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PREFACE

This is the second annual report for NASA Contract No. NAS8-34383
with Yale University. Since November 1, 1982, a portion of the work, in-
cluding reporting requirements, has been subcontracted by Yale University
to Midwest Research Institute, where the principal investigator,

P. C. Nordine, is now employed. Dr. R. A. Schiffman and Prof. C. A. Walker
of Yale University are co-principal investigators for the contract.

Dr. Nordine is the appropriate contact concerning technical and
administrativa questions about the work.

Approved:
MIDWEST RESEARCH INSTITUTE

G @Q0ppah

L. J. Shannon, Executive ctor
Engineering and Applied Sciences Group
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1. INTRODUGTION

This rescarch is divected to the use of laser induced {luorescence

(LIFY techniques for containerless study of high temperature processes and
material properties. Gas jet and electromagnetic levitation and electro=
magnetic and laser heating techniques are used with LIF in earth-based
containerless high temperature experiments. The work to date includes
development of an apparatus and its use in studies of (a) chemical reac-
tions on Aly0z, molybdenum, and tungsten specimens, (b) novel methods for
noncontact specimen temperature measurement, and (¢) levitation jet prop-
erties.,  Brief summaries of these studies arve given below., The apparatus
is described in Section Il and detailed results for the current reporting
period are presented in Section I1I. Previous work was presented in our
First annual report,!

1. Alp0z (sapphive and alumina) evaporation: Al-atom cvapora-
tion from Aly04 specimens was studied at temperatures up to 2327K, the
melting point of Ala05, using CW €O, laser heated sapphirve and poly-
crystalline alumina specimens that were levitated in a gas jet aud a
self-supported sapphive filament specimen. The experimeats yield accurate
optical properties that are needed for temperature measurements. The emit-
Ltance of alumina was found to increase with the ambient oxygen partial pres-
sure,  The effective emittance of nearly transpavent sapphire is directly
proportional to the specimen thickness, le sensitivity is sufficient that
Al-atom concentrations as small as 2 x 10% cm™® can be measured with F-15
light collecting optics. A 100-fold increase in sensitivity would be pos-
sible if a small F-No lens were used to collect fluorescence,

2. Gas density thermometry:' A new method for noncontact temper-
ature measurement on Lransparent specimens was demonstrated by adding mercury
atoms to the Ar gas flow in which Al,05 specimens were levitated and heated,
and measuring Hg-atom concentrations near the specimen surfaces relative to
the concentration under ambient conditions. The ambient temperature to high
temperature lg-atom concentration ratios (obtained by LII) increase with
specimen Lemperature and show a different dependence on apparvent temperature
for the two materials, due to their different emittances. When the optical
properties of alumina and sapphire are taken into account, gas density
versus temperature functions are the same for both specimens. Thus, LIV
measurements of gas density on a material of known emittance (and known
temperature via optical pyrometry) yield a density versus temperature func-
tion that may subsequently be used to measure temperatures on materials
whose optical properties oare not known or change during a process. The
precision achieved in LIF gas density thermometry was about *3%. The rela-
tion between ambient and high temperaturve Hg-atom concentration is in-
fluenced by the relative magnitudes of transport by convection and thermal
diffusion. Reduced convection rates and smaller temperature gradienls in
space-based experiments would permit more precise and accurate use of this
method than is possible on earth.



3. Properties of levitation jets: The most successful arrange-
ment for high temperature gas jet levitation experiments employs a super-
sonic free jet to levitate the heated specimen.2?’3 The properties of such
jets were studied by measuring LIF of Hg atoms added to the argon flow.
Velocity measurements were achieved! by measuring the fluorescent image
position versus delay time between laser excitation and fluorescence detec~
tion, The jet shock structure was measured by laser induced fluorescence
photography and by electronic measurement of the radial and axial varia-
tions of Hg-atom density in the jet. The results provide independent sup~
port for our earlier conclusions? about levitation jet behavior that were
based on levitation height versus flow rate and pressure experiments and on
pitot tube measurements of jet properties. These results establish the
sensitivity, precision, &nd spatial resolution with which velocities and
nonuniform concentrations can be measured by these LIF techniques.

4. Molybdenum evaporation: Molybdenum specimens were inductively
levitated and laser heated in vacuum in the temperature range 2110 to 2790K.
LIF intensity was measured versus temperature between 2290 and 2770K by
exciting ground state 7Sz Mo atoms to the 3P$ level at A = 379.8 nm. The
enthalpy of molybdenum evaporation to the atomic ground state, AHS = 610 *
15 kJ/g-mole, was derived from a plot of In(IT) versus 1/T. This result is
in good agreement with the value (AH® = 631 * 2 kJ/g-mole) derived from the
accepted thermodynamic properties 6% molybdenum.4 The intensity versus
temperature data revealed that self-absorption of LIF occurs at the highest
temperatures and a model of the self-absorption process was employed in the
data reduction. Accurate self-absirption corrections are possible if this
effect reduces LIF intensity by no more than a factor of two.

5. Tungsten evaporation: Tungsten filament evaporation was
studied in the temperature range 2740 to 3680K, the melting point of tung-
sten. The experiments were carried out in a flow of argon gas at p = 190 Pa.
Nine different metastable electronic states of atomic W were detected and
intensity versus temperature data obtcined for five of these states. Tung-
sten ions were also detected. The average derived value for the enthalpy
of solid tungsten evaporation to ground state atoms at T = 3120K was
861 % 24 kJ/g-mole, which slightly exceeds the accepted value (826 * 4 kJ/
g-mole) for this property. The difference is in part due to an increase
with specimen temperature in the proportionality constant that relates in-
tensity to specimen vapor pressure, which cannot be accurately calculated
in these flow reactor experiments. This problem does not arise in vacuum
evaporation experiments and can also be avoided in levitation experiments
at higher inert gas pressures for which boundary layer transport rates and
gradients would be small.

The tungsten atom 5Dy:3P, concentration ratios were obtained versus
temperature by measuring fluorescence when atoms in these states were excited
to the same upper level. The concentration ratios measured in this way are
free fron self-absorption and other effects that influence thke relation be-
tween intensity and specimen vapor pressure. The correct 5Dy - 2P, excita-
tion energy was derived from the intensity ratio measurements. Such measure-
ments provide a promising method by which the specimen temperature may be
obtained if two lasers are used for simultaneous concentration measurements
for two different atomic electronic states.

2



II. EXPERIMENTAL

The apparatus used in this research is illustrated in Tigures la
and 1b, for which the components are identified in the figure captions. In
the experiments reported, a pulsed dye laser was used to produce fluorescence
from atomic mercury, aluminum, molybdenum, tungsten, and tungsten ions,

The Hg atoms were added to the argon flow. Al atoms were produced by evap-
oration from CW CO, laser heated and aerodynamically levitated sapphire and
polycrystalline alumina spheres or self-supported sapphire filaments. Mo
atoms were evaporated from solid spheres that were inductively levitated
and laser heated in vacuum. W atoms and ions were evaporated from elec-
trically heated metal filaments,.

Electromagnetic induction levitation experiments with tungsten,
molybdenum, and zirconium specimens were achieved. A 2.5 kW, 450 KHz power
supply was used with levitation coil designs similar to those of
Van Audenhove.l? (W CO, laser heating of the levitated Mo and W specimens
was also investigated. Levitated 2.5 mm diameter Mo spheres were just
heated to the melting point at maximum laser power (ca. 300 W). Smaller
Mo spheres were levitated at lower temperatures but became unstable and
fell from the levitation coil as the temperature was increased. Stable
levitation of tungsten could not be achieved at temperatures above about
3000K. Liquid Zr was levitated and electromagnetically heated to about
2400K, at which temperature the specimens fell from the levitation coil.
Specimens larger than about 3 mm diameter were not investigated.

The apparatus includes a second harmonic generation cell (SHG cell)
that doubles the dye laser output frequency for fluorescence studies at A =
220 - 360 nm. This cell is angle-tuned and efficiently doubles only the
central component of the dye laser beam. Radiation diffracted from sur-
faces and apertures in the dye laser is not doubled by the SHG cell. The
spatial mode of the frequency doubled beam is more perfect than that of the
dye laser. The frequency doubled beam can thus be focused to a nearly dif-
fraction limited spot, which is not possible with the direct dye laser beam,
and superior spatial resolution in fluorescence intensity measurements was
achieved only with the frequency doubled beam. A spatial filter that would
yield good feocusing properties for the dye laser beam has not been installed.

Table 1 lists the atom vapor pressures and specimen temperatures
under which LIF measurements were carried out. Even smaller vapor pressures
(by about a factor of 100) could be measured with a smaller F-No light col-
lecting lens. Electronic states of the detected species are given in
Table 2, along with their electronic excitation energies and the laser
wavelengths at which fluorescence was excited.

In a separate experiment, an F2.5 lens, 300 % 100 nm interference
filter (transmission > 50% at 253.7 nm) and a Polaroid camera (with Polaroid
084, ASA 3000 film) were used to obtain a photographic image of levitation
jets by Hg-atom LIF. The laser beam was focused to a diameter ca. 0.025 cm
at the center for the jet and swept up and down along the jet axis with the
camera shutter open to expose the photograph.
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Spoec

Al
Mo
W

Wi
Hp

TABLE

1

ATOM PRESSUREST'™ AND SPECIMEN TEMPERATURES

108

Pressure, atm.

Temperature (°K)

2,0E-10 to 1.0E-b 1830 - 2320/
11E=0 to L.0E-D 2070 - 270
J.0E=9 to H,0E-5 2750 - 3080

2800 = 3420
S b E-T 208 = 2327

TABLYE 2

SPECIES DETECTED BY LASER INDUCED FLUQRESUENCE

Species
Al

Mo
W

Wt

Term?

Energy, Y
(kJ/g=mole)

0

1.3

0

0
20.0
RIIR]
39,8
Th. 4
114.,0
145.5
159,7
180,
0

\]

Laser
wavelengths*® (om)

20,8, 205,21, 308.2, RUTPE!
257.5, 00,0, 309,313, 396, 2
379.8

291,1, A84.7

400.5, H0H.2

400,909, 4040

484,46, 597.3

30,5, 488.7

402.9

07,5, 400.1

404.7, 405.5

407.3

RETI

253.7




TIT. RESULTS

This section presents new results for the current reporting period.
Brief summaries of earliev work are included.

1. Al,0p (alumina and sapphire): In the carlier Al-atom fluores-
cence experiments! it was found that the Al intensity increases with apparent
temperature up to the melting point of the specimen, At the melting point,
the apparent temperature continues to increase as the fraction of the speci-
men that is liquid increases, due to a larger emittance for the liquid than
for the solid. The true temperature (2327K) and the Al-atom intensity re-
main constant for partially molten specimens. The temperature dependence
of specimen emittance is calculated from the Al-atom fluorescence intensity
measurements, the apparent melting temperature, and the known variation of
Al-atom vapor pressure with temperature over Al,0j;.

Figure 2 presents intensity versus temperature data obtained with
4- and 5-mm sapphire specimens. The intensities have been adjusted so that
the maximum intensity for the 4-mm specimen is twice that for the 5-mm speci-
men. The two curves are parallel and the reciprocal temperature difference
at equal fractions of the maxiwum intensity is

AC1/T) = (1.1 + 0.1) x 10 8 K ! (1)

This result indicates that the emittance of sapphire is proportional to spec-
imen thickness, Then the reciprocal temperature difference would be

AQ1/T) = (A/C2) 1n(dg/dy). (2)

With A = 0.66 y, Q% = 14,388 pK, dp =5 mm, and d; = 4 mm, Eq. (2) gives
A(1/T) = 1.02 x 10 ® K !, in agreement with the experimental result.

The slope of the 1ln(I) versus l/Ta curves in Figure 2 is:
d ln(I)/d(l/Ta) = ~112,000 K. {3

An approximate calcula.ion which assumes that the major species (Al and 0)
are the only gaseous species over AloQg* gives, from known thermodynamic
properties®

//’ d 1n(I)/d(1/T) = -70,889 K, (4)
where intensity, I, is proportional to the equilibrium Al-atom concentratlion
over Al,0z. The normal spectral emittance, €,, of 5-mm sapphire is obtained
from its apparent melting temperature, Ta = 1%11K, the true melting Lemper-
ature, T = 2327K,% and the equation: -

1/T, = 1/T = -(M/Cg)lne, (5)

DY

* TA10,, A10, Alp0, Aly0p, and Oy are minor species
Aly0g.

5 in the vapor over
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which gives €, = 6.4 x 10 3 at the melting point of the 5-mm sapphire sphere,
From these results we obtain

1/T, = 0.633/T + 3.90 x 1074 K1 (6)

for the 5-mm specimen in the temperature range 1800 to 2327K. The emit-
tance of sapphire spheres is then given by

e(A = 0,66 p)/d(em) = 4.08 x 10 % exp(8002/T). (7)

This result indicates th : the spectral emittance of sapphire decreases with
temperature above 1800K, in agreement with the spectral absorption coeffi-
cient measurements of Grvnak and Burch.® They found K, = 0.036/cm at 1973K
and K, = 0.028/cm at 2273K (and A = 0.66 M). These values are in good
agreement with absorption coefficients calculated from Eq. (7), with &/d &
K,.

A

Figure 3 presents intensity versus apparent temperature data for
sapphire and alumina, measured in argon and in oxygen-seeded argon on the
same specimens. The lower intensities observed in oxygen-seeded argon re-
sult from the reaction of evaporating Al atoms with gaseous Op in the region
between the specimen surface and the point at which laser induced fluores-
cence is observed. The fractional intensity decrease should increase with
the rate constant for Al/O, reaction. Since this decrease is constant for
the sapphire experiment, it is clear that the Al/O, rate constant is nearly
independent of temperature.

“he apparent melting point derived for the oxygen-seeded sapphire
experient agrees with that in argon, but the apparent melting point of poly-
crystailine alumina increases from 1800 * 20K in argon to 1890 * 20K in
oxygen-seeded argon. Thus, it appears that the emittance of polycrystalline
alumina depends on the ambient oxygen concentration. This result provides
an explanarion for the relatively low apparent melting temperatures for
alumina in the present experiments, compared with the much higher value
(227G % 20K) measured on laser heated alumina rods in air.?

2. Gas density thermometry:! Laser induced fluorescence measure-
ments of temperature by gas density thermometry may be achieved by measuring
the concentration of atomic Hg near a hot specimen and at another location
in the system, where the temperature is known. This idea was evaluated by
measuring Hg-atom fluorescent intensities in a levitation jet and in the
wake of levitated and laser heated alumina and sapphire spheres versus the
appavent temperature of the specimen. Different density ratio versus ap-
parent temperature functions were obtained for the two specimens due to the
different spectral emittances of alumina and sapphire. The appropriate cor-
rections to the apparent sapphire temperatures were equal to those obtained
from the Al-atom intensity versus temperature measurements over the same
specimens.

The precision of temperatures obtained by gas density thermometry
was ca. * 3% in these experiments, with sapphire and alumina specimens of
neaily equal mass and diameter and under nearly identical levitation gas
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flow rates and ambient pressures, Thermal diffusion elfects influence the
measured density ratios, by amounts that depend on the gas flow rates and
ambient pressures, and the method would not be ecasily applied to other levi-
tation experiments. However, for containerless experiments in space, where
negligible convective effects can be achieved in nonisothermal experiments,
this method of gos density thermometry should provide accurate absolute tem-
perature measurements. Large temperature gradients in the wake of levitated
specimens, and small variations in the position of the specimen were major
contributors to scatter of temperature measurements in the present experi-
ments.  In space, reduced convection rates would yield smaller temperature
gradients and allow gas density temperature measurements whose precision
exceeds that (£3%) achieved here.

3. Properties of levitation jets: The properties of levitation
jets were studied by measuving spatially resolved Hg-atom f{luorescence in-
tensities in the lg-seceded argon levitatioa jet. The volume [vom which
IMuorescence was collected was ca. (0.03 em)3, and its location wias mea=
sured to * 0,001 cm., In our earlier work,! jet velocities were obtained
from the location of the fluorescent image versus the delay time between
the laser pulse and intensity measurcment, Dv]uy times up to 200 ns were
possible at the 120-ns radiative lifetime of Hg (PPy) atoms, and velocities
vere measured to & 24 m/s. Radial variations of density in the levitation
jets were also obtained. The Hg concentration at the jet center was mea-
sured relative to the ambient concentration versus the nozzle pressuve
ratio, The density ratios so obtained agree with values caleulated trom an
carlier study? of levitation jets by pitot tube pressure measurements and
levitation height versus pressure measurements.

Figure 4 presents the variation of density in the jet (relative
to the ambient density) versus height, Z, above the nozzle. The free jet
expansion process produces a strong shock at Z ~ 3 mm {rom the nozzle and a
sories of weaker shocks further downstream. Fluorescence photographs of
the jet ave presented in Figure 5, for nozzle stagnation pressures and pres=
sure ratios stated in the figure caption. The argon flow rates (in g/s)
for these experiments equal 8.98 x 10 7 times the nozzle stagnation pres-
sures (in Pa). Figures 5A-C show the shock spacing, AZ, increases as the
nozzle pressure ratio (po/p) increases, in good agreement with the expected®
result:

AZ/d_ ™ 0.67 (po/p)l/2 (8)

where d  is the nozzle diameter (0.062 em). The images in Figures H5A-0 were
obtained with a slightly larger flow rate than that required Lo levitate
alumina spheres. Figuves 5D-F illustrate the effects of flow rate on the
jet structure at a constant nozzle pressure vatio. Although the shock spac-
ing remains constant, the greater effects of viscosity at smaller flow rates
are evident in the far field of the jets.

4. Molybhdenum cvaporation: Figure 6 presents the inlensily versus
Ltemperature data obtained on electromagnetically levitated molybdenum spheves,

10
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Figure 5 - Laser Induced Hg-Atom Fluorescence Photographs of Supersonic
Free Jets of Mercury Seeded Argon Gas. Actual height of
the imaged region was 1.34 cm. Reflection from the nozzle
is apparent at the bottom of panel B. The effective nozzle
throat diameter was 0.062 cm. Nozzle stagnation pressures
(Pa): A,B,C,E - 15,0003 D-7,400; F-27,500. Nozzle pres-
sure vatios: A,D,E,F-33; B-21; C-15.
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The plot of 1n(IT) versus 1/T is chosen to present these results because
intensity is proportional to atom number density, and IT is proportional to
the Mo-atom pressure, If this proportionality is maintained, the vaporiza-
tion enthalpy can be calculated from the slope of the plot:

d 1In(IT)/d(1/T) = -AH%/R (9)

At elevated temperatures, the concentration of Mo (7Ss) atoms is sufficient
that self-absorption of the fluorescent radiation reduces the measured
intensity. The self-absorption effect is analyzed as follows.

The concentration of absorbing atoms is:

n, = Ca exp(-AH%’a/RT)/T (10)

and the concentration of atoms from which fluorescence is induced is:
= -AH® 5
ng Cf exp( AHT’f/RT)/l (11)

The fluorescence intensity produced, Iy, is reduced by the self-absorption
effect to the measured intensity, I:

I/To = exp (-kn) (12)

where the self-absorption coefficient, k, has been assumed constant over
the relatively small temperature range in which this analysis of self-
absorption will be applied. We also neglect the small variation of evap-
oration enthalpy and entropy over the temperature range of the experiment
by assuming that AHS and AHS are independent of temperature. Ig is
proportional to g, ahd we obtain

In IT = A + B/T + C exp (B'/T)/T (13)

where B = -AH° /R and B' = =-AH? /R In the present case, B and B' are

equal, and an iéeratlve least squéres analysis of the data yields the con-
stants, A, B, and C. TFor the more general case, where fluorescence occurs
into an energy level that differs from the one excited by the laser, the

difference between B and B' is calculated from the known energy difference
of the two levels.

Analysis of the molybdenum data gives AHS8535 = 610 £ 15 kJ/g-mole
and the line drawn through the data in the figure. Similar experiments with
tungsten evaporation show that the self-absorption effect is accurately mod-
eled if I/Ip > 0.5. Data that do not meet this test have not been used in
the data reduction procedure.

The expected evaporation enthalpy differs from that listed in
tables’® of thermodynamic properties (AHSg3s = 633.5 kJ/g-mole), which
pertains to evaporation into an equilibrium distribution of atomic elec-
tronic states. The experiment studied evaporation into a single electronic
state:

14



Mo(s) = Mo(7S3) (14)

for which accepted thermodynamic data“’® yiell AH8g35 = 633 % 2 kJ/g-mole.
(The difference between this and the equilibrium enthalpy of evaporation is
small because molybdenum atoms display no low lying electronic states.?)

The temperature range of the Mo vaporization study was 2293 to
2770K. The true specimen temperatures were measured with a calibrated
optical pyrometer, and corrected for the known!! temperature dependent
emittance of Mo. If the pyrometer calibration error were +8K at 2293K
and -9K at 2770K, the measured value of AH8gs35 would agree with the
literature value, Such corrections are slightly outside the uncertainties
in the pyrometer calibration (which were obtained against a calibrated
tungsten filament lamp at the National Bureau of Standards). However, the
precision of our enthalpy measurement, which does not include uncertainty
in the pyrometer calibration, and the pyrometer calibration uncertainty
easily account for the difference between the measured and literature
values for Mo evaporation to the atomic 7S state.

5. Tungsten evaporation: Preliminary tungsten evaporation re-
sults were presented in our first annual report.! At the time of that
report, the departure of 1n(IT) versus 1/T plots from a straight line at
higher temperatures had not been identified as a self-absorption effect.

The electronic transitions that have been laser pumped are shown
as solid lines in Figure 7. Fluorescence was collected at the pumping wave-
length or from the transitions indicated by dashed lines in the figure.
Intensity versus temperature data were obtained for five electronic states.
A few radiative lifetimes were obtained by measuring intensity versus detec-
tion delay time. The values obtained are given in Figure 8. These results
are uncertain by about *20%.

Excellent discrimination against scattered laser radiation was
achieved by delayed detection at the exciting wavelength or by monitoring
fluorescence at a wavelength different from that of the laser. Delayed
detection was not possible at high detector sensitivities for which the
detector time constant was about 2 ls. Then good scattered light rejection
was achieved if the light trap opposite the window through which fluores-
cence was collected was kept clean.

Figure 9 presents intensity versus temperature data for tungsten
ground (°Dy) state atoms at three different argon pressures. LIF from the
SFg state was used in these experiments. Sensitivity is greater at the
higher pressure because the tungsten atoms diffuse less rapidly. The con-
rentration in the immediate wake of the filament, where LIF was produced, is
then larger. The reduction in self-absorption effects at lower pressures
is much greater than can be explained by reduced concentration-distance
product in the region that fluorescence must pass through. At low pres-
sures, the W-atom mean free path is about equal to the distance from the
filament to the point of LIF. Then, the velocity vectors of the atoms
detected differ from those of the absorbing atoms, and the self-absorption
effects are reduced by the doppler shift between the fluorescence and
absorption lines.
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Figure 10 repeats the data from TFigure 9 at p = 190 Pa and
presents results for four other metastable electronic states. (All levels
below the 7F° states are even levels, for which the sum of electron angular
monentum quantum numbers is even, and are metastable.)

Figure 7 shows that fluorescence detection of qu and 5Dy atoms
can be achieved by use of common upper level at E = 34,342 cm "1, Tn a sin-
gle experlmcnt fluorescence from the 34,342 cm "1 to “DQ states was used to
measure 9Py and 5Dy concentrations. No change in the experimental geometry
occurred between the two sets of intensity measurements and nearly identical
self-absorption effects should thus be obtained. The intensity ratios would
then be free from self-absorption effects. Figure 11 presents the results,
with the 3Py:5Dy intensity ratios plotted at the bottom of the figure. The
expected absence of self-absorption effects in the intensily ratios is ob-
tained. The 5Dy to 3Py excitation energy derived from the slope of the
ratio plot is 110 * 18 kJ/g-mole, in good agreement with the spectroscopic
value (114.0 kJ/g-mole) for this energy.

Table 3 presents the enthalpies of evaporation calculated from
the several experiments at p = 190 Pa. The table lists the metastable
electronic state that was studied, its electronic excitation ecnergy, and
the enthalpy of tungsten evaporation into this state as calculated from
Eq. (13). The difference between the evaporation enthalpy and the elec-
tronic excitation energy is the enthalpy of evaporation to ground state
atoms, which is glven in the last column. The average enthalpy of evap-
oration to the 5Dy ground state at (T = 3120K) is 861 kJ/g-mole and the
average deviation of the seven measurements is 24 kJ/g-mole. The litera-
ture value? for this quantity is 824 * 4 kJ/g-mole. (The enthalpy of evap-
oration to sn equilibrium distribution of W-atom electronic states is
859 kJ/g-mole at 3120K.)

The pyrometer was calibrated in the range of these experiments by
observing the apparent melting temperatures of tungsten and molybdenum fila-
ments, with a precision ca. * 10K, An additional error in the pyrometer
calibration results from uncertalnty in the melting point of W (3680 * 20K)>
and Mo (2890K% or 2892 * 10K®). The difference between the measured and
literature values for the enthalpy of tungsten evaporation is within the
error that may result from pyrometer calibration uncertainty and the enthalpy
measurement precision,

However, repeat measurements of the 5Dy and 3Py evaporation en-
thalpies differ by amounts larger than the statistical errors in the
derived AH wvalues, It is thus apparent that systematic errors between
experiments are significant, and the difference between the experimental
results and literature values are probably also due to systematic errors.
One such error arises because the experiments are carried out in argon.
The gas temperature and density in the wake of the filament differ from the
values at the filament. Thus, density at the point at which fluorescence
was measured is not strictly propertional to the vapor density at the fila-
ment. This problem does not occur for vacuum evaporation experimencs and
may be eliminated in the present work by measuring atom concentration
versus distance from the evaporating surface.
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Both states were excited to the E - 34,342 em™ ! elec-
tronic state and fluorescence into the 5Do state was
observed at A = 291.1 nm. Self absorption effects
occur at high temperatures but do not influence the
calculated intensity ratios.
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TABLE 3

TUNGSTEN FILAMENT EVAPORATION RESULTS

Evaporation Enthalpies,
Energy kJ/g~mole .
Atomic State kJ/g-mole Measured State Ground State

5Dy 0 858 858
5D, 0 896 896
?Sg 35 939 904
5Dy 74 900 826
3P, 114 945 831
3p, 114 983 869
3He 180 1,025 845

Average Value 861

Average Deviation 24

TLiterature Value 824 + 4
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Figure 12 presents W intensity versus temperature data, obtained
by exciting the GDl/z ground state of ionic tungsten to the ®Fg,, level at
A = 255.5 nm, With’Eq. 13, we calculate AH8;430 = 855 * 11 and Allfgo¢ =
817 % 37 kJ/g-mole from the data at p = 190 and p = 5 Pa, respectively,

The tungsten ion evaporation reaction is

.’. -

W(s) =W + e (15)

and the reaction ipvestigated is

W(s) = W'(®D,) + e (16)
2

+ .
We assume that Lthe total W ion and the electron concentrations are equal.
Then for reactions (15) and (16)

d ln(pe)a/d(l/T) = - AHg/R (17)

d 1n[pePw+(6D1/2)]/d(l/'l') = - AHYg/R (18)
and ’

-Rd 1n(IT)/d(1/T) = (AH3g - AHSs/2), (19)

which equals 812 and 810 kJ/g~mole at 3130 and 3300K, respectively. Good

agreement with the literature is thus obtained for the low pressure experi-
ment where the assumed proportionality between intensity and concentration
is valid. The experiments at p = 190 Pa yield an evaporation enthalpy that
exceeds the literature value by about the same fraction found in the W~-atom
evaporation results.
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IV. DISCUSSION

The results obtained demonstrate several new methods by which LIF
can be used for containerless high temperature property measurements and
process control, IExperience also indicates a number of improvements or
changes that would be useful in earth or space based research, Accurate
temperature measurement and control is a critical requirement in such re-
search, which cannot be satisfied by optical pyrometry if specimen emit-
tances have not been independently measured or change during an experiment
or process.

Three new methods for temperature measurement can be evaluated
on the basis of the current results. These methods use LIF measurements of
gas denmnity, atomic electronic state population ratios, or the velocities
of evaporating atoms to determine temperature, The velocity measuring tech-
nique is applicable in vacuum and the gas density method requires an inert
ambient atmosphere. The calculation of temperatures from electronic state
population ratios or velocities requires the assumption that the gas is in
thermal equilibrium with the hot surface of interest. The two techmniques
provide a check on this assumption because they would yield equal tempera-
tures only by coincidence if the assumption was not correct.

Mercury is a convenient nonreactive, volatile seed gas for LIF
gas density thermometry. However, thermal diffusion of Hg atoms in lighter
gases has a large influence on the concentration gradients that develop in
a nonisothermal gas. The rates of convective mass and heat transfer also
influence temperature and concentration gradients, and the technique is
therefore not easily applied in earth-based experiments. In space, convec-
tive effects can be avoided in containerless nonisothermal experiments and
accurate calibration of Hg-atom LIF gas density thermometry may be achieved.
Also, the smaller temperature gradients that obtain in the absence of con-
vective heat transfer would allow a considerable improvement of the 3%
precision in temperature that was achieved in our experiments.

Accurate electronic state population ratios can be measured even
when self absorption effects influence the relation between intensity and
concentration (c.f., Figure 11). However, the precision of the ratios ob-
tained in the current work is reduced by the need to calculate them from
separate measurements of intensity versus temperature for the two species
of interest. The precision of temperature measurement then influences the
precision of the ratio measurements. For example, assume that the °Dy in-
tensity versus temperature function is known exactly and that te 3Py LIF
intensity is measured at a temperature uncertain by *10K. At 3500K, the
appropriate °Dy intensity by which the 3Py intensity should be divided is
then uncertain by about 17%. Simultaneous measurements of the two inten-
sities (with two lasers) would eliminate this effect and allow more precise
population ratio measurements.
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The equilibrium tungsten 3P0:5D0 population ratio, R, is
R = exp [-13713/T(K)] (20)

and the temperature may be calculated from measurements of R with o pre-
cision

AR/R = (13713/T)(AT/T) (21)

R measurements to 1% should be possible by two lascr techniques and at
3500K, the temperature would then be fixed to *9K. Appropriate calibration
of the intensity ratio measurements would allow absolute temperatures to be
calculated, with an accuracy and precision equivalent to that of optical
pyrometry.

Velocity thermometry relates the mean thermal speed, ¢, of evap-
orating atoms to the surface temperature via

%
¢ = (8kT/mm) (22)
with a precision
Ac/c = 0.5(AT/T) 23)

Comparison of Eqs. 21 and 23 at, say, 3500K shows that the precision of
velocity measurements must exceed that of electronic population ralios by
about eight times if the two methods are to yield equally precise Lempera-
tures. On the other hand, no calibrations are required to obtain absolute
temperatures from velocity thermometry.

We obtained! a supersonic levitation jet velocity equal to 394
* 24 m/s by measuring the fluoresrence image position versus the delay time
between the laser pulse and fluorescence detection. The low precision of
this measurement is mainly due to the *0.001 cm uncertainty in position
measurements and the small image motion in the delay times interval (240 ns,
twice the g atom radiative lifetime) for which fluorescence was observable.
We estimate that the velocity of evaporating tungsten atoms at 3500K could
be measured to about *1% by observing time delayed (luorescence from the
400 ns "F9 state. However, a spatial filter would be necessary to improve
the focusing properties of the visible dye laser beam and more sensitive
detection electronics would be necessary for such experiments.

A more sensitive and more widely applicable method for velocity
measurements that does not require a large upper electronic state lifetime
employs two lasers. Consider, for example, the transitions between tungsten
3Py or Do atoms and the upper encrgy level at E = 34,342 cm L, About 30%
of the 5Dy atoms pumped to this level fluoresce to the 4P, state. A focused
laser pulse at A = 291.1 nm would thus create a high concentration of
metastable 3Py atoms in the region it intercepts. A subsequent laser pulse
at A = 402.9 nm would re-excite the 3P, atoms to the 34,342 cm ' level and
about half of the resulting fluorescence would occur at A = 291.1 nm. The
time delay between the two laser pulses can be chosen to give, say, a 1 cm
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average displacement of 3P, atoms between creation and detection. The re-
sulting velocity measurements would not be limited by spatial resolution
effects, and can probably be made to much better than +1%.

The difference between measured and literature values for the
enthalpies of Mo and W evaporation were within the uncertainty of the mea-
surements and of the optical pyrometer calibrations. These differences are,
nevertheless, much larger than typical errors in the enthalpies of formation
of many refractory materials. This is because the second law technique,
which derives enthalpies from the temperature dependence of an equilibrium
constant (K is inferior to the third law technique, which requires an
absolute vaf@e of K at a given temperature, and calorimetric measurements
of the reaction entébpy, In the present study of tungsten evaporation, a
10K temperature error, of opposite sign at either end of the pyrometer
calibration interval (2890 to 3680K) produces a 2.,7% error in the evapora-
tion enthalpy. Even larger errors may be present due to the uncertainty in
the melting points of Mo (%10K)S and W (#20K).5 On the other hand, the
temperature error required to produce a 2.7% error in the 3rd law enthalpy
for tungsten evaporation is nearly 100K at 3400K if there is no error in
the equilibrium constant measurement. If the temperature is exactly mea-
sured to be, say, 3400K, a 2.3-fold error in the equilibrium constant would
produce a 2.7% error in the evaporation enthalpy.

With accurate temperature measurements, which we have shown pos-
sible, containerless LIF experiments can achieve accurate third law measure-
ments of reaction enthalpies. For binary compounds, the required data are
activities of the elemental components. The activities can be directly
measured by LIF as the ratio of fluorescence intensities over the material
of interest and over the pure elements at the same temperature. Gas phase/
condensed phase equilibrium is required and would be achieved in vacuum
evaporation experiments only for materials whose evaporation coefficients
are unity. Unit evaporation coefficients are typical of metals and liquids.
Thus, application of LIF to thermodynamic measurements on high temperature
liquids is a promising application for containerless experiments.

Gas phase/condensed phase equilibrium can be insured by use of an
ambient inert gas atmosphere that retards the evaporation rate. In spheri-
cal geometry, with a large container to specimen radius ratio, the dif-
fusion limited evaporation rate, f, is

£, = 2Dn/d (24)
where n = p/RT (p is the equilibrium vapor pressure), D is the binary dif-
fusivity of the vapor specie in the ambient atmosphere, and d is the speci-
ment diameter. In Knudsen effusion,

fK = nca/4A (25)

1
where ¢ = (ESI('I‘/T!’,m)’2 is the mean thermal speed of evaporating atoms or mole-
cules and a/A is the ratio of effusion cell orlflce area to the specimen
surface area. Typical values are a/A = 0.01, ¢ =5 x 104 cm/s, d = 0.3 cm,
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and D = 1 em®/s (at, say, p = 1 atm and T = 2000K). Then, if the ambient
pressure exceeds 0.05 atm, the rate of diffusion limited evaporation in the
containerless experiment would be .»ss than the rate of evaporation from
a typical Knudsen effusion cell. uas phase/condensed phase equilibrium
should thus be easily obtained and verified by use of an inert gas to sup-
press evaporation by an amount that depends on the inert gas pressure,
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