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Section I

Sm

he general objective of this study, as. required by Contract NaU-06(00)p
is the investigation of the factors vhich control the duration, brightaess
temperature, and spectral distribution of radiant enwrgy produeed by chomieil
flashes. The program has been divided into four phases:

1. Development of test oeiPeent*

2. Combustion studies.

3. Nonequilibrium studies.

4. Evaluation of data ad' system design.

During the period of 1 Jlune to 31 December 1963, york has been expended in
the first three phases, Vhich vill be presented in this report."

Mhjor achievements of the period have been:

1. Disclosure of several chemical Reactions vhich have theoretical fle
temperatures greater than 5,000-K.

2. Achievement of a brightness temperature of 5,800WK vith a zirconlum-

potassium perchlorate mixture.

3. Discovery of strong line emission in metal'-potassium perchlorate reacti

4. Discovery of a very strong time dependency of line emission brightness
during the progress of the reaction.

5. Theoretical prediction of intense nonequilibrium light emission from
doped metal-oxidizer reactions.

6. Experimental verification of the predicted possibility of achieving
intense. line emission from a metal-ozidizer reaction by doping with
metal siltS.

Three of these ac hevments are considered extremely important to the present
study. First, the 5,8007 temperature Vhich was achieved is considered to be the.
highest temperature yet achieved in the United States with a pure chemical reetloa

Weis high temperature indicates that even if nonequilibrim emissio samet be
utilized, blaekbody temperatures high enough to pump a laser are avail Able from
metal-oxidizer reactions.

Second, the theoretical prediction of nonequilibrim mission from doped
metal-oxidizer reactions indicates that brightness temperatures considerayl
higher than 5,800K are definitely possible. Wk Is now being performs& to
realize these possibilities.! I
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Third, intense line emission from doped reactions Indicates that non-
equilibrium emission does exist in metal-oxidizer reactions during the Initial
stages of the reaction. Therefore, it Is expected that extremely intense =a.
equilibrium emission will be achieved, as predicted by the theoretical aem-
equilibrium study, during the second half of the present study program.

Experimental studies vwil be continued in both combustion and non-
equilibrium during the second half of the study period with strong emphasis on
nonequilibru. Tzee classes of dopants will be examined; namely, higwl
emissive metals, strong dipole salts, and high temperature fluorescent materials.
Combustion studies will continue with stronger emphasis on basic reaction paths
and production of excited species In the flame. This data vill be used directly
in the nonequilibrium dopant study. Thus, the final result of the. two study areas
will be the development of a source of high intensity nonequilibrium radiation.

(
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The necessary experimental equipment for a study of the light output of
chemical flash reactions may be divided into three groups: Sensors, ignitors#
and 'chambers. The sensors must measure light intensity- as a fuiotion of time
and wavelength. Two general types are in use. One type is used for producing
time resolved spectra and the other type is used for masuring .monoohroatl.
intensities as a function of time. he calibration technique Is discussed In.
detail because all temperatures quoted are accurate only insofar s the
calibration is accurate.

The ignitor is used to ignite the reaction mixture at a predetermined time
and with a minimum disturbance of the system. Therefore, a brief discussion of
the ignitor design is presented.

The chambers in'use may be divided into four types: Flat plate, atmospheric
solid oxidizer, pressurized oxygen, and dynamic pressurization. Each is desined.
to provide a specific function for accurate intensity measurement at. various.specified conditions such as with pressurized oxygen, a solid oxidizer, or under
high pressure. Consequently, a knowledge of a chamber design is important for an
understanding of the data presented in section three.

TDM RESOLVE SPEiA

The variation of light intensity from chemical flashes with wavelength and
.time can be measured by the use of the apparatus shown schematically in FIgre 1.
A Bausch and Lomb 1.5 meter grating spectrometer serves to record on film the
light intensity incident on the entrance slit as a function of wavelength. Tim.
resolution is accomplished by a sectored wheel revolving in front of the slit.
At any particular time during the flash only a certain portion of the slit height
is exposed to incident radiation by the sectored wheel. A sample sectored wheel,
is shown in Figure 2; this wheel has ten sectors each cut at a different ra s...
Each of the sectors shown occupies 18 degrees of are of the wheel.. 2h", fo
example, a wheel turning at one revolution in hO milliseconds would allow a
series of two millisecond exposures to be taken. Since the spectrometer Is
stigmatic, light from various portions of the slit. height will be recorde" at
various corresponding heights on the. film. To avoid the possibility of W liht
being gathered from different portions of the radiating cloud leadiag to a coM-
fusion of spectral distrIbution of the light with a time distribution, the optics
have been arranged so that the object image at the spectroter slit Is enlared
about three and one-half times.

A DC light source-phototransistor combination Is used to measure the tUe
per revolution as well as acting as a tiing trigger for ignition of the chemuials-
when the firing switch is flipped the Ignition spark will be thrown the next tim( ' the phototranslstor senses the light source through a slot in the sectored dife.
Some of the light focused on the spectrometer entrance silt Is defleed by bern
dividers to two calibrated phototubes equipped with narrow bea filtws. f-
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output of the phototubes versus time is displayed on a C.R.T. and photogahd.
Using the phototube output to measure light intensity and a micropbotometer to
measure spectral film darkening versus time and wavelength, it Is possible to
calibrate the film darkening with radiantintensity and hence brightness temperL.
ture. By careful duplication of the exposure time and developing tecbniue, and
use of the ame film emulsion batch number, the film can be similarly calibited
at enough wavelengths to allow one to plot isotherms directly an any micro-
photometer trace of spectra taken in the same fashion. This seemingly complicated
system for calibrating film darke ni versus radiant intensity is necessary
because of the reciprocity effect (1). The film must be calibrated using
identical exposure times as the exposure to be measured and available calibration
standards do not have a high enough radiant intensity to do the job.

Time resolved spectra should id.ow the rapid determination of brightness
temperature as a function of wavelength and time. This would be very helptul
in determining the effect of. various additives on brightness or on the light
output in any narrow spectral region in the wavelength range of the instrusent.
If nonequilibrium radiation can be produced, it is mich more likely to be detected

by use of the spectrometer than by phototubes with narrow band filters. It Is

also possible that the way in which intensity is observed to change with time
could reveal something about the combustion process.

MONOCHROMAM(S

Measurement of light intensity in a given spectral region requires some form

of monochromator for selection of the spectral region. Several types of mono-

chromaturs have been tried in an effort to find a simple yet sensitive device.

One of the first methods tried vas the use of ratten filters. The Wratten

filters chosen were selected for narrow bandwidths and high transmittances In
the bandwidth. However, even the best Wratten filters had very wide beadidths
(::500R) vhich produced anomalous results if the system under study deviated
greatly from a blackbody. Consequently, Wratten filters were scrapped.

After further study it was felt that interference filters would be the beet
because they offered the advantage of narrow banedwidths (A loot) andhig&
transmittance. Two types of interference filters are available:

1. The fixed type which is manufactured for a specific transmittance reglon.

2. The wedge type which transmits a given wavelength at a specific regic
on the filter.

Each type has found use In the laboratory. The fixd type has bea used I
conjunction with the Bausch and Lmb spectrograph for calibrating the Intemslty
response of the photographic films. For.this purpose It Is admirably suited
because scanning Is not necessary. Figure 1 shows use of these filters m the
time resolved spectra apparatus.

The wedge type is quite useful as a quick scanning device for rough plott4mg
of intensity distribution from flash reactions. It is extremely compmetp and
may be easily calibrated because the spectrum is linear. 7iarthersarep it m be
mounted permanently to a phototube pickup box to construct a very small spectre-

photometer. Fgure 3 shows the wedge filter mounted on a phototube bon.
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Several types of detectors ane currently in use in the laboratory. Seue
my be divided Into three categories: Solid statep potodiod.. tadbe, sd Photo-
multiplier. Each type Is being used In its specific are of seBnitlIvtye

The solid state photocells are currently in, use In low sensitivity &P9lie.
tions subh as for pulse counters on the time resolved spectra setup. Novever,
their high sensitivity in the infrared makes them admirably suited for measure-
nients in the infrared. An infrared sensor. is currently under construction vhich
will utilize the solid state infrared detectors.

The photodiode tubes have been utilized in the visible range in conjunotion
with the wedge interference filters. * 'bximum sensitivity is at WJ

The prime disadvantage of the photodiode tubes is that sensitivity-is rather.
low when used with the wedge interference filters.' Therefore, the uinimum signal
detectable:%bove noise level corresponds to a blackbody temperature Of approwd-
mately 2300-~K.

For high sensitivity applications such as measurement of narrow linet, 51)
intensities in conjunction with the grating spectrographas, photomultiplier tubes
are used. These tubes offer the advantage of extremely high sensitivity, but are
subject to microphonic pickup. For this reason, the photcmltiplier tubes are

U not in more general use in the laboratory..

SYSTIEM CALIBRATION

Accurate measurement of absolute light intensities requires an accurate
system calibration. Before a system. calibration can be undertaken, suitable
intensity standards must be chosen.

As a primary standard, a tungsten ribbon bulb calibrated by the Nastional
Bureau of Standards was chosen. Because it was necessary to preserve this
standard, several tungsten ribbon bulbs were calibrated against the primary
standard to serve as expendible secondary standards. At the time of calibration
of these secondary standards, an optical pyrometer was also calibrated for us
as a cross check on thes decay rates of the secondary standards. Thus, as the
secondary, standards are used, they my be continuously recalibrated with theoptical pyrometer. 3hi actual operation, however, recalibration vas not necessary
until the filament approached burnout. It was assumed that the pyrometer cali-
brat ion did not decay because the caliiarstion had remained unchanged during a
two year period ofuise prior-to use In the laser laboratory. A second caliba-
tion of the pyrometer in the laser laboratory after six ,mnths'operation bas
confirmed this assumption.'

To eliminate random errors in calibration, the radiant Intensity of V4
secondary standard bulbs was calculated at several operating teniperatures by use
of the tungsten amiss ivity tables and the blackbody radiation .tables prepared by
the N6ational Bureau of Standards. Cross check vith the original calibratica

(gave no significant errors, therefore, the tables were assamd correct fes the two
bulbs in question.

Because random errors could occur during system calibration the system Vag
calibrated at several bulb temperatures between 2,2000KC and 3,0060 to give

I-
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statistically significant calibration curves. The actual response curves wee
found to be linear with intensity as was originally assed. Figure 4 ohms
the normalized calibration curves plotted for one of the wedge interferenee
filters and 929 phototubes currently In use in the laboratory. A simlar ..el.
bration procedure yas used on all sensors currently In use.

Calibration of film response used in the grating spectrographs is perfeored
during each shot by measuring the radiant intensity at three or four selected
spectral regions with interference filters plus 1P28 photowltiplier tubes. Vith
this data isotherms may be plotted on the microdensitometer readouts to assist In
determination of film response.

Brightness temperatures found by use Rf the present calibration tehnlques
are accurate to t 2 1/2 per cent up to 6000-K. Higher temperatures will require
a higher temperature standard. source for accurate calibration.

DEVEOPMET OF WNITION SYSTM

The ignition of metal-oxidizer mixtures requires that some of the metal be
raised to its boiling point before autoccmbustion can begin. Because it was
desired to measure the temperature of the chemical reaction, and not the ignition
temperature, a second requirement was that the ignition energy sust be wldh leas
than the available reaction energy. Third, sensing and recording equipsent to be
used required synchronization of the flash with the recording period. eefore,
some form of electrical ignition with a very short delay was necessary.

The first attempts at controlled ignition were perforned.with Fyrofuse.
triggered by a battery. Ignition was erratic, often occurring several seconde
after the electrical impulse. Furthermore* rapid firing in sequence was almost.
impossible.

A second approach was to use. an exploding wire triggered by a high volta
capacitor discharge. Ignition occurred almost instantaneously, but again rapid
firing was almost impossible.

Spark discharges were tried next, but ignition was erratic, appareat.y
because of a low current density. Hwever, rapid firing could be easily acoao-
lished if the erratic behavior could be corrected.

To increase current densities, a capacitor discharge was used. WItS e
uniform and'instantaneous in all fixtures tried. The wire electrode used
initially were easily Jarred from aligment and vere vaporized very qekly.
Therefore, onl two or three firings coud be made before the electrodes bad .to

be replaced.

To solve the electrode problem a search was made for more rigid eleetohe.
Automobile spark plugs proved suitable. The base of the plug vas filled with
epoxy resin to provide a flat surface for the WTotechnae powsr.

C Control of the capacitor discharge circuit was first tried by usluga r
thyratron. However, a large leakage voltage was always present are the
electrodes which could cause preomture ignition. the thyratrea was replaed with
a high voltage, heavy duty double pole relay which provided complete isolatenm e
the electrodes until actuation.

The final Ignition circuit and its operating behavior is shoma In VIgm . .

I
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Chamber design is perhaps the most important variable affectg ting peae
measurement of pyroteohnio flashes. Consequently, very careful thought has boa
given to the design of special chambers to insure accurate temperature meare-

I ent'

One of the first designs tried is the simplest. it consists merely of a
flat metal sheet upon which the flash mixture is ignited. In general a hemi-
spherical fireball is formed. The flat sheet design provides for mini l pressure
and shock effects while allowing complete access to the flame.. The prime dis-
advantage is that rapid cooling occurs at the outer surface of the fireball which
produces a zone of line reversal and scattering, thereby giving optical tempera-
tures somewhat lower than the true temperature. A second disadvantage is that
fireball size is uncontrolled and varies greatly between shots.

To alleviate some of the problems associated with the flat sheet, the
atmospheric omnidirectional chamber was designed. This design controls the size
and shape 8 f the fireball by directing it upward through a short chimney equipped
with a 360 window at its base. Measurements are made near the base of the
fireball at a point where the size is relatively constant for each shot. "1 e
greatest disadvantage is that large eddy currents are set Up in the apparatu\
during firing which circulate a large amount of dust into the field of. view.

c Thus, scattering of emitted light becomes .a serious problem.

The final atmospheric chamber design resulted when the omnidirectional
chamber was modified to correct the scattering problem. An adapter was designed
to fit the omnidirectional chamber which would highly collimate the flame and sent
it through an overexpanding nozzle to bring the flame to one atmosphere pressure.
Slightly downstream, a 1/2 inch window was placed for a view of the center of the
flame, With this adapter, eddy currents developed downstream from the window,
thus correcting the smoke scattering problem. Intensity variations of approxi-
mately five per cent were observed between successive shots, but this could be
attributed mainly to variations in powder mixing. See Figure 6 for the final
design of the atmospheric solid oxidizer clamber.

Studies with pressurized oxygen placed these stringent requirements an
chamber design:

1. Chamber must be completely sealed.

2. Chamber must be inert to high pressure oxygen.

3. Chamber must"withstand shock loadi!.

4. Chamber must have sufficient volme to prevent excessive pressure bildAupo

5. Chamber must be equipped with a window capable of withstanding aZ-m .
pressure of chamber.

_ 6. Chamber must be equipped with an ignitor capable of withstanding wmw min
ohnber pressure and 3,000 volt capacitor discharge.

, ,I I I I I I I I I I II I I 15



NORTH AMERICAN AVIATION, INC.
ROTERM"?INAL A1MPWr

L"S ANGELES 9. CAUPONNIA

NA-64-105

A(SI

AIUUNILU

pFigure 6 . Atmospheric Chamber 13



NORTH AMERICAN AVIATION. INC.
I rUNRfl@NAL MISSV

LOS ANGELEKS 9. CAUPOINIA

no finl dssil of the prsesmibe. 03MM ce]ar band an tee regain.
amts Is shseu in 7i16M 7.

A dymdo y'eessiza~ti chaew vse designmd to aUgw namememts t
ex-eas2ly hi pressures (>104 pal). Design criteria v e s

1. Provide for contaitmet up to l05 pal.
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Section III

COMUSTION a1' IZ

Before an experimental study of nonequilibrium radiation from chemical
reactions can proceed, accurate knowledge of the equilibrium behavior is necessary.
The primary variable to be measured at equilibrium is the flame temperature of
the reaction. Knowledge of the flame temperature is important because, by defin,-
tion, nonequilibrium radiation is at an effective temperature higher than the
flame temperature. Therefore, to determine experimentally whether emission
observed in a spectral region is equilibrium or nonequilibrium, the temperature
observed must be compared with the actual flame temperature.

Measurement of the flame temperature by optical methods requires measurement
of the brightness temperature and emissivity of the flame in an equilibrium
emission region. These measurements are the basis of the combustion study being
performed under the present contract. In the combustion study, it is desired to

completely characterize the emission behavior of the basic combustion reactions
so that when dopants are added the change in the emission spectrum and its magni-
tude may be instantly known.

Another goal of the combustion study is to locate chemical reactions which
produce extremely high temperatures. The importance of high temperature reactions
is that in these reactions, the available energy is a maximum. Thus, there is a
greater chance of success in the use of nonequilibrium dopants in these reactions.

To serve as a guide for choice of high temperature reactions, a theoretical
adiabatic flame temperature calculation was made for several reactions. The
highest temperature reactions were selected for experimental study under various
conditions. The theoretical and experimental results are presented here to serve
as.a basis for understanding the problems associated with the nonequilibrim
study 8resented in Section IX. The highest temperature obtained during test was
a 5800 K temperature at 550OX as shown in Figure 13.

THEORETICAL ADIABATIC FLAME TENPERATUR

An adiabatic flame temperature is the calculated temperature for equilibrium
conditions for a flame in which no energy is lost to the surroundings. The
calculation of equilibrium conditions is rather lengthy, but program for con-
puters have been written to do the calculation.

In the calculation of equilibrium, a table of possible compounds is searched
and those compounds that are thermodynamically preferred are used to obtain the
solution. It is obvious that the accuracy of the calculation Is depeadnt ot
input thermodynamic data. For the systems calculated (except hafntm) the JAWF
thermodynamic data is used. The difference in input data probably accounts for
the difference in quoted temperatures.

From the heat of formation of the oxide, It is expected that thorimA the
rare earths, hafnium, zirconium, beryllium, and aluminum will give the hottest
flames. Some of the adiabatic temperatures calculated by this metbod are dma

AL*
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in Figure 9. It should be noted from'these graphs that increasing prese does
not raise the temperature as much as might be expected since at thee. hIgh
temperatures most of the energy is being stored-. In noleoular vibrations. e
data for thorium and the rare earths is not available, but. It isexpeeted t se
should also give high flame temperatures vith the possibility that t1e are.
earths may emit in their absorbtion bands and thus permit matahing of the timw
emission spectrum to the laser absorbtion speotru..

Preliminary Experiments - To facilitate checkout of equipment, It was
deoided to search for a basic reaction vhich was easy to handle and produced
reproducible flashes. After checking several possible reaction mixtures, it.
was found that a mixture of 1/5 magnesium, 1/5 aluminum, and 3/5 sodium chlorate
gave the desired results. This mixture was stable for long periods, easy to
ignite, burned in less than ten milliseconds, and produced brightness temperatures
close to the calibration temperatures used. Also, even after long storage, the
intensity varied by less than five per cent from shot to shot.

To record short pulses, a techtronix 535 oscilloscope was found suitable
when equipped with a Polaroid oscilloscope camera. If necessary, two channels
could be recorded simultaneously. Triggering was accomplished by adjusting the.
scope to trigger off the ignitor spike which occurs Just before the chemical
flash.

An intensive experimental study of possible errors was conducted with the
basic reaction mixture. From this study, several sources of extraneous signals
were found and eliminated. First, extensive masking of the reaction chamber vas
necessary because of the formation of a large luminous cloud above the atmospheric
chamber during firing. Second, large signals from the room lights necessitated
operation in the dark. Third, various signals were picked up from electrical
equipment in operation in other areas of the laboratory if the output cables
from the sensors were not well shielded. Fourth, the recording equipment was
sensitive to shock waves produced by the faster flashes.

Experimental Measurements - After the preliminary experiments were completed
and the system was completely checked out, an intensive study of brightness
temperature variations with wavelength was undertaken. Several solid oxidiser
metal mixtures were examined including:

Ng + Al + C5103

Yr + Al + 01

Zr + K=10

If +

All reactions except hafnium plus potassium perchlorate indicate a largeCincreas in brightness temprature towards the red end of the visible spectrum
as shown in Figure 10. Several explanations for this phenomenon have bees
suggested, all of which are based on Hie or Rayleigh scattering of light from
dust clouds. Bowever, the brightness temperature behavior in the lnfrared il
be nece;sazr before a reasonable explanation can be found.

13
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Reaction time profiles very greatly depending n the mixtures used. A
strong correlation was found between Initial metal powder lso and reastem .
duration. Zn general, the finer meshes produced shorter reactions as eu3edW,
however, little correlation was found between mesh size and brightness. t'pera.
tures. With zirconium, the ooarse powder resulted in higher tmpratuwes tn
the fine mesh powder.' This effect my be due to the presene of an wdds layer
on the powder which would effectively reduce the free metal ioncentration In the
finer powders because of the larger surface areas present.

Studies with pressurized oxygen were undertaken to verify the theoretically
predicted adiabatic flame temperatures. At first, the metal powders were used
directly, but the variation of brightness temperature with pressure al a
indicated a maximum. This effect was caused by the fact that only at one pres-
sure would the system be stoichiometric. This effect is shown with aluminum
powder in Figure 11. Hafnium and zirconium behave similarly.

To correct the stoichiometry problem studies were initiated with metal wool.
packed into pyrex retainer tubes. The results with aluminum wool are shown in
Figure 12 with the theoretical falme temperature plotted above. If an
emissivity of 0.225 is assumed for the aluminum reaction, the "actual" flame
temperature is found to agree quite closely with the predicted flame temperature.

As a check on this approach, zirconium-potassium perchlorate Aixtures were
fixed under oxygen pressurization. The results are sha in Figure 12. 'Again,
if the emissivity is assumed to be 0.0816, fair agreement is found between the.
"actual" flame temperature end the predicted flame temperature.

Zirconium-oxygen reactions are currently under study, but no results are
available at present. However, it is asumned that similar behavior will be
observed.

It should be mentioned that these experi.ental emissivities are subject to
large errors if the theoretical flame temperature are in error, or if smoke
obscuratton of the reaction zone is significant. Furthermore, the two patht measurements taken on the special apparatus set up for emissivity msuremnt
indicates that the emissivities are actually near 0.7. However, these m1eure.

ments are also subject to smoke obscuration and are probably higher than the
actual emissivities. Again, infrared measurements will be extremely useful for
determining the actual flame temperature. When infrared data is available,
which will be very soon, the actual flame emissivities will becme available. -

Hligher brightness temperatures were expected with an increase in pressre.
To explore the high pressure region, measurements were taken with solid oLdiser-
metal mixtures in the dynmic pressurization chamber. Pressures up to UP li
could be handled in the chamber. Extreme difficulty was experienced in conduct-
la-g these high pressure tests for several reasons.- First, conditions could by
no means be duplicated between successive shots. Second, the window sometime
ruptured, nullifying data received. Third, flying fragments frm the ruptured
window required elaborate protective screens. Fourth, the short duration pulses
were hard to record because of large variations in the induction period between
the ignition pulse and the combustion pulse. Nevertheless, significnt data
was obtained on nny shots and are smmarized in Table Z • rhe pressures
reported are very approxZte and were found by calculating the presre
necessary to repture the window. A typical reaction ntensity versus time p.ot
is shown In Figure 13.

- 31L
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Table I

DYNAMIC CHAMBER TEST RESULTS

Material KIP/In. 2  Temp *K

Af + Mg + iCfO4  20 4150

Hf + KC1O 4  20 4635

HI + Mn + KCfO 4  20 5270

Zr + KC1O 4  8 5800

14
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An effective way to increase the flame temperature of a reaction Is to add.
extra energy to the reaction mixture. To accomplish this goal, it was.'decided
to try an exploding wire in oxygen. Two types of wires were tried, aluminua and
zirconi°m. The wire was exploded in .a pyrex capillary tube under sufficient
oxygen pressure to effect complete combustion. Just enough electrical energy

was used to vaporize the wire. The results are shown in Figure i with a sketch
of the tube used. The brightness temperatures observed were higher than the
temperatures measured with the metal wool burning in oxygen. The saddles observed.
are caused by the condensation of metal oxide. From the observed brightness
temperature and the calculated boiling point of the oxide, the emissivity may be
roughly measured. The aluminum emissivity is approximately 0.26 and the zirconium
emissivity is approximately 0.08. Therefore, the emissivities assumed in the
pressurized oxygen studies are further substantiated.

Time resolved spectra have been taken of Al, Hf, Zr, and Nd reacting with
KC10 4 . Most of the time resolved spectra shots are of little value for bright-
ness temperature determination because of lack of constant developer temperature,
old developer, failure to operate the phototubes at the proper sensitivity range,
change in film emulsion batch numbers, or an imperfectly cut sectored wheel
allowing the various exposures to overlap slightly on the film. Only the most
recently taken Al-KCIO4 shots are usable for film density versus bgightness tem-
perature calibration. The spectral region from 350O to over 6500A covered by
the §pectrometer will eventually b2 calibrat d at 4500, 5000, 5500, 6000, and
6500X. A calibration for the 4500 and 60001 region is being prepared using
Al-KC1O4 flashes and preliminary curves are shown in Figures 15 and 16.

In Figure 17 the microphotometer traces of a series of spectra are shown.
In it one can see the progression of the flash reaction at two from Al, K, and
Na (an impurity in the KCOj4 ) vapor. The bands of A10 and the continuum radiation
of solid and liquid phases are not as yet detectable. Perhaps the most striking
occurrence is the increase in continuum brightness temperature in the blue region
of the spectrum before the continuum in the red can be detected (2-4 milliseconds).
The intensity of the NaD lines is already quite high. Differences in film
response to blue and red light, therefore, cannot account for this discrepancy;
apparently, continuum emissivity is initially higher toards the blue qnd of the
spectrum. During the same 2-4.millisecond ti~e, the AI2 bands at 5079K and
5337X are not yet visible while those at 4648X and 4842X appear quite intense.
Because the sensitivity of Kodak 103F film is lower in the green, and this region
has not as yel been callbrated, it is possible that failure to pick up the A1O
bands at 5079X and 5337A is attributablk to the lower film sensitivity. At
subsequent time intervals the microphotometer traces show an increase in
continuum, band, and line radiation; K lines and the center of the NeD-lines are
observed in absorption, but A1O is always present in emission. Either the gas
is hotter than the solid, i.e. Al is oxidized primarily in the gas phase, or the
emissivity of the solid is lower. From the preliminary film density calibration
data gatered thus far, it appears that the continuMm brightness temperature in
the 150OX region is always greater than in the 6000X region and is ore comer-
able to the peak brightness temperature of the aD-lines (even though these lines
are self absorbed near their centers). This would indicate that the particles
and the gas are a about the same temperature and the emissivity of the partIcles
is higher at 4500X than at 6000K. More can be said about the Al-COk System
when calibration of the film is completed.

26
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r Measrement of E-ssirLity and True Tep ature - Snle-double path ma..'.-
aents: Temperatures determined by pottu sighted on a radiation owes aWe'
brightness temperatures, or, the temperature at which a blackbody vould be an
equivalent radiation source. Measuring the true tempature of a aOSe rLpis
that the emissivity be known. There is evidence from the brghtness temperat'e
data taken thus far at both large pressures and at one atmosphere, that the
emssivity of the luminous cloud is low. If this is indeed the case,. It vould
indicate that additives to modify the emissivity should be given consideration.

To measure the true temperature of the flash reaction an apparatus vas set
up to perform single-doubleL path measurements. The set up Is shown in Figure 18.
The arrangement is similar to that for measuring brightness temperature except
that a spherical mirror and a light chopper have been added behind the flash.
The spherical mirror is set at a distance from the chemical reaction equal to
its radius of curvature so as to form an image at the focal point of the lens.
system. The phototube now responds to an alternating signal consisting first
of radiation directly from the flash and then, when the chopper opens the optical
path to the mirror, radiation directly from the flash plus radiation from the
flash that has been attenuated by reflection from the mirror and by traveling
through the luminous cloud. The equations for the single-double path process
can be easily set down and solved if light scatterings is neglected. (Tne left
hand side of the equations is Wien's approximation to Plank's law).

Single Path

4 -Va. L

Double Path

X J (2)
Solving the two equations for the two unknowns,. 1 F and TF, it is found that

,E~(i-~ ~ L) A- a- 2/~r~& i - 11I 3

and()

Scattering of light my be of Importance to the emissive propertes of the
cloud and can make the determination of emissivity much more difficulte no
simplest analysis that can be made of a situation Involving light scatterng
vould be to assume that all scattered radiation leaves the optical path to the
sensor and negligible light is scattered into the path. I) this cas tie *M-
tons are:

Single Path

/ e [ • ( L3
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Dobl Path

These equations cannot, be solved rigorously beosuse, they contain tbre.
unknown@ ra p ds pa T7. Comparing the equations 1 and 2 and - and 6 It- em
be seen that the solution for, EN fro equations 1 and 9 diminishedby3*/I.)
when equations 5 nd6 are led. (the ehge fr, .-to In the eponntila
terms is of no consequence numericaly). The equationg 5 and 6 are apncaIm-
tions to the. rigorous solution of the multiple scattering problem and are
valid whenr,> X (3). The relative size of h. .and W ., the absorption and
scattering cross sections, can be rigorously calculated for a certain wavlength
by use of Mie" s theory.. • One must know, however, the complex refractive Index of
the material and the particle sizes. • Neither of these quantities is known.

Single anddouble path measurements )bave been made during flashes of. Al, Zir,
and Hf with KC10 at the wavelengths 4500X, 5000K, and 6000X. With a chopper
frequency of 1;;8 to 2000 cycles per second there was no great difficulty Ina
distinguishing the alternating signal output of the phototube from random •
variations in the light output of the flash process. A typical phototube response
during single-double path measurements is shown. in Figure 19.as .displayed' on a
CRT. The lower trace is the chopper frequency detected by a phototransistw ---

light source combination described in connection with the time resolved spectra.

Since the flashes investigated were set off on a flat plate, the optical
path length of the luminous cloud as well as the mass of- material in the optical
path are unknown. The results of these experiments could not be used for the
prediction of emissivity of radiating clouds of si-ila particles viewed at
other optical depths. As. stated before, the object was mprely to measure the
true flash temperature.

It was usually observed that the opacity of the luminous cloud increased
with time and In soe cases became completely opaque (radiation from the re-
flecting mirror didn't penetrate the cloud) during the latter portion of the
flash.

Some experimentq were performed In which the phototube and lens was set at
a slight angle (e- 20 ) to t he direction of the reflected light from the
spherical mirror -- this was done to see if scattered radiation from the back-
ground source could be detected. None was detected.. The solid angle viewed by
the phototube was very mall (0.0046 steradians) ad scattered radiation vim
have been difficult to pick up an distinguish from radiation directly from the
fiash.

ecause of the small solid angle viewed by the phototube it appears

reaonable to expect that a narrow beam of radiation from a source placed
behind .the flash would obey the Bouer-laLbert lr: 'r" l a'-,

dusing the single-double path technique ame OMpld la
T2bleJ1 along with the calculated adiabatic flame tperatW of the metals
reacting with &Cl0 k. Potassim .was not on the data tapes UNe in th Ometa-
tbons). he emissivitles and temperatures tabulated were calculated us
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Table II

MEASURED "EMISSiVITY" AND "TRUE TEMPERATURES"
FROM SINGLE-DOUBLE PATH EXPERIMENTS

45001 5000A m000A

E T E T E T

Hf - KC10 4  0.86 - 3640*K 0.628 - 36550K 0.9 - 3N0K

0.90 - 3625 0.81 - 3720

0.73 - 3710 0.83 - 3720

Al - C104 0.67 - 3390 0.86 - 3310 0.80 - 3307

Zr- C10O4  0.6 - 3670 0.79 - 3390

0.73 - 3435

0l

i I II p
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equations I and 2, that lot. usi.ng the a&@~pIan tbat 5, , . "'ewe us $m

doubt aout the Importance of siattering and the matter will bave to be
exmuineda3w5 fully in theftue.

Mission otetra -Aliission spectra have been taken t the oreaction Of
stol.hicElscrie. of K010t and aldln, eirconiv. h i m, lanthas
and neody = powder. The were taken using the IUlush end omb I.5
-mter speclromter with Kodak 1037 fila and covered the region from 3601 to
about 7000K. Most 9f the band structures observed have been Identified as
being due to metal oxides (A10, ZrO, WL0, 1a0) using the tabulation of Pearse
and Caydon (2). .-Th. spectra are shown in Figures 20 and 21 with the metal
oxid bands labeled.-. The band structure of NO has not been, analyzed and onl
the location of prominent ban& heads listed by Pearse and Gaydon (2) are pointed
out in that figure.

Additives - Neod mium was included in a list of possible reactants prlarily
because it was expected that the rare earths might emit in the region where rare
earth dopants in the lattices of lasers would have absorption bands. Hopefully,
rare earth additives would modify or tailor the spectral emission characteristics
of the chemical flash. Spectra of the Nd-KCO4 flash reaction vere taken and
found to contain only continuum radiation from solid particles and a number of
fine lines attributable to Nd vapor or impurities (see Figure 22 film I exposrre
D). -lone of the NO emission bands listed by Pearseand Gaydao (2) could be
identified. There was no evidence of higher emission in spectral regions'where
Nd in glass lasers can be pumped.

leodymim addition was tried in. zirconium and aluminum powder flashes to
see if the emissive characteristics of the flash reactions. could be tailored.
The spectra taken appear in Figure 22. It was found that sall amts of N.
in Zr resulted in a large reduction or disappearance of the band. structure of
ZrO; the emission is mostly continuum and resembles that of the Nd-C10 flash.
in its lack of band structure. Also shown in Figure 22 is the spectrm of Al-.
KCl0h with and without Nd addition. Addition of about 20 per cent by weight of

dCl0tol-vlI di obcr h A10 band structure and produced somesNd -( 0 to Al-KC104 did not abscure theL .. ~ ~ ~ em.]eo

identifiable band structure of NO extending from 5971 to . ere aso
appeared to be a slight enhancement of continumn radiation in the red; this
enhancement however, is not in the Nd glass laser pumping bends.

Probably the boiling point of ZrO2 is high enough so that additives result-
Ing in a lowering of the flame temperature greatly reduce the mount of Z, .
vapor present. This colder burning mixture wil then exhtbita mch reduced
oxide band structure. The aluminum burns mostly In the wapor phase sad the
flam temperature of Al-K=l04 mixture is closer to the measured temprature ot
Nd-KCl0 so that the cooling effect of Id Is less. The N60 bands are not visible
In the sirconiumn metal flashes because the continum radiation is Intense mee
to obeoue thi,

Some spectra have been taken of flash reactions of Al and = 0  to whis .

DM0ho been added. Thi was done because BJ has been reported by. stelaim
C) to 2[Zne the brightness temperature of Al-KC13 h fg sh bombs. Me ftM is

itself an oxidizer and Is supposed to be an effetive catalyst for 3010
decomposition to =1 (4). An mission spectrm of a 40 per cent AL-30 lor aet

1o=0-30 pe ceat DaD3 flash is sob n Figure 21and a be compled with the

38
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Section IN

Equilibrium is defined as the condition for which no potential exits.
for changing the energy distribution. All other conditions are noneulio
brium, conditions.

By the definition of nonequilibrium, it is seen that many different,
energy modes may be in nonequilibrium. Radiation ia generally not In
equilibrium; it is usually deficient in energy. 'Chemical equilibrium
generally does not exist unless the system is at high temperature; the
chemical system Usually has an excess of energy. Electronic, vibrational,
rotational, and kinetic energy modes are generally in equilibrium except.
under low pressure conditions. Our problem is to take the chemical non-
equilibrium and convert the excess energy to radiation of a Specifled
frequency range.

To convert chemical energy to radiation, many different techniques
are available. These techniques take .the energy of the chemical system
and transform it one or more times to finally obtain radiation. Each
energy transformation is limited by the laws of radiation and thermody-.
namics, which allows us .to put limits on the efficiency of transforma-
tion of the proposed techniques.

The occurrence of nonequilibrium and techniques of use are analysed
for guidance in the pumping program.

Theoretical Bases

The bases for an analysis of the radiation and thermodynamic laws.
In particular the considerations of interest here are: blackbody radia-
tion (5), emssivity (5), theoretical flae temperatures (6), entropy
(T), and equilibrium energy distribution (8). Since these topics are
covered adequately in the literature, only the final equations ar gives.

Black body radiation Is described by Planck' .equatIonm

where Is energy density at the frequen- (frequen.c In wave users,
per ac).. The superscript zero Indicates blackbody. Defllni the
radiany

0 0Cl

r 1'
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Intgrt~n oerthe frequeaYs ie

for the total radation energy for al wave lenuh.

or
Sfor the total emisivity or the spectral. emissi .itY E-.' The ss-

v~tY¥, E refeot"Ivtyp r.. and 80eatteriS eoeffietentass, anre, m8te

SI ..

Often S: 5v 0 and the scattering is ignored.'.

Theoretical flame temperatures are calculated. by 1) mss balance

ations, 2) enthalpy balance equationp pressure balance equation, and •

pequilibriu constants. These equations are all that are needed..0 .

specify the system. Since equilibrium is assumed, complete combution is

C() assumed. Since an enthalpy balance is assumed., an adabatic system is
assumed. (While not used, the. flame temperature at constant vOlume can

be calculated -by replacing the enthalpy by the Internal energy and pres-

sure by density.)

The entropy is important for determining -the limits on energy con-

version if an isentropic process occurs., the equilibriua conditions hold..

Thus, in an isentropic radiation procesi, the blackbody limit is jeposed..

The entropy is 'defined
dB a d~r + OBI

vhere r indicates rev esible and I t-rersible Q Is an artifiLcial

va rile, to mak both term forms14 the saw. Me definition of .64Is

in other vords, an irreversible IA seeopaad by c heaee In

internal energy. The Implications of this statement are eslifted.-63ft
the discussion on tapin.

The Boltzan ener" distributiLon is gives *Ari P~ ~+(EZ/T
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nil&s the population of state 1, W is the ststistical VWhtosat

is, ari RAU5 its energy levl. Ignoring negligible quantum effects# this,
gives the equilibrium distributions . Conversely. given v6s teeratuawe for
the state Is defined., The energy levels are for ay fode-kinetleD reta.

I> tional, vibrationalP 0or elfictriced

NonecgalibrimsU no"

since nonequilibium Is defiNd as not'at equilibriums there are umay
end varied nonequilibrium conditions.* In a nonequilibrium conditions
there is a driving force or potential -that will tend to -equilibrate the
systems., To use the nonequilibrium potential. for laser pumping, poten-
tial must be converted to radiation in'sa spectral'band. This is the objeo-
tive of this study.

Nonequilibrium exists as frozen composition (as.mixing zirconium and
KClC at room temperature), radiative nonequilibrium, excess- excit ation of
energy levels (often occurs because of chemi-excitatioll), hot s aP and
underexcited energy levels (giving a higher kinetic temperature 0. Since
hot spots and underexcitation are -characteristic of low pressure systemI (and hence poor radiative systems), these -modes of nonequilibrium are not
discussed further. In addition frozen composition is the typical for
chemical -.reactions. The only phase of interest to this study to the
energy output and. combustion efficiency. Thus the nonequilibrium aspect

C) is not discussed.
Radiation

There 4ire a niumber of problems associated with radiation. The ones of
interest in this study are emissivity, optical depth, .and chemiurinesceflce.
While important, emissivity and optical depth are not discussed in this
section. Chemiluminescence is the basis for tailoring and tapping energy
of chemical reactions. In a chemical reaction, the energy, released goesI Into kinetic, rotational, vibrational, and electronic energy. Generally,

the energy goes to exciting the molecule rather than kinetic energy as:

Thus easily excited species are web more effective third bodies than moma-
tomic species. Since excitation is the primary path of a reaction, our
problem Is to- tap this. energy before it converts to kinetic energye

The temperature of the excited state can be calculated frmthe

This temperature (which In not the kinetic temperature) controls''the
radiation equilibrium-asming no absorption In the surToundIftga55
As such, it oppears that the black body radiation limit for the raftatifg

Was is Unisportuat. A ame serious problem can occur from a ientleat
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nonexcited as surrovig the rudlating gas.

0"rrexaltaton

Excitartion can ocur by- thral excitation., exi'tation tranfer,9 and

chemical reaction. In thermal excltation# the excitation is IA equill.
brium with the kinetic temperature. This produces the normal exoltation
for comparison. It becomes overexcitation only when the kinetic tempera-
ture decreases rspdi1.y--w hih does not occur in our system. In exaltsom
tion transfer, the excitation energy is transferred from one spece to
another. This is the mechanism for tailoring radiation, but overexcitation
is not produced this vay,, only transferred. Chemical excitation is the
only method for production of overexcitation in our system. In a chemcal
reaction, the chemical energy is converted into excitation energy and
kinetic energy. The usual conservation laws (mass, momentum, angular
momentum, spin, and energy) hold for collision in which a chemical reaction
occurs (9). Since momentum is a vector quantity, it is possible that. all
the energy can be converted to kinetic energy by a superelastic colL.Aion.
The cross section for: the various collisions, must be obtained to give
the ratio of excitation to kinetic energy. However, in almost every
reaction studied for excitation, it has been found. This is the source
of nonequilibrium excitation in our system.

Techniques.

In tapping or tailoring radiation, a high emissivity material is used
as a dopant. In tailoring the radiation, the emission is raised toward
the black body limit for the kinetic temperature. In tapping, the energy
of excitation is converted to radiation. If the excitation is at an
effective temperature higher than the kinetic temperature, the radiation
can be above the black body limit for the kinetic temperature. The limit-
ing temperature in all cases is the effective temperature of the perti-
nent process. (Unfortunately, this is many times the cool Outer portions
of the combustion.)

As dopants, metals, salts (with strong dipoles), and fluorescent
solids are considered. If the fluorescent solid will work, it appears
to be the best choice. The energy of condensation should be easily tapped.
The emitted radiation is less likely to be reabsorbed, and most fluores-
cents are radiators. Possibly it will not be able to take the conditions

of the combustion. Since the total combustion time is short, there is a
chance that the fluorescent solid can survive.

If the fluorescent solid will not work, metals and salts will be
tried as dopant. Both are strong gaseous radiators. There is a possi-
bility that, since the condensation is the energetic reaction, guseaus
species will not be able to tap the system. Thus an experimuntal progrm.
is essential for testing the system.

Kc
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calculations vere im for alumnum and potassium peroblorate, A for
siroolum and p6tiii um perchlorate. Adiabatic flame temperatures for
the two system are about 5000K and 55000K respectively.b 68 stmospher~t
preosu. This gives a radiatiom intensity of 2.31 x 10' e/p and 3.59
X 10 "2 ./Pkeal/g in the visible. (The density converts to mao from the
area radiation to make tbeunits comparable to the excess energy at lover
teqperatures)

If we allow the systems to combust at one atmosphere at a temperature
sufficiently high for good combustion (2700WK for Al and 3000 for Zr),
there is considerable excess energy, It amounts to 5.4 kcal/gu for the
aluminum and 0.99 keal/gs for zirconium.

Looking at the thermochemical data, only beryllium, boron, and lithium
appear to be comparable to aluminum. This easiest system to handle is
one of the best.

Most metals are good radiators as are fluorescent materials. Thus,
the main interest is to select the correct radiation bands. Examples of

1metals are Tiy, Yp Ag, Cu, Ba, Tl , and Hg. Since we are interested in
the. -metal and not a compound, the metal should be relatively inactive.

All except barium in the above list are less active than aluminum.

Typical phosphors that radiate in the correct spectral region are
Zn2SiO4: Mn, ZnS : Ag.: Cu, Zn BeSis 019: nh, and gS: . Sb. In addition,

a short persistence and high laturat ion density are desired. Of the
listed fluorescent materials, ZnS: Ag:. (!u has a long persistence.

Salts that have large dipole moments are usually good radiators.
Since transition probabilities are hard to come by, initial screening is
by dipole moments. In general, large dipole moments occur in polyatomic

molecules--which have only a limited spectral analysis. Thua the screen-
ing on molecules will be the heavy metal chlorides and fluorides. It is
hoped that augmentation will occur with these salts.

I
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