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SECTION 1

INTRODUCT 10N

Several methods have been reported which address the problem of
obtaining metals and metal oxides in gaseous mixtures for spectroscopic studies.
They include ground metal slurrvs on substrates, the usec of metal-organic com-
pounds, and particulate dust injcction]’z. For spectroscopic studies, it can
be appreciated that the use of any substances other than the pure metal of
interest results in overlapping, contaminated spectra which can seriously
compromise the subsequcat analyses. This is especially true for IR measurc-
ments, where the use of photographed spectra is precluded, and the identification
and subtraction of radiating species in contaminated spectra is rendered pro-
hibitively difficult.

The method developed at Calspan, which is described briefly in the
following section, has been shown to produce very clean spectra. 1n aluminum,
for example, the visible spectrum contains only atomic Al resonance lines and
the blue-green band system of AlO . No hydrocarbon species were present, the
usual Na and Ca lines were the only background radiators. This technique
was initially useds’4 in order to measure the band strength of U - 02
mixtures in the LWIR using a Hg:Cd:Te detector. llowever, the performance of
the initial system was limited because of an effective background temperature
of about 350°K. As a result of these early studies, it was recommended that a
liquid helium cooled Ge:llg detector and filter used in conjunction with a
liquid nitrogen cooled test section would significantly improve th. sensitivity
of the system in the LWIR. Thereforc, a new test section capable of being cooled
with liquid nitregen was designed and constructed, and the recommended cold optics
was incorporated. The results reported herein were obtained with this new

system,

A discussion of the experimental method and a description of the
apparatus is presented in Section 2. The results obtained to date, including a
discussion of the data reduction procedure and a comparison of these results

with other data, are presented in Section 3.

Preceding page blank
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SECTION 2

LEXPERIMENTAL APPARATUS

A schematic diagram of the apparatus used for the radiance measure-
ments is shown in Figure 1. The essential features are the shock tube, the
acrosol generator, the liguid-helium cooled mercury-doped germanium infrared
detector and the liguid-nitrogen cooled test section at the reflected-shock end
of the tube which provides a cold optical train and background for this detector.
The band-stremgth measurements are performed on the reflected-shock processed
gas. The test gas comprises a noble carrier gas such as argon with varving
amounts of oxygen and an acrosol of the pure metal under study. This mixtwe is
shock heated; the aerosol particles evaporate in a time which is short compared
with the shock-tube test time, producing a processed test gas consisting only of

the atoms and oxide molecules of the metal under study .

The shock tube is a conventional pressure-driven tube. It is con-
structed of stainless stecl with a honed 2-in. inside diameter, and a driven-
tube section ll-ft. in length. Flow is initiated in the driven section using the
double-diaphragm technique for good reproducibility of test conditions. The
wave speed is measured over four intervals (the first interval is 1-ft. and
the remaining three intervals are 2-ft.) using electronic counters actuated by
signals from heat-transier gauges. Additional wave-speed measurements were
obtaired with an ionization gauge located in the shock-tube end wall. The
results of the five-interval measurements were in excellent agreement with
those obtained with four wave-speed intervals, and permitted an accurate

history of the shock-wave velocity to be obtained.
2:1 ALROSOL CHAMBER AND AXIAL DISTRIBUTION OF AEROSOL

The technique used here to introduce the aluminum or uran’um particles
into the shock tube is the same as that previously described by WUrstch’d. The
method consists of exploding a segment of the desired material in a controlled
atmospherc (acrosol generator), thereby producing a metallic smoke or aecrosol.

The acrosol generator is located at the test-section end of the shock tube as

e a————
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shown. This generator is an aluminum cylinder, 4-in. in diameter by 4-in. in
length, with a volume equal to approximately 0.10 that of the shock tube, and
which contains two electrodes for clamping the wire that is to be exploded.

The energy used to explode the wire is about 30 J., using a potential of 7500 V.
Initially, the aerosol generator and the shock tube are at a pressure of approxi-
mately § x 10-5 torr. Shortly after the test gas is introduced into the aerosol
chamber, the wire is exploded forming solid particles of Al, O. in the case of
aluminum. A motor driven valve then opens which permits th; abrosol to expand
into the driven-tube section and established the required initial pressure for
the test gas. The valve is then closed and after approximately a one or two-
minute delay the double-diaphragm unit is vented and the experiment takes place.
The Al2 03 particles are vaporized by shock heating and the appropriate aluminum-
oxygen species are iormed. The resultant freedom from condensation problems
gives rise to the inherently greater range of chemical systems that can be

addressed by the aerosol technique.

The aerosol distribution behind the incident shock is monitored at
four location: along the driven-tube section by using a single photomultiplier
tube as illustrated in Figure 1. For the experiments reported here, a 5086
to 5142 A filter was placed in the field of view of the photomultiplier so that
the Al0 radiance from the Av = 1 band sequence would be monitored. The
received signals from each of these spatial positions were calibrated by using
a light source in the tube. This caiibration procedure permitted normalization

corrections to be made to the results shown in Figure 2.

Figures 2(a) and (b) are typical of the results obtained behind the
incident shock in the wavelength region 5086 to 5142 A. Both data records
were obtained for an initiai shock-tube pressure of 25 torr of 94.9% Argon
plus 5.1% oxygen. However, Figure 2(a) was obtained tor an experiment in
which aluminum had been added to the test gas and Figure 2(b) was obtained in

the absence of aluminum. These results illustrate the chemical purity of

the system and the fact that the radiation observed in Figure 2(a) is attrib-
utable to AlO .
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The results of Figure 2(a) illustrate that the signals received
This is in

from each of the observation stations were not of equal magnitude.
part duc to the geometry of the system. After correcting these data using the
calibration data mentioned above, the var:ation in Al0 concentration with

distance along the shock tube was on the order of 10 to 15 percent.

2.2 LIQUID-NITR”.“EN COOLED REFLECTED-SHOCK TEST SECTI1ON

Figure 3 is a schematic of the liquid-nitrogen cooled reflected-shock
test section used for the mecasurements described herecin. 1t has an inside
diameter of 2-in. and is approximately 2-in. in length. As shown on
Figure 3, liquid nitrogen (under prcssure) first flows ‘nto a reservoir which
contains a light trap, then through the internal passages of the test section,
into a hollowed copper block wihiich is in contact with the detector vacuum
shroud, and finally <xhausts to the atmosphere. Approximately 60 liters of
liquid nitrogen are required to cool the system to an acceptably low

temperaturce.

The test section is made of stainless steel, and is held in sandwich-
fashion at the end of the shock tube. It is thermally decoupled from the shock
tube by thin stainle s steel bands. All components aire designed to keep the
shock-tube walls smcoth and continuous. Indium seals and RTV® have been found
to be cffective vacuum scalants capable of the thermal cycling involved in the

experiments.

After the test section had been installed and the vacuum integrity
verified, a mold was constructed around the unit and ECCOFOAM EPH insulating
foam was poured in order to provide external insulation. The foam density

selected for this purpose was approximately 2 lbs/fts.

The very low wall temperature over the last two inches of the shock
tube could have produccd, at worst, a very local effect on the temperature of
the driven gas prior to shock heating. As noted above, the cold section of
the tube was surrounded by insulation as shown in Fig. 3 and a stainless steel

band was used to provide a thermal barrier between the cold section and the

10
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remainder of the shock tube. This proved to be an effective barrier because

at 4 location 4 inches upstream ef the cold section-shock tube junction the
wall temperature was approximately roem tempevature. ‘That portion of the test
gas that comes into contact with the cold wall does so for 4 time period on

the order of one or twn minutes. This is not sufficient time for the gas to

be significantly cooled. Recall that the total tube length was 11.2 ft. and
that the densit: ratio across the reflected shock, o ref/ p initial, was
approximately equal te 12 (see Table 1). A shock-tube wave diagram construct.d
for this experiment shows that the gas initially contained in the 2-inch long
cold section will be compressed into a thin wafer confined to within 0.17 inches
of the end wall. A more severe case, assuming that the gas were significantly
cooled over a tube lengih of 6 inches. would still confine the cooled gas to
within 0.5 inches of the end wall. At worst, this would set up a thermal
gradient between the test gas at 0.5 inches from the end wall and the remainder
of the reflected-shock test-gas (approximately 11 inches in length). However,
the infraced optics views the test gas at 1.0 inches from the end wall (sce
Fig. 1) and it is doubtful that significant heat transfer would occur in the

150 psec test period so as to influence the measurcments.

The possibility of heating of the Irtran 2 window hy energy exchange
with the reflected-shock heated gas was also considered. These calculations
suggested that the maximum possible (not probable) temperature of the window
surface would be 100°K during the test-time. The radiation level associated
with this background is at least a factor of 1000 less than the experimental
measurements. It was therefore concluded that window surface heating was not

a problem for this experiment.

253 INFRARED RADIATION DETECTOR SYSTEM

The irfrared detector used in these experiments was a liquid-helium
cooled mercury-doped germanium detector. The detector was cooled to approxi-
mately 4°K prior to performing the experiments. As illustrated in Figure 3,
a 1 mm diameter aperture was placed between the detector and lIrtran 2 plano-
convex lens with a focal length of 1 inch. This arrangement o{fectively

focussed the detector onto the opposite wall of the shock tube and into the
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cold light trap. Jt was latev found that an irtran window placed over the trap
entrance was more convenient to use and did not compromise the required back-
ground signal of the detector. All of the Irtran components were anti-reflecting
coated for 8-14 um. The Irtran 2 windows and lens are all cooled to liquid
nitrogen temperatures by the thermal conduction of their mountings. The shroud
surrounding the mercury-doped germanium detector and the liquid-helinm cold finper
is evacuated to 1 x 107° torr prior to initiation of liquid-nitrogen flow in the
test section or liquid-helium flow in the cold finger. The infrared filter is

in contact with the cold finger aind is thus also cooled to approximately 5°K.
Figure 4 presents the transmission characteristics of the infrared filter used
tor the AlO measurements reported here. The half power noints for this
particular filter are 10.26 to 11.37 um. This same filter was used for the

uranium/oxygen measurements.

In a previous set of calibaration experiments using the same infrared
detector and a liquid nitrogen cooled background, a platinum wire (0.0001 inch
in diameter by 0.100 inch in length) of known resistance was placed in thermal
contact with the background. The resistance of this wire and the infrared
detector signal were monitorcd as a function of time during the cool-down
period. After approximately 2 to 3 hours, during which liquid nitrogen was
continuatly flowing through the system, the wire resistance corresponded to the
77°K value. This value was independently verified by submerging the wire
assembly in liquid nitrogen. Continued cooling changed neither the resistance
of the wire nor the infrared background-signal (d.c.) level. This signal level

was very stable as a function of time, once the wall temperature reached 77°Kk.

The Irtran 2 window was in thermal equilibrium with the cold side-
wall. There was only a very thin (less than 0.002 in) layer of adhesive
(RTV 732) between the window and the sidewall which could not support a thermal
gradient. The room side of the infrared window was enclosed in a shroud und

-6 .
evacuated to less than 1 x 10 torr as mer tioned above.

The system used in these studies is estimated to be background limited
below 100°K. 1n the AlQ studies, the gas radiance itself only corresponded to
some 260°K. This high overall system detectivity provides a broad latitude in
required optical densities, wavelength bandpass and gas temperature as well as

flexibility to the study of other species. This is, in fact, why this unique

test section was implemented.
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2.4 VISIBLF RADIATION DETECTORS

Figure 5 illustrates the optical apparatus used to monitor the visible
radiation intensity in the refiected-shock gas. Sapphire windows were mounted
in the shock-tube sidewalls as shown. Because of the cold test section, it was
necessary to prevent condensation and subsequent ice formation on the external
side of these windows. To accomplish this, an evacuated glass envelope was
placed between the cold section and the photomultiplier tube as shown. Two
displaced apertures of 1 mm diameter were uscd to define the beam and determine

the amount of light received by the phototubes.

The (0,0) and (1,1) transitions of AlO0 were monitored in the
reflected-shock gas by placing filters with half-power points at approximately
4854 to 4807 A and at 4871 to 4905 A (see Figures 6 and 7 for trans.isson

characteristics) in the field of view of the detectors as shown in Figure 5.
2.5 CAL1BRATION OF DETECTOR SYSTEMS

2.5x1 Infrared-Radiation Detector (and 10.26 to 11.37 um Filter)

In order to calibrate the infrared system, a glass-substrate silvered

mirror approximately 7/16-in. by 1/4-in. was mounted at 45° relative to the
shock-tube axis on a metal sting so that it could be moved into and out of the

field of view of the detector. With the mirror at 45° and in the ficld of view,
the entire upstream shock-tube served as a background cavity at room temperature.
When the mirror was retracted, the detector viewed the liquid-nitrogen cooled
light trap. The shock tube is considered to provide a blackbody cavity source
at the ambient wall temperatures, independent of any propertics of the wall,
such as emissivity, roughness, etc. The basic principles behind this concept
are well-known and embodied in the design of commercial blackbody standards.

An appropriate discussion can be found in the "Handbook of Military Infrared
Technology', 1965, pages 32-38. It is clearly shown there that a cylindrical
cavity with a length/radius ratio of 100, (which the shock tube provides) has

an effective emissivity well within a couple percent of unity. This technique
is both simple and effective, limited only by the requirement of system response
linearity over the range of radiances between the source being measured, and

that corresponding to 300°K. Where in question, this linearity can be separately

16
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checked, as was, in fact, done for this system. In this casc, however, only

a factor of 2 was involved betwecen test gas and calibration radiances.

Because the mirror is not in thermal ecuilibrium with the walls, its’
optical properties must be considered. Being near 80°K, its self-emission is
nil; however its reflectivity does moderate the blackbody radiation, and a
carcful error analysis requires a knowledge of its value. The reflectivity
of the mirrors used in the calibration experiments was measured and found to
be 87% 2% This reflectivity measurement was perforned using a Perkin-
Elmer, Model 457 infrared spectrophotometer equipped with a Model 134 Barnes
horizontal specular reflectance attachment in both sample and standard beams.
The standard was a Laser Optics flat mirror coated with Max R coating and its

reflectance was 99.4% at 10.6 pm.

Thus the maximum possible error (not probable error) can be estimated

as follows:

1. Departure from € = 1 blackbody conditions: -2%
2. Shock tube walls at *3°F ( 11°K): *1.5% Lsg
3. Uncertainity in mirror reflectivity: 2%
. . +3.5%
Then the calibr:tion could be off by 5.5

Figure 8 is typical of the results obtained with the infrared system
using this technique and illustrates that the 293°K background results in a
detector output signal of approximately 96 mv. For a mirror reflectivity of
0.87 the spectral radiation intensity corresponding to this signal is approxi-

mately 8.31 x 10_4 watts/SR cmz.

2.5:

£

Visible-Radiation Detectors (and 4854-4867 A Filter and 4871-4905 A
Filter)

A tungsten ribbon lamp placed external to the shock tube (sce Fig. 5)
was used as the source of radiation for this calibration. The current flow through

the ribbon was changed in discrete steps and the detector output recorded at ecach

steady-state current flow. Ar optical pyrometer (0.655 pm) was then used to
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determine the ribbon brightness temperature from which the black-body tempera-
ture could be determined for each current setting. The brightness temperature
at 4860 A and at 4888 A was calculated by making use of the spectral emissivity
of tungstenS’G. The spectral radiant intensity of the tuagsten ribton was then

calculated using the usual Planck functions.

2.6 TEST GAS

The test gas (driven-tube gas) used in all of these experiments was
94.9% Ar plus 5.1% O2 purchased from Air Products and Chemicals, Inc. A
certified chemical analysis of the test gas indicated the following impurity

levels:

Accetylene < (,05 ppm
Carbon Dicxide < 0.5 ppm
Carbon Monoxide < 1.0 ppm
Hydirogen < 2.0 ppm
Methane < 0.5 ppm

Nitrogen < 2.0 ppm
Nitric Oxide < 0.1 ppm
Total Hydrocarbons < 0.2 ppm

Water < 0.15 ppm
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SECTTON 3

DATA REDUCTION PROCEDURE AND RESULTS

Experimental results have been obtained with the apparatus p.oviously
described. These measurements include 1bsolute radiative intensities in the
Blue-Green system (B-X transition) of w10 , with data being taken in the
wavelength regions 4851-4867 A and 4871-.4905 A (these are half-power points of
the tilters). The 4854-4867 A filter encompasser only portions of the (0,0)
and (1,1) bands while the 4871-4905 A filter encompasses tails of the (0-C), (1-1),
(2-2), (3-3), (4-4), and (5-5) bands of this svstem. The relative contributions
of the separate bands are determined by analysis, so that from the measurement
determinatior can be made of the product of AlO concentration and the f-number
for the B—eX transition. chcral7-10 f-numbers for this system have been
published; any of these, coupled with the experimental measurement provides a
deternination of the Al0 concentration. Typical results indicate that about
50% of the aluminum that is initially contained in the exploded wire ends up in
the test gas. For the conditions of the experiment, the ratio of the Al

concentration to that of AlO is approximately 9,

Absolute intensity measurements were also performed in the infrared
region (10.26 to 11.37 pum) wnere the fundamental of the ground state provides a
strong radiation source. Again by analysis, this intensity meuasurement can be
used to determine the product of the AlO concentration and the band strength
( ®o,, ) of the fundamental. Given the AlO concentration from the B —X
measurements, a band strength value can be determined. A more detailed description

of the data reduction procedure is included in the following paragraphs.
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3.1 DATA REDUCTION PROCEDURE

3.1.1 Relation of Radiation Measurements and Transition Probabilities

As noted above, the experimental results in the infrared provide a
. 2 oz . .
radiant power per cm” of viewing surface per steradian that is observed through

a given filter. This measured radiation is equal to

R:f FoI, dw (watts/om sr)

1
( ) FILTER
RANGE
where
-1
w = wavenumber (cm )
F. = filter transmission
and
k. = R ¢ h watts
w = spectral radiance from the gas ( e

2 -1
cm” ster cm

We wish to derive from this measurement a value for the factor (o, ,) F;‘o,

TO
where
(a,,), = integrated absorption coefficient of the (0,1) band
of the fundamental sequence at standard temperature
(T,) per atmosphere of AlO (cm'2 atm_l)
and
Pago = partial pressure of AlO (atm).

If the gas can be treated as optically thin, this can be accomplished

through the relation

I, = 2L (P,

(2) BANDS

)ra AT ”-v)Ta

W)
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spectral absorption coefficient at wave

number w for a given band (Cm-l)

gas temperature

= path length (cm)

(Iso ) = spectral blackbody intensity ( watts
& 2 -1
c¢m” ster cm
The guantity (Pwv" v‘n)r can be calculated in terms of (o o« o, )T:.
’ (' ?

for each band that contributes within the range of the filter, viz. (1,0)

through (11,10), using the relation by Penner, Sepucha and Lowder“,

hec [Aw| [vt 'AT“"]

AT lawl Ze][15 (18wl £ 28,) 2]

(Pwv:-lv".,) [C’Lv“,v"ol]rG Pn

%

”

v v

a

[0
e [_ fe ]AwI{IAuJI F2B, [1 F(ldw| t28,.) F Rew]}}

4% T B, [13Ulawl + 28,.) :"‘BL,]

v

{:-up[— (ﬂc/&TG)(u)tlAwl)]]r ol zpenees
- aap [- Acw/ﬁTc] J

. . .. -1
[aw| = wavenumber displacement fvom band origin (cm )
(Where a band head occurs, the displacement for

|Qdw| > [Aw|HEnD is the sum of the displacements

to the band head and from the band head.)

B, Be - o, (V+ 3)

where Bc and o, are rotational constants (cm'l).
The upper sign in Equation (3) corresponds to the R branch and the lower sign

to the P branch.

The value of (O« v, )Tc. can be related to (o by

12 et ),
the relation (see Penner 7, p. 141)
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~ w . ~ v T Eeu
(av“'v”*,)T = (aa’) ( :,v”)r,_ IR v4l, e *T‘ &n(T_,
4 ' TO (wo_')r ’R T
‘v‘ Wv Ve Wyl vies
(4) N (7-6 )(1_ Tc )
( _ &c Wy 2
1-e *T, )
where
Ev = cnergy of vth vibrational level (ergs)
wyryt = 'effective’ band wavenumber (cm'l)
» o (8 8 )( AT )
CEN N o i = WYf1e —E
vy Y Y +e B,
[1+2tp(-hewye . /AT,)]
+ (B, -B,) :
[ -ap(-hewy /T )]
w;"v. = wave number at band origin (cm-l)

and the ratio of the squares of the vibrational matrix clements (Heaps and

llcrzbcrgl") 1s

o ! 1 ! .
IRv",v’HI G &) (x_’l) (T‘lV‘3)<-;-:--2V—1)
= +
(5) IRO,IIL [_-Z(V+1)} (__\/_,)(___3)
= ratj F v A M W e Oy
where X, = ratio of vibrational constunts, iy

Finally, then, the measured radiation, R , can be related to

(aoﬂ)roPDt.o by combining Equations (1) and (2):

Roaf A% TRDI_d (55,0 dw

B8ANDS

FILTER
RANGE

[(P,)
(6) :{(ao,1).r° ano}> {1/ R, (Iaa )r‘ e [ r:] ’;ND dw

FILTER
RANMGE

and calculating the quantity in the second bracket using Fquations (3) through (5).
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The quantity (P, was calculated at 10 cm™ ' intervals of

v viea )TG
w for bands (1,0) through (11, 10) and summed over the bands. The integral

was then performed over the filter range, including contributions to the point

where the transmission fell to 1/270 of the peak value.

The thin gas approximation can be evaluated by considering the
1 approximate line widths for the rotational lines and the measured intensity
of the infrared radiation. The average spacing of the spectral lines which

| contribute appreciably is about 15 lines per cm_l, and the semi-halt-width of

the lines is taken as
)

The coefficient 0 06 cm_1 is an estimate based on data for other moleculcs(ls).
For the test conditions the semi-half-widths are ~ .09 cm-1 for the 25 torr
initial pressures, and ~.16 for the 50 torr initial pressure. Thus the lines
are very overlapped, and the gas can be considered grey. The magnitude of

the radiation is approximately 0.3% of blackbody in this region. Thus the

thin-gas approximation is adequate.

An expression similar to equation (6) can be obtained for the radiation
from the Blue-Green system in terms of the electronic f-value. If either the
gas is optically thin, or the lines are well separated compared with their
line width, the lines can be treated separately so that
(8) R = J R,
and R, 1is the contribution from the 8 spectral line. Since the lines are
much thinner than the filter half-widths, Fu, can be taken as a constant F

A

for any given line, and

!
(9) R, = F‘-/Iwh dw

In the thin gas approximation, the radiation from a single line is given by
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‘/‘Iw; dw (K'+ !)-31- tor P branches

( . _f;,) (K'+1) = g;'
= f, Pnlo ) e Wy Byoe 92_ 1 S
= 7V v (K;_,—I for R branches (""“u"
K cmisR
(10)
where = 2 2 - Egy /AT
10 81 € 2 . e
.y = 19 = (;.o:azsxvo“)(f‘_c) Jea'e T
ar " Tuc & 47 4y 8,
3 = electron charge (c.s.u.)

v = clectron mass (gm)

?eg’ = degeneracy of upper electronic state
E '

I el = cnergy of upper clectronic state (ergs)
’ Q,p = clectronic partition function
Q. = vibrational partition function for upper clectronic
| statce
| Aoy = Franck-Condon factor

- ‘ ‘l
W, = wave number of v'v” band head (cm )
' -1
£ § Wy qyiyr (ecm )

w
Ev' = energy of upper vibrational level (ergs)
Eur

energy of upper rotational level (ergs)

The measured radiation, R, can then be related to ﬁz Pnzo by combining

fI..,u -

R = ﬁa Paso Z F, ————

Zgun {d Fz:o

cquations 8 and 9

(11)

where the terms inside the summation are calculated from cquation (10)

and the known filter transmission at cach line «+ .

To test the accuracy of the thin-gas approximation for the Blue-Green
system, the radiance at the center of the strongest line ( K = 45 ) was

calculated, using equation 10 and assuming that the linc shape is controlled

by pressure broadening. Then

Io»= n—’{/l’wbdw




and the semi-half width is again taken as in equation 7. For the low density
case (higher temperature) the thin-gas radiance at the center of the line is

35% of bfﬁckbody, and the Landenburg Reiche correction factor for the thin gas
radiation14 is i%é) = 0495, For the high density (lower temperature) case,
where the blackbody radiance is lower, the calculated thin-gas radiance at the

center of the line is 62% of blackbody. The Landenburg Reiche factor is

iél? = 0.85 . Thus for the visible radiation some small correction to the
thin-gas results should be made. lowever, the examples chosen above were for

the strongest line, and the magnitude of the correction indicated does not
warrant a more detailed analysis at this point. The radiation in the band-head
region, where the line strengths are weaker (but the lines are overlapping)

has a lower average emissivity (about 0.07 for the high temperature and about

0.2 for the low temperature) than at the centers of the strong lines, and

would not require a correction to the thin-gas formulas. In so far as such
corrections would reflect in the final result, they would decrease the quoted
value of the infrared transition probability. It appears that the correction
would be much too small to reconciie the consistent 15% difference in the values

of & obtained with the two different visible filters (see Table 1).

3.1.2 Determination of Reflected-Shock Temperature and Thermochemical

Calculations

The reflected-shock temperature was determined in the following manner.
First, the shock-wave transit time was measured over four intervals and ex-
trapolated to the end wall as shown on Figures 9 and 10 which are x-t
diagrams for both the 25-torr and 50-torr experiments. The electronic count-
ers used in these measurements are accurate to within f1 psec. Typical transit
times were on the order of 360 to 380 i sec and thus the possible error in
transit times results in an error in shock velocity of less than 0.3%. The
validity of extrapolating the shock-wave transit time to the end wall was
independently tested by locating an ionization gauge in the end wall and
recording the transit time over the last interval. The conclusion of these
experiments was that the linear extrapolation to the end wall is an excellent
approximation for this shock tube and these experimental conditions. The

aluminum in the initial test gas was assumed to be Al,O3 (S) of a known
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maximum amount. The mac:hine program used to calculate the reflected-shock
temperature as a function of shock-wave velocity and initial pressure included
the thermochemistry of cthe reaction A1203 (S)-—'AIZO3 (g) and the necessary
subsequent gas-phase reactions. The calculation must be performed for various
amounts of the wire (A1203) getting into the initial test gas. Recall that
the data reduction procedure provides an estimate of the AlO partial pressure
through the value {11 palo (Broida's value for le was used). It is thus
necessary to iterate on the partial pressure and the Terlected-shock temper-
ature in order to arrive at the correct reflected-shock temperature. The

reflected-shock temperatures determined in the manner outlined above are
accurate to within 1%.

The thermochemical data used in the data reduction procedure was the
JANAF table revisions dated 1971. The equilibrium reflected-shock calculations
indicate that the AlO concentration is changing rapidly (approximately a
factor of 10) in the temperature range 4150 to 4750°K. However, it must be
pointed out that the experimental results reported here do not rely on the
absolute value of the AlO concentration in the data reduction procedure.
The parameter that is important is the ratio of the AlO blue-green band
radiation to the A10 infrared radiation, ( 71”5‘/ 7 .a) which is nlotted in
Figure 11. It is demonstrated that over the temperature 4090 to 4610°K the
ratio of blue-green to infrared changes by a factor of approximately 1.8 which

is far less than the previously mentioned variation in the AlO concentration.

3.2 DISCUSSION OF Al0 RESULTS

Before initiating the aluminum oxide measurements, several experiments

were performed to be certain that the radiation observed in the visible and

infrared spectral regions was due to the combined presence of oxygen and aluminum.

Measurements were obtained with the driven-tube gas composed of (a) pure argon
(b) argon plus aluminum and (c) 94.9% argon plus 5.1% oxygen. Coupled with the
known spectral purity of the system, the results of these experments

demonstrated that the gas radiance was attributable to aluminum oxide.
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The band strength ((Of.o',)T } of the Al0 fundamental in the infrared

(10.26 to 11.37 pm) was measurced over a reflected-shock temperature rangc or
4610°K to 4090°K. Typical oscilloscope records obtained simultaneously during
the course ¢: the aluminum-oxide measurcments dare shown in Figuve 12. For this
particular cxperiment the test gas was 94.9% argon plus 5.1% oxygen plus exploded
,uminum wire at an initial driven-tube pressure of 25 torr. The resulting
reflected-shock temperature was 1575°K,  Equilibrium reflected-shock calculations
performed for the temperaturc range of 4000 to 5000°K indicate that the aluminum
atom corcentration was greater than the aluminum-containing molecular species.
Howe.er, of the molecular species, Al0 was dominant followed by Al,0 which
is present to approximately 171000 of Al0. Figures 12 (a) and {2 (h; are the
Blue-Green measurements obtained in uie vavelength regions 4854-4867 A and 4871-
4905 A. Figure 12ic)is the infrared measurement obtained for the wavelength
region 10.26 to 11.37 wm. The detector output signals taken from these records
in order to arrive at a valuec for (ot.o’,)T° for this experiment were vead at the

vertical centerline (hatched line) of the photograph.

Table 1 is a summary of the results obtained from the aluminum oxide
experiments at two different driven-tube pressures for a tempe.ature rangc of
approximately 1090°K to 4610°K. The values given in this table for (a°»‘)n
were obtained using a value of f;z = 5 X 10'2 which is felt to be the best
currently available valuc7, To tind “xo.!)r, for other values of f,p

it is only necessary to multiply Table 1 values of (()Lo.‘)T by the ratio

[(new f,p )/3 X 10'2]. )

The arithematic average of the (ctoﬂ )u values obtained in the wave-
length region 4854-4807 A is 1780 +215 em™° atm™! whereas the arithmetic average
in the 4871-4905 A wavelength interval is 1520 *190 em-2 atm-! . The average value
of (¢, ,), over the two wavelength intervals provides the value that is telt

to be most representative of thes» experimental results for the 1—e 0 transition,

i.e.

- + AN |
(aol,)T. = 1650 200 ¢m ° atm
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TEST GAS: 25 torr

94.9% Argor.
be 100 u roc ¥ 5.1% Oxygen

EXPLODED Al.UMINUM WIRE
REFL. SH. TEMP: 4740°K

(a) 4854 TO 4867 A WAVELENGTH REGION

-

100 mv/cm

(b) 4871 TO 4905 A WAVELENGTH REGION

Y e TEST TIME f=

(¢) 10.26 TO 11.37.4m WAVELENGTH REGION

Figure 12, Typical oscilloscope records Tor ArO measurements
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This result can be compared with that recently obtained by Sultzmann

vy o]
(Ol,,',)T. = 724 £145 cm © atm

The present value of (otg ,); is approximately two times larger than that

of Sultzmann, and both results are significantly higher than would be inferred
16

from atmospheric release experiments . At the present time, the source of

the discrepancy in the experimental numbers is not understood.
3.3 D1SCUSS10N OF UOx RESULTS

Earlier reported studiess’4 have demonstrated that the exploding-wire
aerosol shock-tube technique is applicable to the study of radiance from heated
U/O /Ar mixtures. The vranium vaporization time was measured and shown to be
less than 50 psec, well within the equilibrium test time in the shock tube. It

was further demonstrated that the LWIR radiation is likely due to a uranium oxide.

Difficulties encountercd in obtaining the previously discussed
aluminum oxide band strength in the infrared precluded completion of the
proposed plan to measure absolute band strengths in the infrared for uranium/
oxygen/argon mixtures. However, it was possible to obtain measuremcnts in the
10.26 to 11.37 pm wavelength region for reflected-shock temperatures comparable
with those used in the Al10 experiments and in this manner infer the relative
importance of UO and AlO radiation in the infrared. Figure 13 is typical
of the mcasurcmcnts obtained for an uranium/oxygen/argon mixture at an initial
driven-tube pressure of 25 torr and a reflected-shock temperature of 4900°K at
approximately 6.4 atm pressure. At this rcflcctcd shock condition, the
equ111br1um species concentrations (in moles/cm ) of UO , UO2 , and UO3 were

calculatcd to be approximately equal.

A comparison of this result with Figure 12(c) suggests that the AlO
and llOx radiation intensities are roughly comparable in the 10.26 to 11.37 um
wavelength region. However, two factors must be considered before concluding that
the radiation intensities are comparable (1) the relative number of uranium and

aluminum particles available for oxidation and (2) the difference in the spectral

structure of AlO and the relevant UOx band heads in the infrared.
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Concerning item (1), the aluminum wire used in these experiments was
0.005 inch diameter by 1.0 inches long and the uranium strip was 0.006 inch
thick by 0.040 inches wide by 0.75 inches in length. With these dimensions
one can calculate that the number of available aluminum atoms is approximately
1.9 x 1019 and the number of available uranium atoms is approximately
1.4 x 1020. Thus there are approximately seven times more uranium atoms
available (to form U0, UO2 ur U03) than there are aluminum atoms available
(to form Al0). The yield of atoms in the shock tube loading procedure was

considered constant.

Concerning item (2), it is important to note that the AlO0 fundamental
is at 10 um (1000 cm'l), which is relatively close to the shorter wavelongth
half-power point of the filter (10.26 to 11.37 pm), whereas the U0 and UO2
fundamentals are at 12.2 and 12.9 pm, respectively. The transmissien of the
infrared filter used in these experiments is on the order of 1 to 2 percent
(see Fig. 4) at the wavelength of the UO fundamental and thus would pass only
a small portion of the fundamental radiat:on. The net contribution of these

bands thus depends on the extent to which they are broadened at elevated tempera-

tures. It is thus possible that the U0 and UO radiation in the 12.2 to 12.9pm

2
region would exceed the levels measured for Al0 in the 10.26 to 11.37am region.
The diagnostic equipment necessary to perform the band-strength measure-
ments for UOx is available at Calspan. The technique relies on the determi-
nation of the U atom concentration form photographed absorption spectra of

atomic lines in the visible, using optically thin lines whose f-numbers are known.

A short set of tests to demonstrate the feasibility of this approach
to the U system was conducted previously at CalspanA. Although the components
of the system were not optimized for the feasibility tests, the results indicated
that this technique would be of direct applicability to U line studies. The
optical system uses a synchronized flash lamp as a bright source of visible
continuum irradiance, which passes through an optical train consisting of the
shock tube, a shutter and the spectrometer. In Ref. 4 is described a possible
method from which absolute band strength measurements can be obtained with the
aerosol shock-tube facility. The object is to obtain an exposure on the plate
which results primarily from the flash; the radiance from the gas is suppressed
below plate response threshold by high flash intensity and a synchronized

shutter.
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SECTION 4

CONCLUS10ONS

The band strength of the AlO0 fundamental, (dron )T. , in the
infrared (10.26 to 11.37 pm) was found to be 1650 *200 cm'2 atm-1 over a
temperature range of 4610°K to4090 °K. Experimental difficulties encountered
during the course of the program precluded similar quantitative results for the
uranium/oxygen system. Qualitatively, the results indicate potentially significant

radiance levels when compared to those from AlO .
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