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Scientific Issues Addressed

Continuous wave (CW) laser propulsion, as envisioned for orbit-raising

purposes, makes use of a focused high power laser to create and sustain a high

temperature plasma in a flowing medium., Energy is then transferred to the

working gas through interaction with the plasma. The key to understanding and

evaluating this form of laser propulsion lies in a solid understanding of the

physics of the plasma, and the gasdynamic interactions of the plasma with the

gas.

Physics of the Problem

The laser-sustained plasma is usually initiated by focusing a high power

laser onto a metallic target. At the high energy densities available at the

focus, the metallic surface first vaporizes, then the neutral atoms undergo

multiphoton absorption. Due to the low ionization potential of the first

bound electron of these atoms (typically less than 5 eV), ionization can occur

before deexcitational collisions take place., In gases such as argon, the

first ionization potential is many times higher than for metals,

Thus ioni-

zing pure argon without a target would require many more photon absorptions

per second, and requires a much higher laser intensity.

Once the metal atoms have ionized and free electrons are present, another

type of absorption process begins., This is inverse Brehmsstrahlung absorp-

tion, a process in which a free electron, when interacting with a nearby ion

or neutral, absorbs a photon, These free electrons are now heated to very

high temperatures, and as they collide with neutral atoms, enough energy is

transferred to produce ionization of additional electrons,

This chain reace

tion, known as an electron cascade, continues until the metal vapor is highly

fonized and the absorption is dominated by the IB process.
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The vaporization/ionization of the metallic target occurs almost instan-
taneously, producing a cloud of high-temperature highly ionized metal vapor
- above the target. At this point, the metal vapor begins heating the sur-

- rounding argon through radiation and conduction. This heating quickly causes
. ionization of the neutral argon atoms, allowing argon to begin absorbing on
its own through the IB absorption process. Once this has occurred, typically
in a fraction of a second, the target may be removed and the argon plasma is
sustained in the convergant section of the laser beam,

The laser-sustained plasma exhibits many of the phenomena of gasdynamic
waves. In particular, it will move up a converging beam at a velocity that is
a function of laser intensity. This is because the hot plasma will radia-
tively heat the cooler gas that is upstream and cause the plasma as a whole tg
move upstream. The plasma becomes stationar: when the incoming velocity of
the gas just matches the wave velocity of the plasma. Typically, the plasma
EE i is a highly stable phenomenon, since it will tend to seek out a location in

the converging beam where the intensity-dependent wave velocity produces this

!F match, This position will also correspond to the location where radiative e

8 losses from the plasma balance the absorbed energy from the laser. ii
: As the laser power is reduced (or as the flow velocity is increased), the ??

= plasma is forced closer and closer to the focal volume. Once this point is ;:_

2 - reached, the plasma can retreat no further, since it cannot be stably main- EZ;
: ;i tained in the diverging section of the beam, If the power is reduced any Eﬁ?
further, the plasma will immediately extinguish, and will not reform unless ;%

the target is reinserted. Ef
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Objectives and Methods

Much of the physics of the laser-sustained plasma is not yet completely
understood, Such basic factors as global and local absorption, temperature
distributions, and gasdynamic interactions have yet to be measured in
detail. The only way to gain a full understanding of the plasma is by accur-
ately mapping its properties (both local and global) throughout the flowfield,
and comparing the results to theoretical assumptions of the physics. The
objective of the current work at the University of Illinois is to provide
these fundamental measurements so that the operating physical mechanisms may
be clearly defined.

The primary and most complex goal is the complete mapping of the temper-

ature field within and near the plasma. Such mapping provides important

information on local absorption behavior, radiative and thermal heat transfer,

]

and fluid mechanics. Because of the extreme temperature ranges involved,

different techniques are used in different areas.

"~
«Fa'e
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In the plasma core, spectroscopic relative line intensity techniques are ;ﬁ;
being used for electron temperature, and Stark broadening for number den- ﬁf
sity. The flexibility of our system also permits verification of the assump- i;;
tions of LTE and optical thickness, and will allow precise spatial measure- i?ﬂ
ments of plasma dimensions. ;i?

.
tnfmed,

In the cooler regions far downstream, thermocouple probes are used. And =

teal

at intermediate temperatures, an LIF system will be employed. The LIF system

will also be useful in mapping the transient flowfield throughout the entire

CIVLI P N O
Ve e e e P
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downstream region., All of these measurements are being made at varying pres-
sure, laser power, and flow velocity (including blowout and extinguishment

1imits) so as to determine dependencies. :?j
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In conjunction with thése temperature measurements, an IR thermography
system is being used for qualitative studies of plasma position and size at
various combinations of power and flow rate.

Another objective is a complete measurement of global absorption as a

function of laser power, pressure, optical geometry, flow rate, and seed

concentration, Such data is invaluable in checking basic assumptions about

,E : the absorption coefficient, and in making estimates of the overall thermal
bl efficiency of the system.

Finally, we are now engaged in developing a two-dimensional model of
laser heat addition to flowing argon. The code uses real gas properties and a
ii r two-dimensional geometry. A radiation loss mechanism is now being added. The
eventual goal is to compare calculated temperatures, absorption, and effi- ~

ciencies with those measured in our experiments.

Achievements of '84-'85 Research Program

During the second year of funded research, the following items were

completed:

e PIFC plasma flow chamber completed final assembly and was successfully
pressure tested (5/84)

e First initiation of plasmas in air (6/84)
e Calibration of high-flux calorimeter (7/84)

e Spectroscopic optics designed and installed (9/84)

e Preliminary tests of OMA 2 spectroscopic system (10/84)

rr
“« .
.

e First initiation of plasmas in flowing argon (11/84)

e
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e Calorimeter data taken at vartous combinations of laser power, optical

r

=
f/#, and gas pressure (11/84) —
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e Purchase of excimer laser system for LIF studies (11/84) Eii

e High-speed films of chamber flow patterns taken using smoke (12/84)

Y o
MR - |
L
[
&

S e Fluke computer system programmed to record data and control experi- i
. e ments (1/85) T
i o Heat addition model used to predict plasma size and location at var- ?33
o ious laser powers and flow velocities (1/85) ‘4

e IR camera system used to record images of filtered plasma at various ;{
combinations of laser power and flow velocity (2/85) -

e Thermocouple measurement system installed and tested (2/85) =
e Preliminary TC scans of areas around plasma completed (3/85) f?

e Preliminary estimates of thermal gas energies and radiative losses
based on isotherm plots of TC data (3/85)

e OMA 2 and 3 systems debugged and repaired (2/85)

e First OMA-3 temperature measurements of argon plasmas attempted (3/853

e Emission spectra of argon plasma recorded at 400 - 600 nm (3/85)

e Model extended to include radiative losses in argon (3/85)

Several of these accomplishments are highlighted in the photographs of o
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Figures 1 - 4, In the following sections, we present our preliminary data,
P-‘
along with possible physical interpretations of what is happening in the Ffﬁ

laser-sustained plasma. The techniques and equipment used are also described. ﬁj

- Calorimeter Data —
Preliminary measurements of global plasma absorption have been com- I

pleted. This data was taken as a function of laser power, gas pressure, and

g optical geometry so as to reveal important physical trends. Such absorption e
% ' N
;; data at these power levels has never before been presented. ?i
Y, '.::
@j E: The data, plotted in Figure 5, indicates strong laser energy absorption jg
. -

- —

by argon, approaching 80% at higher powers. The argon absorption is consider-
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Figure 1 Flow Chamber and Laser Optics
Mounted on Mobile Test Stand.
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Figure 3  Focal Volume Inside Chamber
at f/3.0. The Thermocouple
Carriage is Visible Above the
Focus. o
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ably stronger than that of air, due mainly to its higher absorption coeffi-
cient, The absorption coefficient of air is degraded by the presence of
extraneous species with larger electron collisional cross sections. These
tend to deexcite free electrons and lower electron temperature, reducing
inverse Brehmsstrahlung absorption, the dominant absorption mechanism.

The data also shows a tendency for global absorption to rise with laser
power, This is most likely a geometric effect. Total absorption depends both
on absorption coefficient and on plasma size. Plasma size is an eigenvalue
solution of the steady state energy balance equations (see Fig. 6), producing
a finite plasma size for a given laser power and flow conditions. As laser
power increases, the plasma size and therefore the absorption tength grow,
causing a net increase in global absorption.

The data also suggests asymptotic behavior at high power (see Fig. 6b).
This can be explained physically. As laser power increases, the plasma grows
until it reaches a point where increasing radiative losses from the enlarged
surface area offset any increases in power, preventing further growth in
absorption length., The upper limit should depend largely on beam geometry and
radiative behavior,

The data for argon at 1.5 atm is still tentative, but suggests that

absorption increases with pressure, This would be as expected, since the IB
absorption coefficient is a strong function of number density and therefore of -
gas pressure,

A comparison between two optical geometries (f/2.4 and f/3.0) was also
made. As expected, the more tightly focused f/2.4 system produces slightly
higher absorption readings., This is due primarily to the smaller focal volume

that is possible with this system, 1
1
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Minimum maintenance powers for the two systems are also shown on the
figure., The reason for the difference is related to the plasma's behavior
near extinguishment (see Figure 6c). As laser power is reduced, the plasma is
held very near the focal volume, where absorptive area is highly dependent on
the f number. (The higher minimum values for air are again caused by its
smaller absorption coefficient.)

The dashed line above the argon data represents an analytic correction
for the heated gas that becomes trapped in our calorimeter; it is based on
thermocouple readings taken inside the calorimeter cone, Actual measurements
of the correction factor are now being made using NaCl windows placed in front

of the calorimeter,

Infrared Thermography Data

In order to qualitatively map the shape and location of the plasma in
real time, we have made use of an infrared thermography system sensitive to 8-
12 um radiation. Though direct temperature measurements of the plasma core
are not feasible at this time, the system does produce detailed false-color
qualitative temperature mappings of this region. Figure 7 presents several
such images, taken at various laser powers and at two flow velocities.

Several important trends are noticable, First, as laser power falls, the
plasma becomes cooler and smaller, and moves closer to the focus point.
Increasing the flow velocity produces much the same effect. Note also that in
both cases, the plasma core appears to move past the focus point before extin-
guishing.

The circular IR images contrast with the teardrop-shaped piasmas that can

be seen in the visible spectrum, We believe that this is the result of
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increased optical thickness at the longer IR wavelength, since the re-absorp-
tion coefficient is proportional to the cube of the emission wavelength.
Thermal blooming of the filter is also a possibility, one which is now being

examined,

Eventually, it is our hope that the IR system may be used for approximate
quantitative temperature measurements of the plasma core. This may be possi-
Ol ble by comparing the IR images (after Abel inversion) to temperature data
_ produced using the OMA spectrograph. Temperature measurements of the cooler

downstream region is also possible, though the gas emissivity in this area is

highly dependent on gas temperature.

Spectroscopic Temperature Measurements

Electron temperatures within the plasma core will be found by spectro-
scopically measuring the relative line emission intensities of argon. The
instrument we are using for this purpose is an EG&G PARC Optical Multichannel
Analyzer (OMA) II1 system. The OMA consists of a computer console, detector
controller, silicon intensified target (SIT), monochromator, and collection
optics. Although the OMA was first received in July 1984, numerous software
and hardware problems were not fully corrected until this March, delaying data
acquisition and analysis.

The system is used as shown in Figure 8., The plasma is first imaged onto
the monochcomator entrance slit. The monochromator then spectrally diffracts
the incident 1ight onto the two-dimensional vidicon SIT. Through computer
control of the SIT, the vidicon array can be segmented into tracks which

effectively divide the plasma image into independent segments horizontally

spaced across the plasma. The monochromator/SIT assembly is then translated

vertically, allowing rapid scans of the entire plasma.

--------------------------------------
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Figure 9 presents a sample data set of 15 tracks, as shown on the OMA

3 I console display. The tracks represent single points which cut horizontally
across the plasma. The plot is line-of-sight intensity (vertical scale)

- versus wavelength (horizontal) versus position across the plasma (into the

screen),

The OMA data is used to determine electron temperature via the relative
line intensity technique. At each scan position, the intensities at two
separate wavelengths are curve-fitted against plasma radius. Since the data
is a line-of-sight integrated value, the curves will be Abel-inverted to yield
radial (point) emissivities, The ratio of the emissivities at the two dif-
ferent wavelengths at a given plasma location is proportional to the electron
temperature. If two semi-independent pairs of lines (emissivities) can be )
resolved to yield similar temperatures, then the OMA can be used to verify the
spatial extent of local thermodynamic equilibrium (LTE) in the plasma core.
fj The visible spectrum transitions are of interest, though there is a question

of optical thickness in this region, This could reduce the signal-to-noise

.F ratio above the continuum, but the relative value of the lines should remain
largely unchanged.
The Abel inversion requires axial symmetry in the plasma, which may or
f? may not be the case due to the characteristics of our laser optics. A compu-

ter code has heen developed which fits the intensity data at a given wave- =
length with a cubic polynomial. The routine is restricted to positive radial o
dimensions by averaging the data reflected about the axis, To date the dif-
ferences in symmetric points have been less than 10%.

The Abel inversion is an integration of the differential intensity

curve, However, to achieve a higher S/N ratio, a dummy function is set up
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which is first integrated (smoothing) and then differentiated to yield radial
emissivity. The asymmetry will be monitored and if necessary, asymmetrical
inversion techniques will be implemented.

The OMA will also be used to measure the Stark (pressure) broadening of
the HB (486.1 nm) line to determine the electron number density. The Stark
effect should dominate other broadening effects in the pressure range of
interest. The water content of commercial argon should provide a sufficient
concentration of hydrogen to monitor this line. The profile can be matched to
calculated and empirical data of hydrogenic lines with accuracies approaching
5%.

Once the electron temperature and number density are known, it becomes
possible to calculate atomic parameters through the equilibrium relation-
ship. It should be noted that although LTE should hold throughout the plasma
core, this does not necessarily imply that the gas temperature equals the
electron temperature. Since the gas temperature determines ultimate thermal
efficiency, an assessment of the energy transport between electrons and heavy
particles will be made.

The advantage to using this type of system is that its flexibility and
the variety of techniques available make it possible to verify the LTE assump-
tion and independently check our results. Studies of the spectral emission
behavior of the plasma are also possible,

The advantage of an OMA system lies in its flexibility., Any region of
the spectrum between 350 and 830 nm can be monitored to determine plasma para-
meters. The system has internal functions and computation capabilities useful

in the preliminary reduction of data and can be interfaced to a host CPU for

final data manipulation,
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Thermocouple Measurements

Gas temperatures under 3000 Kelvin in the flow around the plasma were
measured with Tungsten-Rhenium thermocouples. These thermocouples were o
mounted on a movable carriage capable of traversing the chamber length, o
Figure 10 shows an axial view of the carriage and the combination of

thermocouple orientations used, A remotely programmed stepper motor moves the

carriage to any desired location at a selectable velocity. A FLUKE 2452 MCS g
(measurement and control system) controls both the stepper movement and the
ti F; scan rate of the thermocouples. This allows us to obtain two and even three
k‘ dimensional temperature maps of the flow around the plasma. %n
L &

Figure 11 is a scale view showing the region in which thermocouple mea-

Cam g 4
AR
Sl b

surements have been made. Notice that the laser beam intersects part of the

measurement zone in this example. The radiation effect on the thermocouples

across this intersection will be discussed below., The plasma core is too hot ]

to measure with thermocouples so it was avoided. For future reference, the :i

!; exhaust plane of the chamber is considered the rightmost edge of the measure- 5K
ment zone, downstream of the plasma. iﬁ

Figure 12 is the temperature map of the measurement zone seen in Figure :??

T' 11. The isotherms were constructed from a coarse grid of 320 discreet points -
' S
spread evenly through the measurement zone, The temperatures along the wall R

5 =
;i are in the.neighborhood of 500 K and near the plasma as high as 2600 K. Along -fﬁ
the beam intersection with the measurement zone the temperature rises contrary ﬁ:

to the general trend. It appears that the thermocouples are being affected by fﬂ

. "4

[~ laser energy transmitted through the plasma., We are currently examining ways ?i
) of shielding the TC's and/or correcting for this radiative heating. o
-y
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The isotherms indicate the shape of the mixing layer around the plasma
and the shape of the hot buoyant plume downstream. Notice the temperature
L contours upstream of the plasma and near the wall, where the flow appears to

reverse and flows upstream., Figure 13 illustrates what is happening more

SN clearly. The hot buoyant plume rises violently, increasing the flow velocity
‘ along the centerline far above the mean. To preserve conservation of mass,
the flow along the wall must reverse., The greatest consequence is that the
flow velocity and probably the mass rate of flow through the plasma is much
larger than what the bulk flow rate would indicate.

The thermocouple measurements allow us to estimate the thermal efficiency

of a laser-sustained plasma by estimating the exit plane enthalpy. Figure 14

|- ji indicates how this was done. The exit plane temperatures and radial position

aana
Pl
S

were taken from the data. Simpson's Rule was used to obtain an area averaged
temperature of the exit plane., For this case, it was found to be about
849 K, The mass flow rate, laser absorption, and specific heat of Argon are

also known,

[ The results of this analysis are illuminating. With an input power of
= 5.5 kW, the thermal energy of the gas was found to be 2,04 kW, 37% of the
- 8 total. From the calorimeter data we know that an additional 28% of the laser
ff energy is transmitted through the plasma and lost. The remainder of the ;ﬁ
energy ( 35%) must therefore be lost as thermal radiation to the chamber fﬁ
- i; walls. ?§
This represents the first experimental estimate of the thermal efficiency :g
- of a laser-sustained plasma. Although preliminary, the results are consistent EE?
S Er with the estimates made by some theoretical modelers. ;i
. 3
MRS 1
.
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The analysis needs further refinement, however. The exit plane tempera-
ture should be a mass averaged value. To obtain this we intend to calculate
the "mixing cup" temperature using pitot tube velocity measurements at the
exit plane. This will allow us to calculate not only flow velocity, but

density and thus mass flow as a function of radius.

Excimer Laser System

To aid in laser-induced fluoresence studies, we have recently purchased a
Lambda Physik excimer pumped dye laser system. The dye laser is wavelength
tunable through the adjustment of the resonator cavity and the dye cell., When
used for LIF, the laser will be tuned to excite a specific transition in argon
or a seeded material. Monitoring the fluorescent deexcitation intensity on a-
point by point basis yields considerable information on concentrations and/or
temperatures within the flowfield. This information will be used for flow
visualization in the areas downstream from the plasma, as well as for tempera-
ture measurements in the bulk gas.

The utilization of LIF requires the choice of a proper fluorescent
seedant in the flow. Also, adequate shielding of the core radiation will be
necessary to detect the relatively weak fluorescent signal. Neither problem
is trivial, and we intend to make use of the expertise of Dr. Ron Hanson in
setting up the system, Dr, Hanson is currently working in conjunction with
UIUC on another proposal before AFQSR.

In addition to the LIF studies, the excimer laser system will be used for
UV plasma initiation experiments. The excimer system being purchased is one

of the higher power units available (100 W average), and has one of the higher

pulse rates (250 pps). Using UV emission at either 193 nm (Arf) or 248 nm

AL S SRR IR I L T O N S A N SRR PRI .
L "\‘.)-H:'.‘..ﬂ:.'.n'.-.-'}..'.l\f}.':‘f. - " . PR R R Y RTINS A




(KrF), we hope to be able to both initiate and sustain a plasma in flowing
" !! argon. This presents the opportunity of measuring the wavelength dependence

of plasma properties.

- Heat Addition Model

. Analytical modeling of the laser-sustained plasma is an important aspect

of the overall research effort. Most importantly, it offers insight into the

!! . physical processes that are taking place in and near the plasma. When analy-

tical results are compared to experimental data, it becomes possible to deter-
mine which processes are dominant, and which tend to be unimportant. In

addition, models are useful in scaling systems to higher laser powers, some-

thing which cannot as yet be done experimentally., Finally, a complete model
can be used to find ways of maximizing the thermal efficiency of the system.
Until recently, the effort to model laser-sustained plasmas was incom-
plete. The majority of the models were one-dimensional in nature, and could
not include the important geometrical dependencies encountered in the
plasma. The few that did include a 2-D geometry tended to ignore the real
properties of the working gas, isolating the analysis from reality. Very

recently, Merkle has attempted to include two-dimensional flow and real gas

properties, but results are as yet inconclusive, ~

The main thrust of our modeling effort is to include a 2-D geometry and
real properties, but to use the restriction that the flow is one-dimensional E;;
in nature (i.e. the radial velocity component is zero). The major effect of ;1
this simplification is to make the plasmas more elongated and raise peak 2
temperature slightly; however, the assumption should not radically affect the

"‘
validity of the results. Also included in the model is a realistic radiation -




loss term which uses analytically derived emission coefficients for both free-

: ‘! bound and free-free transitions. We also hope to eventually include a radia-
; o tive transport mechanism for exchange within the gas, and to use an approxi-
5 L mate treatment for dealing with two-dimensionality of the flowfield.
ﬁ. !! The assumptions of no radial flow and constant pressure reduce the number
y | of equations to just one: the 2-D energy equation with conduction, convec-
tion, laser heat addition, and radiation loss. At each cell location, the
li . energy equation is solved explicitly for temperature using a modified Gauss-

Seidel overrelaxed iterative scheme.
A preliminary set of solutions for hydrogen at one atmosphere is pre-
sented in Figures 15 - 18, Figure 15 shows the effect of decreasing laser

power at a flow rate of 20 cm/s, and Figure 16 shows the effect of higher flow

velocities at 50 kW. In each case, note that peak temperatures are above
20,000 K and bulk exit temperatures are in the 3000 K range. As the power is
lowered, or as the flow rate increases, the plasma moves closer to the focus,
extinguishing as the plasma front is forced through the focus point. Figure
17 is a plot of plasma front position versus the two variables, and shows this
extinguishment behavior more clearly.

Figure 18 is a comparison of a hydrogen solution to our first argon

solution, both at the same laser power and mass flow rate, Note that because

of the higher density of argon, the flow velocity of the argon case is about

St e
ettt L,
Y SN SN

L I A

1/20th that of the hydrogen case. Because of argon's much lower specific

heat, the argon plasma is considerably larger, though due to a lower-temper- T
ature peak in absorption coefficient, the peak temperatures are somewhat lower Efg
(under 20,000 K). o
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The argon plasmas observed in the laboratory are very similar in shape to
3 !! these calculated solutions, but tend to be considerably smaller in size. When
- radiation losses are included in the model, the size of the plasma will fall

dramatically.

Expected Status of Work (January 1986)

By the end of 1985, we plan to have completed the following objectives:

® Produce detailed temperature mappings of the plasma core using OMA-3
line emission scans

o e Attempt to determine electron number densities using Stark broadening

' of hydrogen Balmer lines.

e Examine the emission characteristics of the argon plasma, determine
which emission bands are important in radiative preheating and losses,
and use these results in our heat addition model.

e Complete the calorimeter data by moving to higher pressures and flow

rates.
:i e Measure the calorimeter correction factor using NaCl windows placed in
front of the calorimeter,
2 !E e Extend thermocouple measurements closer to the plasma core, and
o include correction factors for radiative heating of the TC.
e Make detailed pitot static measurements of the PIFC flowfield. ]
e Use increased flow rates to study blowout behavior and higher Reynolds a
= number regimes. =3
3 \
e Develop a firm understanding of the fluid mechanics and mixing behav- )
e ior of the laser heat addition process. "
- o Test the IR filtering system to see if blooming is occurring; change _ 1
filter material if necessary. .fﬁ
e Record additional IR images at higher pressures and flow rates, X
t- e Fully automate the experimental procedure using the Fluke controller, :?f
LA
) e C(Calibrate the 10 kW laser with a copper integrating sphere. ;?
. ")
- N
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o Optimize the laser focal volume using a photon drag detector,
)
!! e Receive and install the excimer laser system.

e Design and install optics for the LIF system.

r v v

- e Determine which seedant/transition combination is best suited for

- temperature measurements in the downstream flowfield.

- e Use the heat addition model (with radiation losses now included) to
produce a new set of isotherm maps at various laser powers and flow
velocities.

- e Include an approximate treatment of radial flow to account for the
two-dimensionality of the flow,

fioals for 1986 and Beyond
- e Implement LIF studies

e Attempt plasma initiation using UV excimer laser

o
)

-
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