
moves upstream as the pressure increases, while both the
fractional power absorption and fractional loss decrease. The
temperature maximum occurs at the intermediate pressure
value. Similar results are observed for the 12-in. focal length
lens, but the behavior is shifted to a lower pressure. Indeed,
using the longer focal length lens, the plasma could not be
initiated at 2-atm pressure, but ignited readily at 1.3 atm, and
could be sustained while increasing the pressure to, but not
beyond, 2 atm. At this pressure value, the fractional power
absorption was the lowest calculated for any of the sustained
plasmas herein. Figure 12 is a three-dimensional representa-
tion of the power absorption field for this case. By comparison
with Fig. 3, which is for a plasma at the same pressure, power,

Fig. 11 Change in fractional power absorption with changing pressure
for three sets of plasmas: 8-in. lens, 3.2 std. liters /min (a); 8-in. lens,
9.6 std. liters /min (¥); 12-in. lens, 3.2 std. liters /min (§); all at 710
W incident laser power.

and flow rate, but sustained with the 8-in. lens, it is seen that
the plasma in this last case stabilized farther upstream in the
converging beam.

The influence of the lens focal length is complicated by the
effects of spherical aberrations. Figure 13 shows computer-
generated raytraces of the incident beams in the focal region
of the 8- and 12-in. lens. The rays are spaced such that each
represents 5% of the power present in the measured cylindrical
laser beam profile. The raytraces indicate that, because of
spherical aberration, the intensity at focus is considerably
greater for the 12-in. lens, and a region of relatively high
intensity occurs 5-8 mm before the focus in both lenses, due
to an annular convergence of the spherically aberrated rays.
There is a possibility that the threshold intensity may be
reached in either of two places, and this complicates the
interpretation of plasma position as a function of the flow and
pressure.

The complex beam intensity distribution also complicates
the calculation of absorbed power within the plasma. The
experimental method used to determine the position of the
plasma relative to the focus of the lens will be affected by the
distribution near focus; in one case, it was found that a 1-mm
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Fig. 12 Three-dimensional representation of the spatial distribution
of laser power absorption in a 2-atm plasma sustained using the 12-in.
focal length lens, with an incident power of 710 W and a flow rate of
3.2 std. liters / min.
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Fig. 13 Ray traces showing the distribution of energy in the focal
region of the 8-in. (top) and 12-in. (bottom) focal length lens. The laser
beam is incident from the left.

change in the focal position resulted in a change in the
calculated fractional power absorption from 54 to 60%.

Discussion and Concluding Remarks
Spatially resolved experimental measurements of plasma
temperature, laser power absorption, and thermal radiation
loss have been obtained for several laser-sustained plasmas
(LSP) in flowing argon. By systematically varying the pres-
sure, flow rate, incident laser power, and focusing geometry of

AIAA JOURNAL

the incident laser beam, it was possible to determine the effect
of these parameters on the fraction of incident laser power
absorbed by the plasma and on the fraction of absorbed
power lost by thermal radiation.

The effect of a forced convective flow is smaller than might
have been expected, and primarily consists of forcing the
plasma to stabilize at a position a little closer to the focal
plane, but with little change in the plasma shape, size, peak
temperature, power absorption, or radiation loss characteris-
tics. This suggests that increasing the flow through the plasma
may increase the plasma maintenance threshold intensity, but
the effect appears small and will require further analysis
because of the aberrations in the focal region. It should be
noted that the range of flow speeds investigated in this experi-
ment is of the same order of magnitude as the flow occurring
as a result of convective accelerations over the length of the
plasma. Therefore, it is possible that another order-of-magni-
tude increase in incident flow speed will have a more signifi-
cant effect on plasma properties. In the range of speeds
investigated, there was no indication that increased flow rate
had a destabilizing influence on the plasma; this suggests that
the LSP may be suitable for use as a clean, high-temperature
gas heater.

Except for the small increase in peak temperature shown in
Table 1, the effect of decreasing the incident laser power was
about as expected. The upstream surface of the plasma re-
ceded to a position closer to the focal plane as the power was
reduced, secking a position of threshold intensity. In addition,
decreasing the size of the plasma resulted in a decreased
power absorption efficiency, and a slight decrease in the
fraction of the absorbed power lost as radiation.

The sensitivity of the plasma to pressure, as seen in Figs.
9-11, is to be expected, since the plasma absorption coefii-
clent is such a strong function of pressure. On the other hand,
the strong effect of focusing geometry, as seen in Fig. 11, is
somewhat surprising. The two sequences of plasmas operated
at 710 W and 3.2 std. liters/min, both show that the power
absorption efficiency reaches a maximum at some value of
pressure and then decreases as the pressure is further in-
creased, but the pressure at which the maximum occurred was
lower for the longer focal length lens. Indeed, it was not
possible to initiate the plasma at a pressure of 2 atm using the
longer focal length lens, but it could be initiated and sustained
easily at 1.3 atm. This was unexpected since examination of
Fig. 13 shows that the intensity at the focal plane of the longer
focal length lens is considerably greater. Previous experimen-
tal studies have attempted to define regions of pressure and
power where the plasma could be sustained.*”® In view of the
authors’ observations, it would appear that these resuits should
be interpreted as applying only to the specific optical system
used for the experiments.

Comparison of the power absorption and the temperature
distributions in the plasmas, for these experiments utilizing
the annular output from an unstable oscillator, reveals that
the power is absorbed in a thin conical region near the outer
edges of the plasma. This results in off-axis peaks in plasma
temperature in the upstream plasma regions. The use of a
Gaussian incident beam profile likely would result in a consid-
erably different temperature field, and might have a significant
effect on the fractional power absorption and thermal radia-
tion loss when compared to those observed in these experi-
ments.

The foregoing results underscore the fact that the LSP is
strongly affected by the detailed spatial distribution of laser
intensity in the focal region. Any attempt to analyze the
complex, coupled, nonlinear phenomena in the laser-sustained
plasma, either experimentally or analytically, must include the
spatial details of the interactions in order to succeed in
revealing the true nature of the overall process.
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