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tion of the radiant enérgy produced by chemical flashes.
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SECTION 1 o
INTRODUCTION AND SUMMARY

Soon after the advent of lasers it was recornized that mdny applicae
tions would require high ‘e,rierg_;v density laser devieess It was also obvious

that.thespn;ptng‘subSystem3prescnted‘one'cf treuﬁzﬁcrgohstﬁcles'ﬁn‘achteving

5

hich energy demsitis This rrompted NAA/LID te errlore cromizal reéscticns

5cf‘purjtnr laséf's becuﬁse‘thsir‘hi"b‘?:srﬂv Agraity indieated 2 rreat
potertial for £41ling this need, Theffifst erder feasitility of chemienl

E‘rumpinr‘was estbliched ty NAA fn‘CctCter‘l?(i‘?E:n‘z nood-miur lasér vas suc-
-cessfuiiy pu:ped‘hyxanvalurinun#éxyneh‘flash Qeaction\ fewever, the
Inforration on tasic radiztion ciuracteristies 4rat v needed to eyaluate
the ultiratg potential ﬁf“chemical rurping w2s net available, |

Tris study was irftiated to rrovide thé—;d&itiqnnl data required on

reximm intensity, spectral distribution, duxatioa? 1nd‘gf§£ciency‘of
radiction eritted by hirh erercy retai-oxygen>re3ctions and the decree of
control that might be uchieved over these charucteristics.s The study has
beer earried out in four partsé 'l) A detafled theoretienl aralyals of
ecardidate vesctiens to gélect thesé with rmest prerise fror an enersy per
pound ~ad irtensity sféndgoint; 2) &n éxrerincxtal.investigation of
eandidute reactions selécted frorm step 1 to reacure radiation intensity,
spectrol distridbution, duration and efficlercy; 3) A theoretical and
experirental study of techrniques to éontrol these with errhasis on maximum

" intensity in the uosorption bands of neodyrium and ruby; and 4) an

analysis of tie inferarélat&bnship of the chemical rez~tion and the laser
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systen to re-examine the potentisl of chamical pumping in the light of
results froa the sbove stulles. R

In brief, *-M study has showa: (o) ,aevem‘rﬁictionsl produce brightoess
teniperatures (1) above the approximate threshold temperstures for neodymium
{35009K to: 5000%K) and wuby (5200%k) vith & mextmum of 6500°K (2) schieved;
(b) the brightness temperatures are & strong fu.nction or pressure vith
highest cempera. ures achieved .;etween 2000 psi and 50,000 psi; (c) except.

7 in the early stdges of urpressurized rfeactidns where line end vand emigsion
are present, the spectral distribution is & continuun, but not necessarily
a black body distribution; (d) the time durstion of the flash can be con=
trolled to within 1/2 to 3 milliseconds; (e) that these reactions can be
effectively used to ‘pump high enercy density laser systems.

A computer drogram, origi_ﬂa;lly; directed towards nredicting adiabatic
flame temperature in e‘.’vaiuati‘ng rocket propellant performance, was ads, ~ed
to find potentially high flame temperature cherixcal reactions. The results
of this program was the disclosure of several reactions that proceed &1.“& a
‘temperature greater than 5500°K. Thoseé resctions that were selected for
experizental investigation were the oxidation of; (1) Aluminum, (2) Zire
confun, (3) Hafnium, (&) Tnorium, (5) Beryllium, and (6) Cysnogea. The

_lagt two were eliminated without testing due respectively to toxicity and

lov heat of combustion.

(1) Bﬂghtneu Temperature: The temperature of a tlack tody radistor which
would produce en equiv&lent int.ensity at the porvion of the spectruu
being oosemd

{2) see ‘SQ-C:—HOI.I.' III for details of temperature messurement.
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The experimental combustion phase vas atmed at producing the highest

possible temperature by virying the metal, the oxidizer, and the pressure
of the reaction, 1t vas found, both theoretically snd expertmentally, that
higher temperatures were achieved vith hjigher pressures. Tvo techniques.
were used to achieve higher pressures: (a) Dynamtc p"““’im‘(a) o
metal powder and solfd oxidizer: and @b)‘P’°‘P”essurizing‘@exgliﬁogl e
s‘aséous: oxygens The results achieved with these two tectmiques are snovn
graphtc 11y 15 Figwre 1 . "his sncks that the pressurized cxygen system
produces brightness. temperatures Aéﬂ*“‘iva)'renvt‘ te Ahose of dymamic prespurtsas
tion, but at lover pressures. The highest brightness temperature; 6500°K,
vas cbtained by the reaction of hafnium povder and potassium perchlorate
under & pressure ©f approximetely 40,000 psi. However, it can be seen

from Figure 1 that temperatures greater than €000°K are achieved at the
much lover pressure of 1450 pst by pressurized cxygen. Some uncertatnties
exist in the value of maximum brightness temperatures measured at high
pressure due to windew cioﬁdiﬁsz that eccurs during the high temperature
reaction. Results fircm several dfi"f‘ereht tests have provided the basis for
am estinate of the effect on light intensity measured and this vas uscd to
deternine the brightr. ss temperature of 6500°K inside the chember.

The spectral distribution of trcse rressurized reacticns are essentially
black body with relatively ccnstant brighthess temperatures across the spect-
rum from 3660 A to 6700 A as shown in Figure 2 . The extremely high
pressures (20,000 to 60,000 psi) generated in the dynami¢ pressurizatioa
chamber Q&s found to entirely suppress line and band :emis'a\iou from excited

. Species vr,,e-e'n,t, in the reaction zome.

7'&3) Dynanie Pressurxzatxon - Preseurizat ion generated by contatnment. of
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mporta.nt objective of the study vas sho.ping the spectrum tor mret
efficient uge of the energy for puiping lasers. This was to ':b,e} att.e"mpte.dg
throush the use of dopants or non-equ.‘lli'briun reactions. Non-equilibri\m '

radia.tion was not observed 1n any ot‘ the experirents stried. Dopants

prodiiced sose grectral shaping in the lower terpe

‘ 1%elow‘hOoG°K§ put ratundiv faded into contizuum blo tﬂbody radistion as

the rrecsure o3 “ervoritnere ingresseds

4ans were conducted té

detérrine the basie rarardsers éonrellin~ -réetrnl dlsiribition of thé
radiated ererir and to detorvine tl.6 offoét of derants on the basie

reactions, A series of basic reaétlons, includire Ir + KCIQ%, HE o KCIOL,

Th '+ KC10y, AL ¢ KCYOp, M= ¢ A1 + ¥C10, and N> ¢ AL ¢ Na C103, were

studied intensd of these resctic-: (Appendix IT) chow

o
“
4
o
D
<t
e ]
%
Q

that rijor emissicn i centinnus, charachkeristic of condensed cpecies
rreésent in the flame, with lin2 and band erissien fme’V&pCYi: 1ue
&ndvmo tal spﬂci;s ouservzble “*ovn the éon i:“" bacl.rounds  An AL ¢ KC1Oy
tize resolved spectrun is ~.bown in Firurcs 3 2% The brightness
€erpe:1trrcs noservol wvore considerably pelow the 2dizbatic fléﬁe‘terperaq

tures, ifndfeatins tit evissivitles were lew rd that consideravle cooling

> indicatcd by tre streny line

revers~l observed in the fodiwm and reotnussiwe Joublets.

Addition of doprnts {calts, netals, and phosprors) produced no
evidence of ror=equilibrium radiastion in the 3£00 A to 6700=£ interval,
If‘nén-equilibr&um‘radiaﬁion wzs present, it could have eseaped detection
if it occurred in pulses much less than tHe 4 v‘ll econd per rmmc

exposure tirme used in taking the tire~resolved spe¢tra, or i tbe cmisaivity
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‘ Figure 4 . Time Resolved Spectra (z of 2)
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of the non-equilibrium radiation was lows

Many of the additives tested with Al s KC10; formed radiative gaseous
species that derved to incresse the energy radiated in certain spectral
regions t6 levels achieved rore slowly by the continuury often these -

for exarmle, brirhtness tcrreratire vea sovelenth rlots are given for a

species would sppear ii °o=orption later in the fla.sh. In F

£r tre flagh) wnd at hell roce, (lat e)y-. The

FAR R

flaah ’.‘f. ~enh SO, (,3—-

1£ the

Bl %‘.and‘ apreats Sirct i gt ssien, vhan e _.%so,z',g‘ti:c:. Py

muired guickl) of the copfirw" e"is ivisy i3 low, dorants
.l

"tneetral, shapine”s

ration has been observed to vary from C.l rillisécends to
over 100 rmilliscconds. Fowsver, "lash duz atiom fron 1/2 to 3 milli.
seeonds are qhite feisible, Javeral v rizbles feve begn Sound to dcéréase
‘x;e:ci:i-em duration, Thesc iv'cluée pr:s.s';u'.i:?,tj:orz; finer particle size,
excess oxidicer, and inereased rnckine density. Typdcol light pulces i.r
the sever'l reaétion :st‘i?:di-ers‘ are shewn in Fimwe € o

| The efficicncy of corversion of cherdcil enérgy to radiated énergy

s x&et‘ezﬁvzined» to te 289 for rixtures of alir tnum and sascous oxyren at

o]

one strosprére prafsure, while sireonium =nd oxnrer spfverts ~hout 40% of

its ener~y into radfotion, Tris wrounts to orout 1.6 ~itlion Joules of

eudtated onergy rer povrnd of sircédnivrecin,en rixture zrnd 1.5 rillion

Joules radiated per round of aluwrimum and oxysen. The brightness terpera«
o N e : w ; O.. Y (o]

ture for these reuctions is atout LOOOTK for the zircorium and 3800°K for

re elumimm, Increasing the trirhtness terperature by pressurizing the

reactior I8 usuallyv sceorpanied by a decrease fn radfation effieieéncy to

less than 0%,
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Mg+ AL+ Ba (ClOp, 1 ATM

,,,,,

5 MILLISEC/DIV
Zr +0, 625 PSL

Figure 6. Typical Intensity Per Time Pulse
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.mheztcmperatures=bQ£ng*y:bducea.ace_adgqygtg~t§[pump:both ruby and
necdymium lasers. FOr 1ight weight high z‘e‘néz;w' laser :oyltm'*, several
" approaches sppear interesting, but the one tha.t offers the moct pronin

is a neodymiwn oscillator amplifier with the amp. 11 umped. by unpressur-

ized chemieal reactions at Lkoo® Ko The oscillator can be. puwped by higher
terperature pressurized oxyren reaeiions. 'T'hi syster offers high conversion

afftoionct Sroft cherdeal enersv to Mdi:-.*i.cr\ and Q;‘—:\mﬁaé- in the most
eftipiant sractral re-ien f’f‘r-'t‘c‘f".’:'ﬁ“i"‘.‘;).?':,.,” Alsc, ‘}."13 ;;{mid.s piesva;‘i‘;bl‘é" ‘Qﬁe:ight
ranleiss eausad by rrossurized reacetlen ‘c‘?*.a_‘r‘rb‘ez‘s‘;.a

Whlle neofyrium Yusar vrods eifl be *"r'ped ty sore cf the ";ixpressvrizc’&‘
réqections 1t L8 racessary to aéhieve a hirhor p‘u"piz‘r ix:.ﬂensity to purp

. ... .
ruby becavse threshold puripins tefporature is #bout £250°K. To purp ruby

there appears to be thrge possitle sprroachest

(1) Inerease the terperature OF the reaction jirowh rressvrization.
Zircorium m'd nafatur reactions ean produce ter:{,\em‘tu’ngé signie-
ficantly sbove the “hrokold terpsrature. |

(2) Increase the inteasity on the l:mer by ¢ladding the rod.

An intensity inerease of up t0 4 factor of three cap be

achieved by proper cladding,

(23) Proviic ur extorm.l fTucrescent dovice t0 faeroase the brighte

ness ‘t:ex‘;e'r-.;tw.u'e in thé supins tands. S ch 2 r‘cvice can

_Increase the int‘ensi;;}' of the useful rarts of the speétrun
by greater than a factor of 10,

ombinations of these metheds for irncrsasing the intensity also

appears feasible.
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The experivental stulies performed during the past year have served
to delineate the expected operation of relatively simple chemical light
sources, The characteristics and potential of the most promising

| reactions are well ‘u:'xderetc:zodsv The irmediate future effort should be
directed towards systeém applicstions and mex‘fc_j:vv;emr‘e'pt,g,“

It 15 reeorrended that the scope ¢f the study contract be ektended to

tpelude exploratien of four areast 1) Pacte I.ser system rerforrarce using

b

a cherically purped cavity; 2) cselilater = armlifier laser system;

3) laser clad@ingy nd b) fluorescent conversion. The object of the first
a:e':i is: to 1) explore ssex protlems nnd devaolop techniques and eriterts
of syster desiem; 2) determine perforraiice, particulirly total system
gfficiency; sad 3) optirize tﬁ'heu design parameters throw-h exreriment., The
objectives of the otker tbree studry ureas -—2 primuwrily to irbrove

el “ietarcy and radued overall syster welrht. Upressurized reactions can
be used t¢ purp neodymiur laser arplifiers quite effictently and at very
hish énarreto-weicks ratios, Cladding the Yaser vod will increase the
148t intenstty seen by the loser, thus increasing luser otput and
efficienci’e A¥so, 1% gprears that the preprer application of flyoFescent

gonviariors €ordd fort oy dnere e 2fficiéney ind decrecse weisht.e This is

to ura frow rraetienl rortodle Birh erercc daasity laser

e

vy deted to le.

systems.
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METAL BURNING MECHANTSM SURVEY

¥etél burning hes beeén used for quite some time 83 8 means of prd&ﬁciﬁg
high lurdnosity flashes. Iany metsl cxidations ere suited for this role
&5 light sotrces b'-virtue of the hich flame temreratures, the availatility
at‘the'boiliﬁg.;fint.of‘the'éxidevOfﬂhost~of:the,chevicii energy'reieﬁsod)
and the high emissivities of the burning metal-retsl oxide particless

Mach. of the recent literature on metal oxicstion has been devoted to
the details of the over-all physicsl processes involved. The reason for this
interest is, of course, due to the use of”hetal,powdars:in.sclid‘propellgnt
forrmlstions, There appears to be little controversy atsut. the steps
invelved in the comtustion processes of different metals, The observed
‘behavior of the oxidation is correlated fairly well with the physical
properties of the metsl and its oxide. Fertinent physical properties are |

| the size of the particle, thé‘vOlatility‘of'the,metal relative to the oxide,

and the solubility of the oxide in the metsl, ihen the metal boils at a
IOWQ;'tenperaﬁureAthan:the.Oxide, the‘reacticn is observed to take place
in the vapor phase (e.g., lg, Li, Ca, K, Ya). The diffusion flame surround-
ing the rarticle feeds heat tack to the particle to keep tneé metal boiling
and diffusing intc the resction zc =, With less vclatile rmetals, such as
2r, ™, Be and Al the retal oxides are formed on or very near the surface
of the retal particle. A deposit of tﬁe.matal oxide forms around the
perticle and, depending on the rate of heat lcss from this object, it
can (a) shatter thto smalleér burning droplets from the pressure gemerated
by the boiling metsl interior, (b) burn slovly as
‘ i

N -
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oxygen diffuses in or metsl vapor ditfuses out of ‘th‘e‘: 1iquid oxide layer,
or (¢) extinguish if ﬁ;at losses cause the metal oxide f£ilm to solidify
" ahd reduce oxygen and metsl diffusion rates.
Metals sich as St and I have oxides that toil at temperstures lower thr
the mets) hoiling podrits, srd one wsil: expert no oxide film cver the parti-
cle,. ’Hether the retal .eY'G?VGY atden ¢y cxcren diffasien WOlld Tirst the coms

bucticn process would derend on the surface terperature of the exposed

‘-F,‘as‘se»l s Fépp, Hildenbrand and Serrka (1) have: e?;amined the -cmb@'stibn:
of retal powders, piying particular attention to +he Al-Mg alleys with |
'Sli‘:gh{t sdditicns (27) of Li, T, 2, V, Ir, ?'56,,. ¢r;, ¥i, and ¥n, The
addixt;‘iées were obgerved to decrease the burning rate of the Ail-'g alloys
by about. ;a_“ factor of six., The particles were burnt in & natural ges torch
and sodid ,cotﬁbixéﬁiohﬂ'prjodixbt-s were trapped for snalysis, ‘“any of the ‘I;agtg,oi '
oxide particles were found to be hollow shells of oxide sometimes conteins
ing & smaller spherical droplet of the metsl alloy. Rased on their results,
the suthors have proposed & :iodel for the combustion process that is quite.
sirilar to that presented sbove,

Gordon (2) repcrted studies being conducted on burning retsls, slloys,
metal hydrides, carbides, nitrides and borides, The particles were carried
in &n oxygen stream using sn _aftnulfar naturel gas - air pilot flame for
ignition, Streak photoes talien of single burnirg particles were used to
deternmine burning rates, ignitability and the physical processes of

importance. Nebulous streaks and high burning rates were tskeén as evidence
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of a diffuston flane (s.g., Ygl, LiH and CaH,) while sharply defined
streaks of considerable length indicsted surface burning (e.g., T, Ir,
T4C; TLAL, T43, and 2¥NY. Components of alloys having widely different

voletilitics were found to burn serially - the most velatile being dis-

T™e size cf the particles turnt by

fepden venved aréund bl rderciise
- Boren ecnbustion was studied by Talley (ZDJ ‘This metal 4t of interaest
o fhéra Eéééuse its oxide boils &t a lowér tempersture than the retsl, Inter-
ﬁrétiﬂg'fhéwdatezobtained from burninz beron rods in oxygen, Talley defines
) tQ&fpégsible‘raie.liniting‘steps at tempergtureg above the ignition points
éxzq'pért’f‘tion, r.#te. éﬁf" Byl3 at 2000°¢ and diffusion of 0, through ‘B‘203 vapor
to the Busurfaee,at‘?ghwzﬁﬁqu. These results again fit into the mechanism
”””ihitiiilf‘éﬁtrinod; |
Wdo&»(h)‘has:taken.ph@tos'or burning metal perticlés in O,L mm x 5 mu
ribbonsrof*solid'proéellaﬁt. His obsgervations are thdat 2r and Si do not
burnAWithudi£fnsién flares while Al and Fg do. Tﬁq‘burningkﬁl awd g
particles wore somati~es seen to terminate i a Tlssh or turst, suggesting
fhat 8 boiling metal surtrounded by an oxide cosgting is not slways needed
for droplet éhattering.'
Metal cormbustion processes have been aralyzed using spectroscopie
techniques by Brzustowski and Glassman (§). Spectra were taken of burning
magnesium ribbens &t lew pressures in various oxidizing media and of

turning 41 and Zr foils in corriercial flashtuldbs ¢ontaining Ope The spectra

1
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of Mg combustion taken as a function of pregsure clearly fndicated the

MgO vipor eéxists &t the highest terperature of the system, Higher pressures
led %¢ increased MgC condensation in the nedghborhood of the high temperature
reaction zone, and thus s rise in intensity of continuun radiation, This

is in agreement with the werk of Loffin (€) itho bumt *: ritbens in various
gas compositionss The f‘lérze arvenrt the ridbon was noted to hive & d‘efini»t'e“‘
stragturc; the lizht fntensi¥y .o gréstest & short Jdistance from the
ribbon, sugzesting reacticn in theé vapsr phese. The flach reactions of Al,
investigated *:3 Priustowski and Glagsran using time resclution spect¥escory,
showed the presence of AXC, Al and a certinuan at\trvibn,ted to solid 111203‘.,

The lines of Al &ppear in ehission éarly in the flash and in sbout 5 rilli=
-Secends reveisé in the inereasing conbinuum intensity, &A1° tands aprear
early end at pegk flash inteasity are seen to mérge with the contimuur.

ear the end of the flash the tands ¢f ALC 2nd Al ére again Seen in emission,
The Zr foil flash shews Ir and IrC lines i emiscion throughout the reactiom,.
Arzdstowski and Slass~en ‘s;t‘ate that Zr, Zr0, and A1C alweys appear in emiss
sion because they exist near the pea: “lame temperature as decomposition
products of .,11933 &nd ZrChe AR anglysis of the eomtusticn products shods
ik of the AlC, to be about © ricrcrs in size while the 'flr«Cé conzists of
spherical particles ranging from 1S %o 700 rLicron-s, Pecause ¢f the particle
sizes in the oxide résidue, the suthors are of the opinion that Al vurnt in
the vepor p‘ha;sd whils Zr turnt on the surface of 'th'e“.pax»ticles. Reference
is made to unpublished data of Ratenberg and ,fohnsor;a (Se.Fe Company) consist-

ing of Fastax moving piectures of the flash. The movies, according to the

17
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authors;. clu-rly shows particle ﬁurni.ng; ’of 25 and & nearly homoseneou.
volume of 1ight for the Al flash bulb. |

- Using photographic photonetry Markstein (7) neasured resction rates
in 4iffusion flemes of uagnesiun. The dats are reported to favor s first

‘ °"d°r Tate e.. ression indeverdent of 02 °'f"-"lcenurlrr_a.«tton.l Spectra. taken ‘éf
tﬁe lumijrf;e;s‘:cén'ce‘,‘ of growiny @ O deposits and of the flemeé showed a simila.r
“lue contihuum et 14w pressvres, This infomstion coupled with & study of
nosstble norosenecus kinetis ~esranisns productng ') Hes lead Markstetn
to sugmest the possitility of e heterogeneous resction on the surface of

the ¥z0 particles.

Alw.inum particle burning studiés h.ve been published recently by
Priedman and tacek (8, 9). It was found that aluminun particles injected
fnto a hyaroarbon flere vuld imite 6t temperatures errresponding to
the melting poiat of the oxide. Further exreriments in which the alumiy...
was ignited and burnt using ‘GO~-02-3N12‘ flames. lead to the conclusion that
there are distinct effects of Hx0 on the metal combustion. Significant
amounts of HYP ere stated t> iopede tre process by some unknown means.

I. Glessuen (9) has teken issue with Friedsan :nd Macek concerning any
effect of H0 on v.e =etal burain> ;rocess. !oreé recently, Mece, Friedman
and Semple (10) have used a sirilar technique to study beryllium burning
and to verify the fact thet Hx0 does affect aluminum durning. The fact
that Be botls at a terperature slightly lcwer than the melting point of
the oxide mekes the determination of an 1zniticn point somewkat tricky.

For many ;ears A. V. Grosse of Terple University has been investigatin a

means of producing high temperesure with cheatcal reactions. A great deal

of this work deslt with metal burnings Most of the metal bumming effort ty

pL
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&, V. Grosse and his co-workers has been sutmarized in & recent report by
Grosse and Convay (11) . Some thermodynamic data on metals sad their
oxides are presented, alons with a list of adisbatic combustion tempers

tures computed for meny metals. Although the rare earths were ignored in

this compilation (undoubtedly becsuse of & lack of the:
‘them), thelr position in the perfodic table sugrests they :mi.g,hi hold
promise as a means of :rrducing hign terpérature. e list indicates the
netals ::rcducing vhe Tighest temreratures would ve Ia, Th, Hf, Al, aad Be.
‘The: fi‘a.mg tgmpemtuﬁ is reported as effectly l;miteq vy the l":i‘o:i.’ili-,ri;;. ;‘v‘oint‘
of the metal oxide; thus, increersing the t‘c:taj‘ rresgure on the g;stem |
should lead to higher flare temperatures. Gresse and Coaway state that
corbustion of Al at 10 atm. will produce a temperature of L4009 compared
to 3800% &t 1 1tz Also rresented in this work Were sore descriptions

of metel povder - oxygen torches. | »

A parer by Doyle, Coawey, and Grosse (12) descrites gome gpecial
techh-iques uged in ,s-ta.b,ﬂii:'zi'ng a Zr - 0y f}l.amé;. A temperature of h93)°1(
is calculated for the flame, but. no actual experimental measurements of
fleme teuperature are reported. The luminesity of a buimer consuming,

248 gr Zr/min va;.fnd: 90 liters Cz/min is repertedly about 200,000 candle
power,

A réport by Grosse's group swmerizing vork done on. powdered metal
flames up to 1953 gives detailed information on powdered metal torches
and reports a temperature of 2280°C for the sluminum < Op flame determined
by an optical pyrometer (14). Conwey and Crosse have written a final
report (13) on the work funded by ONR up to 1954, Some of this material

' has been covered in enother paper (12).
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Another report from Temple University by Groéseé and Stokes (15) |
dvells briefly oo the combustion of bexvllimn- povder {200 ulh) 1a
oxvsen The metal is reported to bte more difficult to ignite thaa
aluninum powder, pfeéumé;bfly teécause of its higher nelting point and lower
véepor rﬁssm. T™e Be ‘orck was -igr‘\vizt.'ed from an acetyléene Tilot flame
when & hydrogea pilot rroved insufficient. No measurements of the 3e-O2
flane temperztire were rade , but a rough ésiimate Iy Crocre and Stokes
indicates {t may te sabout 4500%K.

e cosbustion of TL end CT wires was stuiied by He.:ziéén {26;17).
‘The PFesults indicated no sutstential vaporization of the re%nl ta%es place--
combustior takés place at the surface of the metal liq;i:i‘vd. LCor;be‘s't&tOn of
the zircoz’;tu‘r wire in ceses containing less than 50% Qo was eventually
quenched by a thick 2x0p lsyer thet hindered diffusien of 0 to the metal
surface. This exveriment illustrates the importeance o*° pf;y{s;i‘ca.l‘ px‘?o\pex?t'ije‘s"‘
of the material in controiling burning retes. The i?‘elsu-lts are probably .
ohly of very limited applicability to particle burning, since the rate
I‘tm»ft:i“ng physical processes will undéuttéedly change.

Relati~ely little putlisied work is availahble on metal=-oxygen
reactions as light sources erd whet is aveileble is confined prizarily
to Al-Cg reactiors, £ome data on Ir-Oy flegrlenps 1s rresented in a
report already discussed (5). -‘

Although earlier work by Brockmen (13) oo commercial Al photoflash
;L;a::\ps was interpreted es indicating most of the radiation was emitted
fron incandescen: gagses =nd 3% of the total lizht odutput over tre range
£3o3 3000 A to TCOC A cane froz excited A10, a more recent investigation

by Rautenberg and Johnscn (1) has shown the radiation to be primar{ly

R0
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from. A1203 80114 and the Al0' to be thermally ‘excit'ééo, fﬁlutgl'yibcrgiv,ugd. ‘
Johnson &1so attempted to easure brightness temperatures of the reastion
in -vg,i!’i‘oi‘qwc:.‘i.‘,!pi;iotofiash lemps. The terverstures were closs to 38009,
'suéée.‘lt'ifhg,ll‘ tempercture limited by the boiling point of AXZ03.

A number of reports on photoflash lampé have been written by G.E.
("e's.;g.-.l,‘ 20) and ty other lemp a;‘an'uchturei'-s: but are not available because
they contain px"‘.‘opfi?’e:t;kmr ii:-‘nsf“cm&t‘i«on_.‘ H

Tpifiiness TererAture "‘*weff,l shove 3300k ‘wem rerorted as being
reached in c'ertain re'gi.ong. of the 171'21;35 of ‘e'x_p:e,ri:'neatal ceriizal turster
THEES eluminure retal dust “hotoflesh t-=bs during she first 2 milliseconds.
Terreratures of othér photoflash bomts we_ré also neas red, The method used
involved high ‘spéed shotographic ,pyrmgt:zy with a cl_giéed accuracy of
25% (21), | g

Erpig end ﬁa:‘t‘ (22) reported meesurerents on sjectra of Mg a.nd VA
alloy flash bombs. The emitters were identified as oxide bands and solid
pa’rti*cle,s.‘, ‘A temperature of 3’SOO°K was x"ei:ox;ted lf‘ofr the continuum by a
black body curve fitting téchnique of questionable applicability.

The optiru~ retios of A, ¥CI0y, Ba(i03)s for naximnm light output
vere investicated by Sammer and found to be 0%, X4, ‘301, respectively (23).
Thig photoflesh comdasition is eprarently a standard cne for the military.
Some tests on. the Z'x';/ KCIOy system showed the 72% 2r + 28% Krlo), mixture to
be the most éfficient zirconium containing system (25).

\ In other studies carried out et Ficatinny data were gathered oa the
behavior of flash hombs at high altitudes (24,25). High altitude in
general increeses burning time, decreases light ou.ﬁput (vith éome excepe

tionis) and ¢suses more ignition difficulties.
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Several of the flash compositions investigated underwent oaly a slighh
decrease in 1fght output in going from vea level to 100,000 reet

The ef’ect of rarticle size on the perfomance charncteristicl of a
Log A1, 60% KCXy flash composition has been exa.mined (26):. The con~
¢lusiong vere that the larger sizes derraded the light output, & pa.rticlo

size lesgs the.n mughly ’74 vds sugredted for sood perzomance.

Soge of the work pé‘z_'f’.omed en folcred pyrotechnic cc:nrositiorg- o4
Paurel {27) mizkt -e applicable 1o ize present dopant study. Tests were
fade with telluriuws end thelliws edditives 14 .a sesxrch for & greed light .
Ileithér of the twn was setisfectery. In further tests the test greén
radiator was fonnd £o be RaCl.

Herskkowitz, Schertz, ani Eiw:“hen {28) have performed various
réasurenments on .‘«.J’/Kclfu burnfag. They .wport,ed the existence of tvwo
burning velocities and rresented a possible in erpretation of this result.
Using photographic technigies, & ténmpersture of 350CCK wes reported for
the continuum,

A mée’rt repart by Ldse, Reo, Strauss, aad Mickelson (29) has

leserived the congtiuecnionr of an Al -~ 92 “lare arparains and an investhige-

ticn of the nsefiilness of “he meial-oxygen fleazé as a spectroscopic source.

Twe relgtive intensity of the Al-Co flame g reported to compere quite
favorably with that 9{‘ the cerbon arc. ‘

High terperature flarmes cen, of course, result from tle canbustion of
nonzetal fuels. Tie fleme te-peratures in Horogeneous systess will be
linited by the dissociaticn of the combustion products. There 18 no large
amount of energy gvailnble- at g1y single temperature os is found, for

instance, at the boiling point of t.. fetal oxide in metal-oxygen systens,

22
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A surinary of thé work cerried out at Teample University over a ten year
peried (15) includes & large anount of work ch cysnogen (CzNa) and other -
Felated ccmpounds of the tarvon, nitrosen, and ox: sen system. The lzéll‘o.idrc.
~pleulated. flme temperatures have been reported for c2N2 in 1:1 xnole ratios.

Iatn 1835 ¢ 50%
5 S uoEs
6.8 (100 psta) - %15
10 5050
| Corwryr, ...;ith, I.iddell, and Gresse {(30) re::rred burning prenixed
€ty and 0p 7t 100 psia using & slight rrenest to &-oid ‘cendehsa,‘tji'onﬂ.‘

+ few compounds of the N:C.(C:C)y C:N series heve teen produced and
burnt in @p: the flame temperatures re;or'ced».,“ however, were caléu.’-_,at:eé.;,, |

© not merpured; but should be fairly accurate. R
| 1 atn 10 atm  40.82 ata (600 pst)

(Cu2)gag + 202 —s= UCO + Np 5261 5573 5743
(CulN2)ges + Uf303—m=LCO + Np 5516 5936 6100

™.e comrustion of Q‘QNQ in NO was réprited as beins cepable of pro-
dueinc higher flame tenperstures than Cplip with Op (5365 as compared with
4835°K).

Sone flame témperatures have elso been calculated from experimen’s on
hyrdrogen cyanide - fluorine < oxygen flazes by Grosseé and Cc-workers (LS)‘..
The reaction stoighiometry 2HCN + Fp + Op ~—#m 2HF « 200 + Ny vas found
to be correct and the theore<icsal rla;*te tenperatures \-‘:em' cal,o‘ulazed te ve

395¢0K at 1 atm, L4OOO: at 10 atm, azd L960%K et 106 atn. Recently &

23
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‘brief lumary of tho high tenporutun numh vork cu'ried out: by Grosu

and co-vorkers has been: pzblilhed 1n "Sehnco" (31).

2k
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Section IIT
COMBUSTTON STUDTHS

‘This section is divided 1nto three major mu, eorrelf,',j ding to

the ijectives of the contract: (1) Ana.ly'ticu Se.,ection of Rea.ctiont.
( ) 'e‘imental Combusticn Studiesy a.nd (3) Effects of Additivea. “

‘ ,'rc'niaing reactions sexe.tei frem the mal;nicu Srudy were exp*ored
ex,:erime.nt&lly to obtain the nighest possible temperacure 'I'ne experi-
rental study began vith eheqkrout of the test apparatus. Analytical
studies revedled that preé.eur¢< had & sfgnificent. eéffect on temperature.
Therefore, the reactions were tested as follows: (1) unpressurized,
using golid oxidizer; '(_‘2')‘ oedium pré‘s;‘s.u;x?es;;. to 2000 psi; énd (3) high

" pressures to 60,000 psi., Ia :a&ﬁvtfon;,f-pefipérfmea{g were performed with
vexplodinb wires to attain higher temperature and & speciel stud.y vas.
made to measure emissivity and true temperatures. The: characteristicl
of these reactions, such &s terperature, «s,r:ec»tm :di;uibutton’ and.
duration for the various conditions are tabulated for comparison st the
end of the experimental combtustion vd,i‘scussio'n. Thé additives &tudy was:
also divided fnto theoreticel and eéxperinental phuses. Taé theoretical
study vas designed t0 select additives that were most likely to produce
non-equilibrium radiation. The €éffects of these additives on a tasic
x?eecvtién were then investigated in the experimentel phase.

ANALYTICAL SELECTION OF REACTIONS

To serve as a guide for choice of high temperature reactions, s

theoretical adisbatic flane tempersture calculstion was made for several
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i?o’léft‘ioni. ™e highcn tempcrsturc reactiou voro ulcctod ror ox;arl-

‘mntu ltw undcr vu.rioul conditiou.

An udhbnuc flaie tesiperature is the tempeuturc tlut ' oylten vou.ld
Teach at & lpeciried pressure vhen there is no ener@' lon to thc lurrw.nd
ingl aad. the systen has come to eéquilibriuk. The ca.lculation- roquirc th.
‘solution ot the Bet of coupled &quations for mass balance 'y and the minie

:nization of free enersyty ‘ne model. used thus 1@0:13 ¢hemical kineticl,
.t;zmngpo‘xﬂt rroépérties, and enviromrental erffects. The vc‘&lgcgl&tiven’n are
quite standard and are prosramied for machine camputation. |

In the calculation of equilibrium, & table of compounds is searched
&nd the “Jh.eﬁi;od.‘y‘h;mically' preferred compounds are used. for the solutfon.

B § 3 ‘shéuldj be noted that thé compounds used in the solution include &
aumber of highly emergetic compounds (such as the gaseous oxide) thet
act as heat sinkl" and limit the upper xémpentum. Thus the statement
{8 often made, legitimately, that the boiliidg point of the oxide is the
flame teimperature. ’ '

From the heat of formation of the oxides, the metals that should
give the highest températures are thorium, hafatum, zirconium, beryllium,

add aluntoum, ‘The rare éarths do not have accurately known heats of
formation, but areé expected to have high flame tempex_atuxes‘.,. Some of the
adiabatic flane Eempemtgres are shown in Flgure T . (ffl‘he_ thermochemical
data ere fram the JANAF tables.) Tre data for thorium, potassium, and
the rare earths are not incorporated in the thermochemjcal data .- 2d snd
therefore can not be included. (For potassium, the nearly equivaleat

“sodium ts used.)

26
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muro 7. ‘Theoretical Adiabatic Flame Temperature Versus Pressure

n




CWORTH wEaiCAN AWATION. WC. / (OF AWSHES svibeN o cns

~ Ope of the variables encountered 13 the stoichionstry tio. A
ncted in Mgure B8 , the ntoichiometrie point (the ltoiehiometry ratio
is one) yields temperature close %o the maxiwmim. Thus, in. Figure 7
the stoichiowetric point is used in the calculations.

S'sten Apparatus Checkout
7o facilitate checkout of equirneas, it was decided to search for a
tasic reaction which was essy to handle and gave reproducible flashes.

‘ ASter checking Several roseible reaction mixtures, it was found that a
zixture of 1/5 magresium, 1/5 etumimum, end 3/5 sodium chlorate gave the
desired results, This mixture was stable for long periods, easy to

| iznite, burned in le<s than ten milliseconds, and produced brightness
te"'pera.tuns close to the ecalibratisn temperatures vsed. Also; even
after long storage, the ‘infeen‘éisty varied by less than five per cent from
shot to shot.
| To record short pulses, a Tektronix 539 oscilloscope was found
svitable when equipped with s Polaroid eseilloscope camera. If necessery, |
tyo ehannels could be recorded sin tanmomsir. i =gering wog acenme
Sliched by adlveting the score to tiigger‘ ~ff the irnitor spike which
occurs Just before the chemical flash.

An intensive axperimentel stud;: of poscible e¥rors was conducted
vith the basic reaction rixtvre. Fron this study, several sources of

extraneous signals weére found and elizinated. ™ir:t, extensive masking

1.
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of the reaction chenber vas necessary becsuse of the formation of a
large lumtnous cloud sbove the stmospheric chasber during firing. Second,
hels from the room lights necessitated operetion in the dark.

lu'ge &t
'I'hird, ‘various simnals were pick;ec'l‘ Up fro3 eélectrical equipment in opera-
| tiod 1n oth-r areas of 'fe‘ﬁé iaboratory {f the output cables. from the
| seusors were ‘ﬁOt"V&‘ll ski=14ed, Poirth, the rocording equinrrent vas |

sensitive to shock waves »radieéd by the faster flashés.

ere:"m\mm CHIETCAL RI'J‘"”’IO'I EXTERIMENTS
| ; Af‘ter the preliminary experiments were completed And the systém was

ccmpletely checked out, sn intensive study of brightness temperature
varistions with '.mveienéth- w..s undertaken, Several solid oxidizer metal
ud:ures were examined includins

Mo + AL + Ba (€103),

Mg o+ Al 4+ KC10y

Zr + KC10y

Hf + KC1O,

These reactions were perforied in tha nimospheric pressure chatiber
shown in Appendix I. Intensity meesurrnents were mede from L500A to
11,0004 with the phototube sersor unit deseribed in Appendix I. The spectra
(sce Appendix IT) obteined were relativel; flat across the spectral region
studied but largé hrpiehtness‘ temerature variations occurred in the visible

region. A typical exammle, macmesium + aluminum + potassium perchlorate,

ig shown in Figure | 9 . Derauge the thototube sensor unit vwes inheremtly
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Flg’ure 9 Bnghtness Temperature Versus Wavelength
Mg+ A!, + KC[O4 (-2- 6)
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limited to measure..eats at ohe wavelength per shot, accurate scanning of
o the spectrum ves difficult. The.ref.ore‘, further atmospheric spectral
| “measu.rements were conducted on the Bausch and Lomb spectrometer system
while the phototuoe sensors were used for quration studies with the pres-
~ surization chambers. o i
Reaction time profiles vary greatly depending on the m:!.xtures xused.
A strong correlation vas found betveen 1nitial metal -powdzr‘ 8izé and |
resction duration. In general, the finer meshes produced shorter reac-
tions as expected, hovever, little correlation wes found. betveen znesh

size end brightoess temperatures. With zfrconium, the coarse parder |

(105 41 ) resulted in higher teaperatures than the fine mesh powder (It ).

Tais effect may be due to the presénce of an oxtide 'layer on ‘the powder
wnich would eft‘ectively reduce the free metal concentration in the finer
powd.ers beca.use of the larger surface areas present.

VEDIWM PRESSURE CEEMICAL REACTION EXPERDMENTS

One method of getting higher flash temperatures is to increase the o

pressure on the reacting system. The higher pressure raises the boiliag
polant of the metal oxide snd svoids losing the heat of vaporization plus
the heat of dissociation to the mo.noxide;r.
e.g. A1303%2a10(g) + O (g)
A (8) + K103 (g)+3420 (a)
Culéulated adiabatic flame temperatures for metal-oxidizer systems veri-

fied that an improvement could be made by pressurization.
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 Studdes vith pressurised oxygen vere undertaken to versfy the

theoretieally predicted adiabatic flane temperatures. At first, the
netal powderl Vere bumed with pmggn'_,'&£ the Qé;;r;iatiran; of brightness
teﬁperltﬁxo’vifh'pressure giﬁa&sgfﬁdicate&‘s max;wumal‘Thi!‘peak'canvbé
explatned by the fact that only &t one pressurs wonld the syste be
sstoiéhidﬂetr&ﬁai This effect 1e shown with aluvinus novier in Figure 1C .
Rafndun and z¢reontun behave sinilarly. o

‘I‘o f'orrect the stsichiomet*v ~reblen, £54ics wer: initetiod With
netal wool pa.clfed {nto pyrex reta.iner tubes. The reswss with ﬂ*aainum,‘
VOOl ere shovh 1# Tigure 11 with thc t’;"eoxieti~c‘:n_1 fleme toipérature rloie
ted above, If an émiési’vity of 0,225 {4 assud for the aluminum reaction,

the "aetual” flate terrerature is found to asree cuite elssely with the

predicted flame temperature.

o

As a check on this arproach, zirrciiuzepotassing ~ovehlorate ni.
wem fired under oxygen tressurizetion. The veenlts are shown in Figure
11 ., If the emiscivity ie aséumd to ve 0.08 fair sgrecment is found
between the "acw&l" flane terperatvre éfd' the ‘prm"‘ﬂ'teﬁdi flame tempera~

ture.

Tt should be ept in mind *tnet ---e exo-iiontal emissivitics are
subject to errors.

In another rhase of this portion of the rrogran a hirh pressure
oxygen botb cznlorircter was modified for use by welling on two f1 anges
to‘ accormodate vind’owéu A Thoto of the arparstvs anpears in Fipure 12 .

The ‘two windows permitted a viev throuch the turnirz eloud of particles.

Y
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Fiigg;;ié.‘ 10 Brightness Temperature Versus Pressure
For Flake Aluminum Powder And Gaseous Oxygen
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Figure 11 Temperature Versus Pressure Stoichiometric System
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Figqre 12, Bomb Qai.lor'trneter for Optical Studies
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The: recommended maximum initial pressure for this type of calorimeter is
L0 atmosphéres of Op and that is what was decided on here -- the maximum
pressurization attempted vas 600 psig.

Mixtures of metal powders and ‘K’Cl% were placed in & cup held by the
ring electrode and ignitad by an 2lettrically heated redistance wire. The
windcws wnfe\cleaned s frep @very'néaction t6 assure that }.ght attenua-
tién would net be & problem. Window €harring or diriying was not Fh@éﬁn*
teriéd in»thfs pressure range. After sssembly ihe reaction chamber was
riaced in the optical sxtv av'sé ised for téking time resolved spectra.

Experirents in tuc pressurized crdimber vwere conducted with aluminum,
kafnium, zirconium and thorium povwdegs. The cxilizer in all of the tests
wag KC10,.  The datataken have been plotted as %" vs rog P and appear in

Figures 13,14, and X7 . Since the =diabatic fleme temperature is equal tc

¥ the boiling roint of the metal cxide using the Clausius Clapeyron equation
= A *H
T
it can be sewm that with these ccordinaves the flame temperature, pressure
functicn appears as a straight line.
Brightness tempcratures measured for the 3.7 Al, 20., KC10, ixtures
are at & maximum at about 100 psig when rressurized with air and indicate
& bread maximum extending from 100 psig to 400 ps.g when pressurized vith
cxygen. In th: vicinity of 100 psig, tne measured temperatures are in
37
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THE ORE TIC AL
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IGHTNESS TEMP
AI +Kcl Oy

B Al + KClO PRESSURIZED’
- WITH 0,

o AL +KCLO, PRE\SSURIZED
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Figure 13, Pressure Versus Temperature for A'Iuvminum Plus ‘Pve,‘rch-'ltorratesr
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[}z + KCLOy PRESSURIZED WITHOp
O 2zr + KC/ 04 PRESSURIZED WITH AIR
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Figure 14 . Pressure Versus Temperature for Thorium ‘
and Zirconium Plus Perchlorates
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[} Hf + KC£Oy PRESSURIZED WITH 0,
O Bt + K&/ 04 PRESSURIZED WITH AIR
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Figure 15 Pressure Versus Temperature for Hafnium Plus Perchlorates
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excess of the computed adiabstic flame temperature of the Al/NaClO) reace
tion. 4Assuming the tesperature measurements are not in error, a few .
reasonable éxplanations for ‘thzfs: behavior ¢an e given. ‘Firséé‘ of‘-q]el ; the
commuted flame temperature assuzes the heat of reaction to be evenl‘ disa
tributed anong all the cofbustion products when 1r fact 't'enéperaturé gred-
Cients existi there is & ver hot Al + 0o verction rone in thé vicinite of
wach burming slusiney drevlet.  Taondl L Te o otiet préssures fiven are

Tefore a chemical reactidn has veen initiaved, Certainly,

e rezgdrigh, the travrient nresswre In the reactor acid
the rressure within the Turning flagh rowder wust be gulite a »it higher.
Pro%abl - the -ain cause for the Yarge incresse in Urightness teipera-

ture when going froy O to 100 vsig is the transition of the chewical flash

o

>n & comtustion reacdtion to a detondtion. The TYesh duration at O psig
18 approximately 22 ~illiseconds while st 'LC:J‘O: psig the flash "t‘i"ne rans s
from % '5 t6 3 milliiseconds. %his order of mognitude redudtion in flash
time will result in s svaller *otal cendustion heet loss and hrnee a higher
flare temperature. The erproxirate reactlion tite fo Teach the peak brighta-
ness témperature is given In Tatle T . As tie pressure {§ increased
there fs provably a further red-<tion in reaction tire which more data
:,;ol;l.d' reveal. It %s not clear wi- the vemeraiure should decrease at
higher pressures utnless conduction hest loss was ecaln involved. It is
a_,uite' possible that the thot. iU2s were reasuring the tevpex‘z‘xture of the
colder exterior of the radisting cloud.

Oxygen gnd air pressurization cause slichtls different results but

the scatter in the dt»'..ta; :xes an analisis of this ~oint, an academic




WORTH AMERICAN. AVIATION. INC. / LOS ANGELER DIVISION L o pad
, oan» e/ ‘ | BA-64-608

exercise. ng;‘ﬁ”2 $D‘lﬂ'tﬂ#fﬁﬁilV%bil»BY.chr dxreenapr!;aurizntidn«ﬁonid
be expected to be better.
A spectrun of the AL/KCIOL Tlash was taken at 100 psig using the 1.5

meter Buusch and Lomb instrument. The spectrunm was not tise resolved; hot
wire ignition tade the timing too 4ifficult and a ‘Mgh. voltege sperk could
not be sed because it would arc across the thinly insulated electrode coa-
‘ne‘c‘tio'n*,vpnmqgh. the bodb c‘&?.a,z:i;ne:tefzg wall . ’I‘e £l indicated the fla;h
conslsted ¢f continuun e:xjis,sion and Ak, Na, and K liges in cbsorpiicn; no
Al0 band. structure was present. Mixtures of -325 nesh hafnium and potassium
perchlorete exhidbit the highest temperature at O psiz. Fressurfzation
reduced the reaction time to péak light output from € to 8.5 silliseconds

at O psig to between 0.5 and 2 milliceconds, on the average, at 100 psig

and higher. The chsnge in reaction time with pressurization is not as
pronouncéd as 1t was with aluminum but still one wguld expect a tempérnt. =
rise froir 4 reduction in conductive heat. losses.

Mixtures of hafnium with 1=1/2 tines the stofchfometrically required
amount of KC10j did not pioduce flash temperstures notably different from
the stoichiozetric xn;xessa The extra heat load apperently made little
difference. Ia other experiments about 10% by weight ¥ndp vas added to
the mixture, &gain without {mproving the light output. The eddition of
MnOo was reported to increase tihe emissivity of the metel oxide particles.
If this 1s true, ome cen conclude thut the exissivity of the Hfoa particle
clous is quite high, or that the lowered flaze temperature, beceuse of the
added heat lnad of the }MnOs, 18 compénsated for ty the increase in emissi-

vity. The results are givén in Table I on Page Lk,

k2
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It 1s stronsly suspected thatharnium powder left exposed to the
.atmosphere will form & fair amount of oxide. Exposm’e of the: pov,defr to
air for @& period of a few days will 1ower the brightnesa temperatum.

’i',ne;e is the possibility that the HE powder purcha.sed slready had quite a
' high c¢éncentration of oxfde and the ‘e;chi.evér'ﬁ“e‘nt er"“high'e_x"u brf_gﬁtnasé teqs
r-e"athres witn hafniuz (and the other tetal powders} will require oxide

Iree metal. 7 -

Tie Cafa on =329 "esn P oand Tnlco::?mst‘is:i have been rlétted in
Pigure 4. Althoush onl;- one zirconiut flzfh was =nic at each pressure
level, the res*\on:c of the S’L‘r/KCl% alxtare £5 increaséed
rresstre £~ live the Hf/,.cm s:,"éter'n‘.,‘ There *s a m'odexate"‘ inérease 1in
temperature vhen t 1 rz-qct'i;on is set off &t 100 pjs'.i‘g.«.' As éan be seen in
Table II, the reection time to miximum light oviput decreases ‘with press
sure tut thé effeet of :re“sure 'én the to+'a;l fash durafion 18 not‘ as
great. as ‘wiith AL powder. 'l'hfa total flosh duration is reu.wd Irom 17 to 8
milliseconds when the 1,ressure ‘&s increascd fror- O to 160" psig, this is
not nedarly as dravatic as the iransition for aluminum.

Cne of the netals kmowvn to for & very hish boilin® oxide with a large
heat of reaction 1s thorium. Ther:nod;n&mic dnta ‘ifo‘xl';thormm
and its wyife vere not —e=dfl:r avniverle fhec the flaze Seorrerature wag
uninown. There 1s then, no theéoreticel recult to which the measured
brizhtness ter.erature can be ¢compared.

Recause of the 1ild radioactivitr of Th it was desirable to resct the
Th/XC10, mixture in a closed chamter. The todified to-b calorimeter was

ysed for these measurements.

13
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Brightness temperatures were measured at O and 100 psig. The maximam
brightness témpe: .ture produced by stéic"hi:ome.t}ric Th/%C104 mixtures vas.
4115K at 1 atm. The increase in pressure didn't produce & higher flash
terwerature; thorium can be classed with Hf in this respect.

A mixture of thoria &nd 1 pércent ceria is used as &n detive surface
in the so called Weélstaecn rantél. ™he ielsbach ~antel rrobadly behaves
=5 a ecatalyti¢ surfade i¢r the rerortination of “ree radicals whiech m

Trrn corrmre Yo neat the zantle.

fi‘fﬁiS,S»iTv’it:"‘Of the ft:mtel. .n 'the )
blue produces a vaite light having a high color texperzture. Cne ‘of‘ the
TH/¥CLOL Tlaches was dosed with enoush Ce (HS0L )L to produce & proper
rizvirse of thoria and ceris after cosbustion. The resultant brightness
terperature of 3790K af GOC0A was not promising.

TABIE I
EFFECT OF FRISSURE ON AL + KC10) REACTICN

O2ats  _ _____ Mr
2(psig) Trax () tusee Thax(K) tnsec
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%2 _ My

P(pe1g) TKY  msec) TRy Tlmsec)

o 4180 8.5\
, 3945
100 3920
© Lolsw
2w
s820me
S
200 38%*
, 3360%
0 3370

B 18

a3 Froonan

| 3940 1.3
3680 l.4

O IO FOWN
L]

EFFECT OF FFEI3ISHRE ON Zr/XC1Cy, REACTION

P(psig) T (K) t(naxT) msec .

3520 1 7
38k 1
3950 0.4

888,

1-1/2 tines stoich. KC10)
104 by weight MOp

:.
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A spectrul of the 'm/KCJ.Ou gystem m taken at O psig. Bedides the
"ﬁst.,xal K and Ne »ibsoi'?pt‘i?én: lines there are emission band heads located st
5927 and 6'3"0' A; there is no information given ia Pesrse and Gaydon (32)
on emisgion from thoriur compounds but it 1s believed that the bands belcné
to Th. & microphotometer trace of the film is si&e‘h in Figure 59, Iso-
‘therns applicarle td 2 msec. exposires and different £ numbers have been
drawn tn on the “race. The assumptions are that the film emulsion will
.z‘;ﬂespﬁad 0 & certain enefgy flux in the samé manner if the exposure times
are of thé same order of magnitude and that the relative film darkening
at various wavelengths c‘émsponded to the highest measiured brightness
temperature of the flesh rather then the flux level integrated scmehow
over the total flash duration (this last assuzmpticn is admitiedly unreali-
stic). The measured brightnéss temperature at €000A was 3740K; the film
darkening at. 6000A corresponded to the 34OOK tsotherm. A 3TUOK isot...
was thea faired in od the ftrace using the ratie of flux deénsity given by
3400K and 3TLOK at 60004 a8 & Tictitious emissivity.

irconium wool + pressurized oxygeén studies have been made under

condi;tiogs of comstant volume in the apbaréa‘cuvs' _érhown, in Figure 22. The
data is surmarizeéd in Figure 16. Flexigless windcws were used in these
runs and & severe charring problen developed btecause the window was in
direct contact with the hot reaction products. <Consequently, the regorded
brightness temperatures are considerably below thé true trightness tem-
perature of the flash. However, the 5230°K temperature obtained is above
lasing threshold for ruby and near the optimum operating point for

neodymiuz lasers.

u6
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Eigh Pressure Chemicel Tescotion Exreriuents

‘Toe explore the very fdgh pressure regiom, measurements were takel with
solid oxidizer-metal mixtures in the dynamic pre,s's,zuri‘za-fbiom chagbe-. “Pres-
sures up to l’OSJpsvi‘ could be handled im the chamber Ext.reme dit-,f"ic:u‘lty'
‘was ~experi'~en'eed- in conducting these high piressure tests for several «'x'}’e_!,!'.lcﬁ,‘e.. ‘
First, conditions could by ne means be duplicated betveen successive ehote.
Second, the window sometimés mnpt,ured nullirying data received. 'I’hird, .
flying fragments from toe rupturea window required elaborate protective ‘
sereens. Fourth, the short duretlon pulses were hard te record ‘beceune of
'la.rg.envar;ati‘on,s ig the indution period between the ignition pulse ‘a.nd f.he ‘
combustion pulse. Nevartheless, significant data was obtained on many s’ﬂou.
and are summarized in Tabie TII. The pressures reported are very approxff-
mate and vere found by culculating the pressure necessary to rupturé the
window.

To alleviate some of the difficulties encountered with the dynajic
chamber mentioned above, severs) modifications were made, as indi{cilte'c‘l in
Appendix I. This modified chamber was equipped with a Kistler gauge pie-
zoelectric pressure trapsducer whieh allowed pressure measurements up to
‘105\ psi. With this chamber, pressure and temperature could be mee‘nuredi
simul tanecusly .

A typical pressure temperature-time pulsé is shown in Pigure 17
The pressure trace irdicabtes rlearly e detopation wave followed by the
smoothly rising then falling chember pressure. The light emission is
seen to start tmmeajar iy aftar vhe de ccontion wave passes, increase to
a maximum correspoma e Lo oo Nt o7 maximum chamber pressure, then
decay at & rate consiwcrsi.y fastor than the pressure decay. 'Be"f»‘o'l."? fir-
mg, the window trans,orency i g, ATter the shot, window mn.p;xrege‘y

wes spproximately 10% berause of enarring. Because the reaction products

"
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‘Table Hi
DYNAMIC CHAMBER TEST RESULTS

_Materist | Kie/m.? | ¥ Temp 'k |
| al + Mg + KClOy4 | 2 4150 |

| 5t + kcloy I 2 | 4635

| 5t + Mn + Kcloy 20 5270 |

* TEMPERATURES NOT CORRECTED FOR WINDOW CHARRING

49
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st be at an extremel: high tempe ratiud - 3000°%) to exhibit the high
‘pressure, :lt is évident that the window is considerably charred even
‘nefore the max ot terzr'\eraturc 1s recorded 'I‘ableI.V lists the muimm
‘pressure?s and »‘c,em;)e,rad;ureg;ob:tasmed with this chamber.

.Sev‘ej,ralt,spectra, of drmemicall;r pressurized shots aue sbm in Appendix’
TI. The ':;o'sjftj :rgminent. featura of thase cpectra is & complete lack of eny |
2rigsion or abodrrtion Limes excart Jop the shnmgnes? triplet :Lne.bson- )
tion at 40334 =5 indicated in tvn of the srectra. ‘The sharp spihes pres .
sent on the. ¢ sncétra are due envirel; to wercur: lg'r.isxs»ﬂ-ofrl from the fiuox:;
resceinvt‘ Iights in the isboratory. o |

Lot e (ramical) Reacdtish ,E":me;ri%mgnt's»

An efféctive way t6 incréase the fls-e te:éerature of p:1 reaction is
to add eéxtra energy to the reaction nixture, To accor.;plis‘:h, this geal, it
was deeided to teat 2n exploding wire in onﬂser‘i. o types of wires were
used, aluminum end zirconiwi. The wire was exploded in a prrex capillary
tube under sufficient oi'gen pressure to effect complete combustion. Just
enoiish electrical enersy was used to vajorize the wire, The _msults are
aném in PMmoire 18 with & sheteh of the tuve wsed. Tixe brishtness tem-
pera—tumé‘ ouserved were hicher thanm the %~ -~:ratures reasured with the
retal wool burning in oxyszen. The sSsddles orserved are prokably caused
by the condensation of metal oxide. Irom the otserved trightness tecpera-
ture and the calculated boiling voint of the oxide, the emissivity may be
rouchly :m"w@da The aluminum emissivity is approximately 0.26 and the
zirconium emissivity is approxizately 0.08. Therefore, the .emissiviﬁties,

agsumed in the pressurized ox'zen studies are further substantil.ted.
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Messuresent of Pulssfvity
Stngle-double pm’i =measuremen£s~~ Teaperatures determined by photos
vtubes sighted on 8 radiatﬁ on source aré brighthess tempera.tuno y OFy the
temperature at which a blackvody would be an equivelent radistion source.
Measuring the true temperature of & source requires that the enissivity bde

know‘n. There is evidence fro-n t“e br. ;%tness tevv*eratum data ta.ken at

. both high pressures and at one atfosrhere, that +the emissivity of the
lurdnious .c‘lqu'd, is low., I this 4s iaieed the ease, it would indicate that
additives to modify the enissivity should be given more consideration.

T6 measure the true teévpersture of the flash resction an apparatus was
setup to perform singlesdoudble path measurements. The setup fs ~hown in

Figare 19. The arrangenent is sinilar to that for neasi.ing brightness
tempe!‘-&ui‘ure except that a spherical mirror and a light chopper have been
added behind the flash. The svherical mirror is set at g distance froa
the chemical reaction equal teo its radivs of e,uma“_cur_e{ 80 es. t6 form an
izage at vhe focal point of the léns s;'stez. The phoiﬁ@ttxbe now responds
to en altematinz sirnal consisting first of rediation directly from the
flesh and then, when the chonper opens tne ortical path ?‘cé‘thér rirror,
radiation directlr Trom the flash plus raiiation from the flash that hes
been attenuated ;- reflection frowm the sirror aad b- traveling through the
lurinous ¢loud. Ther ecuations for the single-double path process can be
set down and eu,ti;" solved if Iight scatterings is neglected. ’("1",1;9 left

kand side of the equations is VWien's approxization +o Plank's law).

¥
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' SPHERICAL MIRROR —7 |

TACHOMETER SIGNAL & |
FROM PHOTODIODE =~ ~— —
TOCRT R
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- Single Path

= 0T (- Tt
' '( “ (1)

% | T O - (1 bl

{e)
' So.fving the two ¢ ;ﬁei:ib’hg f‘or +he’ two Lnl.nowns, EF end "._[?F,f it 18 found

€,z T s j . 5 T W@

= " o - )
T = 1/Cvs + (A n€)/a] )

Secattering of light may be of importance to the emissive properties of
the cloud and can make the determination of emissivity much moré?:\d,ii’fﬁcult.@
The simplest analysis that can be made of é .si'tnat'ion. ‘trivolv.'mg .lig‘ht
scattering would be to s.ssume thet all scattered radistion leaves the

Hontica.l path to the sensor e.nd negligibl@ llght is scattered into the path..

In this case the equationa a.re

vSingle Path

t5)

j\ G* /Uul )[‘ Mﬁ.[ (Uq’Vs)L}j[l-'Ple’{ (‘d";)L}](G)

mMhese egations cannot bYe solved rigorously because they contain
three unknowns 38.@.’ ¥s, 80d Tp. Comparing the equations 1 and 2 and 5
and 6 it can be gseen that the sélﬁtion for Ep from equations 1 and 2

diminished by ¥o/( ¥a * ¥a) when equations S and 6 are used (the change
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from. ¥ to ag: ﬂ%{in the 'gxpgnenti,al terma 1s “01;" no. eonsequence nunric&u.r).
The equations 5 and 6 are approximations to the rigorous selution of the
miltiple scattering problen and are valid vhen 2, 5> Y, (36). e
relative size of - B’a and Fgs the absorp"ion and scatterin; cross sections,
can be rigoreusly ca.lcule.ted for a certain vavelength by use of Mie's
| the6¥y. Oné must know, however, the complex refractive index of the
wmaterial and the particle s:i;gésa Nedther of these quantities is kaown.
N Si’ngie and &o‘ubie ‘path measurements have beern made durmgflaghes of
£, Zr, and Hf with vcbo\‘ at *hp wavelengths 4500k, 50004, and 60004\.
With a chopper fregueney of 1000 to ‘.‘OOO cyeles per second there vas no
gx?e'a»fb difficulty in dictinguishing the altermating signal output of the
phototube from rahdom variatioms in the light output of the fla.sh process.
A typical phototube resbonse during single-double path messureménts is
- shown in Figure 20 as displayed on a CRT. The lower trace 1s the chopper
frequehcy clletecte‘ld by & phototransistor -<-- light source combination
deserived in connecmor with the time redolved spectra.
| Since the flashes i-‘m.es,tigated were set of‘f‘ on & flat ‘p‘ltt“e'{, the
optica.l pa‘ch length ‘of the Lumnons cloud as $ well as the mass of material
in tvhe_“'opti.ca;; ‘pa’t‘-h’ are unknown vTh.e results of these experiments couid
‘\ not be used for the prediction of emissivity of radiating clouds of
similar particles viewed at ‘éthﬁ?r" ortical depths. Ag stated before, the
object was to meésure the true flash tempentm. a.éd: estimate flash emissivity.
Ir‘t was usually observed thaet the opacity of the luminous cloud increased
with time and 4in some cases the cloud became ‘comple‘te-ly opaque (radistion
from the reflecting mirror didn't penetra.te the cloud) during the latter

C portion of the flash.
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Figure 20, ?hawmbe Qutput Single-Double Path Mmsuremem
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Some exneriments

et at 8 8tight a.ng».e

from the wherigal mirmr

fromathe‘back&rﬂvnd

]

solid@ angle viewed -

) scattered Tl

Becauge fn':'“ Ui sma w vjewed U the phototube it uppem
regsonable o purasc o s es o eadistion rom & source placed
ibe'hind the “lanh wmild R selanert lav: I ot = m Ay,o{(q‘fa;),_}

The d~tn catherc! ooiwe - siﬁf";ndbyhlé bath teéhhigue arefcompiled
in Tébl.e Vo GaOng Wor Llee o 'afud sdioratic flage temperature of the
metals reacting willh o -7 wad ust on the data tapes used in
the éoz‘nfbutatian:}“ VLT nd taprerstures tabulated vene
cgloulated Going »nn o it

s o
. Befnie srocessiin - I il add_itives, it is desirable to

summarize the e o o o wi o sorrustion studies. Table VI
nrésents foopies’ cwriome 4 e, as duretions; and spectral
characteriztics ,* " voed medivm rressure, and high pressure
reactions =1u.ed . o~ v e A1+C0L0, reaction at one atmos-
vhere nressu~ Won o HAitives stmﬁ'. The typical behavior
of the ‘mac;t;‘.:m X T i «° 1 tre ehavior of the other reactions

listed in the tal's«

i g

.

BULICS

= from ra.dm itm d,m a o F

seruseger oo whien the phototube and lens was

ﬁeﬂ? to the direction of the reflected 14

ER PRI

L

Was done o see if scattered radi;‘bion

anull e nu»c..,wf’d None was detected. The
wnet oo Loe was vere small (0.00464 stera.dianl') and

: nvxc. 10t

so piek up and disting

ooaruesion on additives,
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Tible V

MEASURED “EMISSIVITY’’ AND “TRUE TEMPERATURES”
' FROM SINGLE-DOUBLE PATH EXPERIMENTS

—rr
¥

50008  }__6000A

4500 A i

| Bt - kClog | 0.86 - 3640°K | 0.628 - 3655°K | 0.9 - 3590°K |

0.90 - 3825 0.81 - 3720

30 | 0,83 - 3720

| | o.73

1al - kclog | 0.67 - 330 | 0.8 - 3310 | 0.80 - 3307

lzr - kcloy | 06 - 360 | | | 0.7% - 3390

+ ] 1 ‘ | 0.73 - 3435

6
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EFFECTS OF ADDITIVES

Theoretical Selection of Additives

Equilibrium is defifed as the condition for which mo potential exilt-
for c¢hanging the energy :@iizt!‘filbutim'{ All other conditions are rn@eq.uu.x-
briun. ¢oaditicas. | |

By this definition, it is seen that many different energy modes may be
in nonequilibrium. Radiation is geherally not in -éq.ui‘l:tbr&ﬂlgn:';, it '1ax‘rusml,y
deficient in emergy. Chemical equilibrium generally does Bot exist unless
the system is at high temperature; the chemical system us’uél};_i.jy bas; an excéss
of energy. Electramic, vibrational, rotational, and kinetic energy modes
are generally in equiltbrium exéept under low pressure conditions. The
problem oi"i 'ﬁ-té_res-t ‘here i& to take the chemical nonequilibrium and convert
the excess ~énerg;' to :adiig‘-tidé- of a specified frequency range.

To caxjye‘rt’ chemical energy t.o radistion, many di‘f}ﬁer"e‘_ﬁ& u‘.-‘cihn,ijquel. are
avallable. "me"x"i‘e"“techniq\;e's‘ take the energy of the chemfcal system and trans-
form it one or more times to finally obtain radiation. Each epergy trans-
formation is limited by the laws of radiation and thermodynamics, which
allows us to put limits oh the efficiency of transformation of the proposed
techniques.

The occurrence of nonequilibrium and téchniques of use are analyzed for
guidance in the pumping prograa. A
Theoretical Bases

‘The bases for an analysis of the radiatiom and t.be'm,odynami?c lavs,
in partﬂiciula\r the considerations of interest here are: blackbody radiatiom

“(37‘5»“-‘“';1‘;551"‘1?! {37),theorettcal flame temperatures(32), »ntropy (39), and

62




NORTH. AMERICAN, AVIATION: INC / LOS ANGELES DIVISION

| NA-6k-608
‘ equiliiarfm‘ éhe_rgy 'diﬁf-!‘ifbuztf"on !(‘li,(")')v., sviivnce» -t.héza"é topics are covered adequa-
tely in the 1iterature, -only the final equations are given.
Blackbody radiation 18 dﬂscribed by Planck's equation
BTy [exp ChewaT) ~ 1

where/o *s energy density at the frequency /' f(freq.uenc;y th wave numbers

per ex "‘e v indicates hlwe 'bod_, . Defining the radiancy

fQQV”

Integrating over the frequency g«v—'es
;o T 4

‘ for the total radtaticn energy for all wave lengths.

The e'missivity is defined as o
@>5R

or ' ‘ o
‘ CZV' ??
for the total emlssivit,' e of the spe»tral emissivity‘_y + The

emissivity, < , reflectivity, r, and scattering coefficient, s, are

=€ +r+s

related.
or /= GV‘ -+ f\r + SV‘
Often = 22 f:V»ttﬂvC‘and the scattering is ignored.

Theoretical flame temporatiures are calculated by (l) mass: balance
equaticns, (2) enthalry balance equaticn, (1) pressure balance equation, and
(4) equilibrium constants. These equations are all that are needed to
specify t' - system. Since equilidrium is assumed, lci:omplet.e combustion is
assumed. Since an enthalpy balance is assumed, an adiabatic system is
assumed. (While not used, the flame tempersture at cons tant volume can be
calculated by replacing the enthalpy by wne ‘mte,rnal energy and pressure by

density.)

l63,




NORTH AMERICAN AVIATION. INC, , LOS ANGELES: OIVISION

' he entropy ts importent for determining thé limits on energy come
version 18 an isentropie process occurs, the equilibrium conditfons hold.
Thus, in an isentropic radtation process, the blackbody limit is imposed.
The entropy is defined ' ’

o a5 = aS, +

= 4Qp +#

T

B &
i Lol =

vhere r indicates reversible and i irréversible, Q {s an artificlal

variable to make both terms formally the same. The definftion of dQ f8 .

~4Q = AU},
In other vords, an irreversible change is accomperifed by a decrease in
internal energy. 'I‘he implicaticns cf this statement are ‘1511,31?3:1;1"13 & during
the discussioh on tapping.
‘The Boltzman energy distribution is given as

nj = Fwy exp (61/k‘r)/ P.F.

where 04 1s the population of state i, fo¥) ¢ 1s the statistical veight of
éta&e‘i, and Ey 1s its energy level. Ignoring megligible guantum effects,
this gives the equilibrium distridbuticn. Conversely given ny 8 tempera-
ture for the state 1§ defined. The emergy levels are for any mode--kinetie,

rotational, vibrational, or electramic.

‘Ngnﬁqu&librium,Stuﬁtga

In a nonequilibrium condition, there is a driving forée or potential that
will tend to equilibrate the systems. ‘To'use‘&he-nonequilibrium§
potential for laser pumping, potential must be eonverte& %o radiation in &

spectral band, This is the objective of this study.
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Nbﬁé@uili£ii&ﬂwék&é£éﬂAS‘froiénzéfﬁﬁésfticﬁu(@33ﬁiXinSTiirGanPDVQ!&‘
KC10j, at room temperature), radiative nonequilibrium, éxcess ex:&mgtidn,of
ehergy &evelsA(qrten-oéauré‘be63u§¢ Q§ ?ﬁemihexéitaﬁienm)nhbi.390553 and

‘ ugdeTeXgitation,arghchargcteristicwofhlbv pressure systems (and hence poor
r‘:’ajdi&t}Ve»‘ s‘,ys"tErﬁs{);,..‘ t’hes:e médses. of ,‘neneqﬁinabrim are mot (d“i}se‘ufsj,é:e"gij furtber

In ﬁgd;t gn, frozen corpcsitton is vhe trolcal for c*emical reactions. ‘The

cnly ohase ct .nterest 0 tris study is the energy output and combustion
:effic;encya Thus, the nonéquilibriun aspect is not discussed.
- Rediation o |

There are & number of rroblems asscciated ;1th radiation. The ones of
interest in this study are emissivity, optical depth, and chemiluminescence.
While tmportant, emigsivity and ¢rtical depth are not discussed in this
section: Chemiluminescénce ig& the basis for tailoring and tapping, energy
:of che@ic&l‘regctipns, In a chemical reastion, ‘the énergy released goes:
into kinetic, rotational, vibrational, and electronic emergy. Gemerally,

the energy gees to éxciting the molecule rather than kinetic energy as:
© + E + M ——+ OH*  + M*

Thus, easily excited species are much more effective third bodles than mona<
tomic spectes. Since excitation is the'primafy path of a reaction, cur
problem is to tap this energy before it converts to kinetic energy.

The temperature of the excited state can be caléulated from the dige

tridution

* excited states

6§ 
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75 (N

This temperature {which is not thg kinetic temperature) controls the radia-
tien equilibriun-~sssurdng no abserziien in the surrounding gase. As such,

for the radizting gas is

Yt zrpoers that ihe Ylackbeods

undrpertante & rore sericus eoblem cgn ocour frem a rantle of ncne

tted

&8 surrounding the radisting gas.

retexcitation

itation cén occur by thermsl éxcitaﬁicn,Aexcitgticn-ﬁrﬁnsfer, and
chghféal‘feaction. In t*erral excitaticn, the excitation is in éeguilibdrium
with the kinstic tenperatﬁre. This produces the nerral excitation for com-
paricon, It becomes overexcitation orly when the Vinetic temperature
decreases rapidl;abrhich—d@eswnat oceur in eur system, Tn cxeitstion Lransfer,
the cmqitationlenérgy‘is‘tran?ferred fromvgne speciesto ancther. This is the
mech;nism,for‘taﬁloring‘radiaticn,'buﬁnevérexcftetion is not produced this

way cnly‘transterréd, Cheridal excitatien is the only rethed for production
of cverexeitation in cur system, In & chermicsl rescticn, %z cherical energy
is ccnverted into exc¢itation ¢moryy ant Findtie enerpe. The usudl conserva-
tion lazws (ravs, mereatwum, ancular momentur, spin, and érergy) hold for
collision in which a chemice) reaction occurs.{kl). 3Zince rmomentum is a

vector cuantity, it is pessible that &)1 the energy can be converted to
vinetic emergy by & surerelastic ccllision, The cross section for the various
collistons, must be ottained to give the ratio of excitation to kinetic energy.
However, in elmost évery reecticn studled for exeitstion, it has been found,

n our systems.
n ,

!

This is the source of momequilibrium excitation i

H
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In tepping or tailéring radiaticn, & hi ch émigsivity material is used
&5 @ dopent. In tailcrine the redisticn, the evission is raised toward the

g, the energy of

e Vinetic te~rerature,

“: maitgtict, ©f *hplencitation 5 ab zn of fective

r can he gbove

shic tewrrstv*v, the ra

bocy 18mit for kinetie t ﬁper‘aature,‘ THe ;L* '“t g ?e‘mpe*at‘u'e in

a1l cases is the effective terperature of the refd  irert proceéss, (Unfor-

ns of the combustion).

&)

tunetely, this i8 mory ¥i-eu *he codl outer perdi
As dopents, retels, selts (uith strong diprles), &nd flaorescent sclids
are eoncidered, Tf the fluoreséént s:1id will it sppears to be the

test cheice. Aly tapped. The

2d,  @hi. S t fluyoreseents are

@
T
o
o
&
[
fode
2]
3
;J
w
[ ]
@
w
(7]
=
e
a0
«
7
Al
n
(23
o
v
&
[
(4
155
=]
]
T
oy

radiaters.  Fossitly it #1l not ke able to tsite the contitions of the com=
bustizn, Since the total cortastion time is sizart , there is a chance that
the fluorescent sclid ¢an suirive,

IF e fluc solid @il act word, ve tils and sells will be tried

as depants, Soth ers stromp geoeius rediztors, ™aore §s a p.$sibility that,
ginee the condensgticn 13 the eneroebic roacti r, cave r::s'spec‘i-es will nct
be able to ten tae systeme Thus, &n exjerimentel pregren is essential for
testing the systems,
Caritdate Systens

faleulstions were fun for slu~inum end pobastdiwm perenlorate s and for
zireonium end potessiun perchlorate, adighatie flame te~peratures for

the two systems are about S00C%Y and "YOXCYY respectively at €8 stmespheres

&
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pressure. This ‘giyé_s @ radiation intensity of 2.31 x 10.‘.2 % ard 3,59
x 10°2€ /(o keal/gn in the visible, (The density converts to mass from the
area radiation to make the units comparable to the excess energy at lower

| ‘tQﬁlP.e?!tmlﬂ‘c‘,F).‘

If we gllow the systems to corbust at oné atmosphere at & terperature
;Sﬁf'f-isC,ierntly ﬁigﬂn for yood combustiom (2700% for 4l and 3000 for Zr), there
is considerable excess energye It ancunts te ‘i.h keal/gnm for the aluminum 7
and €,99 kcal/gm for zirconiums.

Locking at the thermochecmical data, only beryllium, »bordn, and lithium
aprear to be comparable to aluminum. "I"hi‘s eegsiest systen to hanc‘ﬁ_;e is“c;'n‘e
of the best,

Most metals sre good radiators as ‘ar"e‘ _quor’escgn& materials,. Thus,
the main interest is to Vse‘];ec‘t. ;uhe correct raazation bands., Examples of
metalsae Ti, Y, Ag, Cu, Ba,; TL, s&nd Hge Since we are interested in the
motal and not a compound, the metal should be relatively inactive. A4ll
except barium in the sbove list are less zctive than aluminum..

Typicsl phosphors that radiate in the \co.r'rfect spectral region are
InpSi0|r ¥n, ThS: agt u, 703 BeSig Cpor W, and MgSE Sb, In additiom,

a short persistence and high gaturation density are desiréd, Of the listed
fluorescert materiels, Ino: 4t Tu has a long persistence,

Salts that have large dipole moments are usually pood radiators, Since
transition probsbilities are hard to core by, initial screening is by dipole
noments., In general, large dipcle moments cecur in polystoric moleculese-

which have only & limited spectral eralysis. Thug, the screening on
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moleciles will be the heavy metal chiorides and fluorides. It vas Xoped

that augmentation would occur with these salts.

Expernenta) Selection of Addttives
o A furper of cmeriments were pérformed in which dalts, métai$3 or
phospnorg vere adged ‘vo a stiochlometrit mixture cf 34 dta. A% particles:
uith‘zgkg4 aia. KC10j particles, These additives or dopants vere used {m
an atterpt to modify the radiant emergy output by procucing nonequilibrium
radiation.
Time resolved spectra wére taken of ghe'chemtcal,tlasheq wit’: Kodak
103-F f£ilm that had been calibru- i,fOr‘brightnESs'temperafure~when-using
2 millisecond time exposures. The:adéitiVeSwUse&'&re 1isteéd in Table VIT
A complete microphétometer trace was taken of at least one expogure ¢n~eaéh
film. Actually, this was all that was usually necessary since any spectral
regions of tntense radiation c¢culd be spotted by scanning the film by eye.
None of the speétra taken indicaved thé presence of nonequilidbrium
radiation anywhere in the regicn fr.x 366CA" to about. 6700A® éovered by
the 103-F film in conjunctlion with the Zwusch and Lomb gpectroscope. Many
emission lines stend out from the continuum, or, particle radiation, but have
never indicated inordinately large brightness temperatures, i.e, greatér
than the computed adiabetic flame temperature, {at least when integrated over

a 2 millisecond time interval),

é9
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CHEMICALS ADIED 10 STIOCHIQETRIC AL/KC10, FLASH FOMIER

A Additives ?r,c‘sducing Noticeable Band of Line Emigssion fram 3660 to.

Erightness Temperature

Additive

- Ba . Fp

Ma(Cloy)p . 6HP 380C.
Na No3 ‘ 3550
T1 NO3, 3450

B. Addirives Froducing Ko Change in Spectral Exergy Distribution from
3660 to 6T00°A. »

Brightness Temperature
Additive __of Na Emission

CdCkz  2-1/280 3400% (Max. from Fhoto-

| | tube at 6000A = : :
L680% ;
cas B0 o .
Cly ‘ 3600 (Chance of double

A exposure on film)
Cu/KC10y, 3600
HeCl 3350
Ni /1(((_:1,0 ;,,) 6 gi%
Nt (Cloy)p . 6HD
NiF2 ve 2 3600
PoF 3450
SnCly . SHYO 3375
Zn (Cl0L)2 .+ 6HL 3500
%8 3450
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The i.i}st- of additives can be broken into two gross and rather obvious

groups; group A consists of those that can be séen to have modified the i
spectral energy distribution by producing pl"\Qnouchd‘zba‘nd or 1line emission,
and group B, those additives which heve not. ‘fi‘ébli‘.e‘VII 1s divided into these
two categories. Thls 1§ & ‘S‘Oﬁéﬂh&t- artitrary breakdown since for the most

part it is beased only cn dne or two ‘r;és.hes;. It is seen, for instance, that

the additives Cux0 and Cu ere in different groups; this is so because the. 4

Cug0 additives produced evidence of CuCl &nd Cud band tadiation or absorp=
t1on while the 150 mesh Cu metal powder did not. Perhaps if more finely
divided métal had been used or if different rFatios of Cu to Al had been
used the result would have been different.

It had originally been planned to add many of the metals in the form
of perchloratés so &8 to lessen the heat load, since then the additive
weuld also serve as an oxidizing agent and thus replace some KC10j. Many
of the perchlorates proved uQSatis£a¢tory however, because of their tendency

‘ to:rapidly-absprbumoistuge fvom the eir and turn a flash powder mixture intq

a p@sxerorrglurry;“Preyare:ion of the mixtupes in & dry box and flashing"’A“
‘in a closed container such as the acdified bomb enlorireter could have set
aside some of this troulle, but.tecausé of lack of tine it was decided to

use less deliquesceat metal salts. A list of the perchlorates and their

replacements 1s given below.
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Perchlorite Replacément

cr(cioy)z . 6HZO c:-203
o (C10,)p - 30 Y
Ce (Cx0)y - hydreud i Ce(E50, ),
Cu (€10))p « “6HLO Cun0

Ca (C10,)p « 6H0 Ca (€10),

While ft was possible to fghite a mix containing N1(€10,), « 6Hs0, the
flash barely registered a voltage output on the phototubes. FPerhaps
Ni(CiQﬂxe . fGHéO: cculd te added to the abéve 116%~vi$h-nlfe‘as the
replacedient..
The‘mixrqre~centaininefsnclg,- 55503 vas:extremely'difficglt‘to ignite.

Tt vas found later that the salt rapidly reacted with the solid a‘;rﬁm‘fnm
upon wixing the tvo (probably aided byWSOmélabscrbcd:moisﬁxi-g?‘the‘#étef
og‘hyifatﬁoni thproduce'megallic tih and ALCI3¢

|  che:‘compoun&s which, fer unknown»peasens,'ma@e igndition difficult
vere LiCl0Oy, a;c;E; and Ca(NOs)az. LiC10, vas not used as an additive, it
was to replace KC1l0,. A smalllamcun& ot‘Ht/KCth was used as an ignitor in a

last attempt to flash the Al/LiClOu powder. The attempt did not succeed and
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mll amounts

use of LiCIOh was abandoned. Vixtures of Al/KCloh conta‘,}
of BaClz burnt slcwly and incompletely aa -did mixtures containing cd(no,)3

In TableVIIthe brightness tempérgture in the immediate-vicinityror
the Na-D lines, ‘as. determined from nicrophotometer traces ot tha £ilm
spec*ra, is alao recorded, “he average Na=D line tempe*ature for group A
and group B is 39‘0? gnd 3L6"Y re*partively. It, should be kept in mind
that the VaeD lires were almost always self absorbed at the peak, thus tue
térperetures 1isted are likely to be on the low side. Temperatuxee,reconde&
by phototubes wold be lower s#ull. The ‘pho:toiubés used for this phase of
the program were equipped with filters having,a»ZOOEIhaif'Widﬁh. :Brightnega
temperatures mcasured in this way will,cSrnespondwnofevor less to ﬁhefehergy
in‘the»céﬁtinuum‘and'thus the iemperaturE*ot the particles,.

.Scﬁe'or the emigsion or sbserption lines are common to all of the
spectra teken ingroup A or B. These will be discussed first,

Potassium, which was always present in thesé experiments by virtue of
thOtoxidlzer‘uSG&‘(KGIQh),‘has & resonanée line correspinding to the Na=D
line, in the infrared at 26hh.@th This 1i$ beyond the range of the equipment
used, Yore normally only raiiation due to~doub1f excited’ﬁtafes»et.x,have been
noted on the film, These K lines are located nesr the Ne-D line and sppear
at £782,77, 5807.16; 5812.71 and 5832,31 X Self absorption of those lines.
has never been notéed in the time resolved spectra taken. In some spectra
taken early in the program with another film emilsion vatch No. the X
doublet at 6938,96 and €911.,3C could be discerned evén though the film
sensitivity i{n this spectral region was quite small, Other :x' lines can be
aeen at LOLh,1k andhhcu];zdg;usuaily in absorption because the lower energy
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level 4s the ground &tate and thus highly populate |

The Na-D Tines always eppear in spectra téken of these chemical flashes;
this 4s because trace amounts of sodium are ususlly present as an irmpurity.
#hen & sodiwt compound (NaNO3) was purposely added to an 41/XC10) f1ash ‘the
¢ ¢f the D lires to at least a 50 x to.

result was & surprising troadenir
1CO X hal_f kﬂdtho The pea‘{ Kmtens‘ity, b("ﬁ'ever,, is inﬁ line with norm]_

equilitrium radistion, hddition of NalNOy slso brought cut other sodium

1ines representing trensitions from doubly excited states (LD and ‘525;2;); to
the singly excited quantum state (33 Hadiainisoﬁ from t‘h'e‘,S‘e more higily
excited states have the advantage ef fiot being readily self absorbed because
of the small population of the lower energy state. MNeither of the doublets
8t 5632,67, 5688,22 and 615’4.27, 6160. TBX had & high peak b.'ri‘ghtnes‘;‘ temp-
There ts also, of course, the band radistion of the 5° & —s=? 3
electronic trangition of the Al0 molecule (32). The band heads of all the

transitions listed below are plainly visible in the spectra taken.

vibrational transition - wavelength

) ) (]

¥ 7.2 LLi70,54

VeV ¢+ 5079.3

V—V+2 5336.9

A10 emission structurs is r.:t prominent early in the flash and

usually fades into the continuuwn near or soon after the peak light output,
The 410 band¢ are néver observed in ersorption end so rfast exist at the

highiest temperature of the system, Film gpectra have shown the ‘fN‘as-D 1in o8

T
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‘nﬁds‘othér: amission lines to be moFe j;xjte"n_’s,e: than A0, This is probably
because the emissivity of A0 is lower, Al lines appear at 39LL and 396].2
almost alwdys in emission, but nas been observed t5 go into absorption.

Many of the spectra taken show Hg lines, seemingly very intense,
These lines "ax:ej' due tr stra- ltgnt frow the cvirnees ;i'.iuoﬂrescehtv lamps and
the fact thet there is ne cnutier on the sizctrometer slit,
Zsrium Salts

Three ¢f the additives tried were barium cormpounds, Ba ( cmh).‘,,
'Pla,!”"z,,u .and Ba ‘(}.'0‘3)2 o {(There is a fourth containing ‘Bé'(,NQ},)?, and fh@?f)ﬁ.
Ba: i(‘}ClO‘h),iz and Ba '(NC‘B.)?;. preduce similar spectra censisting of BaCl bands
end a strcng Ba line at ,‘-‘;‘?’3?'.5333,, vhile BaF, addition results in these
bands plus the band structure of BaF at 5000,6, L:992.1 and fh‘:‘?SO.B“R:.: The
Ba0 bands heve not beén detected in the flashes, Of the three, the best
sdditive is Ra(X0,), since it produced the highest temperatures (both
phototuke and Wa-D line frem the £1lm), BaF, as an additive produced a
60 ~illisécond time delay from spark ignition to the teginring of light
emtsston (¥ milliscednds weuld be zvn*:;r,) ard & rather long flash, The
‘comparison of these additives 1-i-ht ﬁot, Yo & rigorous one since ’:!a'F'2 and
Ba { C“l@r; ‘)'*2 were present. in Y to 27 quentities, while the Ba(‘}.‘oj)z, 'nixture
was ho? A1, 307 KC1C, and 307 3a(t03)p. Ba (C10) o might hsve worked as
well zs the nitrate., The Fa (NO})'-Q is itcel? &n ~xidizer and has been
reported to be an effective catelyst for ¥C10), decomposition to KC1 (24).
Addition of Ba(X03), does shorten the flash reaction time, thus bringing
about less conduction heat losses frem the radiating cloud, Wicrophotemeter

traces of time resclved spectra of AI/KC‘I‘:L/B@:(J!ICJ)E?, flashes in Pigure 46

1
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'mwsumgm@gﬂumh&ﬁbmﬁﬁ&5ﬂ®m¢ﬁﬂangwur&ﬁjh
the'flaghxthenerade‘Intg:thgfcan&inuumﬁqs‘therbrightness‘ténpérsiutgfcfrthe
continuun rises and finsally shov up in aj‘,b'sorptmn. ag the radiating ¢loud
cools. These bands would 1ncrease the lieht outrut. in the>gpeen'£f the
‘em4ssivitv of the cont*naum wag lc; or 4f‘§ﬁfs‘§veeh»liéh§39u%put vas
neeuﬂa .5:'xearlv in the chem‘cal tlash .
“re Ba line et S35 53‘ ‘gMéné-;uné :adIa£cr‘fﬁaxlis Aot as easgily
self reversed as the Na<D line. The microphotemeter trades shov this
Ba Yine to be a good indicator of the gas tempeérature.

Calelum Conpounds

As has already been mentioned, at first the pvrchloratetcatclou)zi
-~6E20=was.te$ted but-mépid‘vater:absofpxi¢n lead ﬁé'itswreplaéebent‘by
‘CAQCIO&Qw Calcium eéhloride is kncwn to color fxameS‘fed‘because‘ot CaCl
band emission. Addition of calcium hypechlorite b:cught OuI the‘daCI ‘
247 —=2 3 bands lying between 59344 and 6400k (32) and a resonance lime
of Ca &t U226.73ﬁ4 ‘Ho,accaleratien:of“mhe*kl/xc;oh neacitcﬁ~y§§ﬁnoted‘ahd,‘
the measured flash terperatures are average. o :
Chromic Oxide

From time resoived spe€tra tasen of an Ai/KClOLAfIash cch&aintng a
few per cent Crp0j the band structure of Cfo ﬁs‘éuilys, 639“b3,‘6051¢6,7
S, 362343 and,sséu.lx (32) as well as five Cr'linQS'at:hEShWBE, L27%.80,
439473, 520b.5k and 5206.0bA could be identiffed.

It has been reported that additives, such as Crz03, MnO, and other
metal oxides will imcrease the rate of perchlorate deccmpos:iiion {e.8s 35)

Limited data taken onu0r203 additidﬁ are iaconclusive.

%
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s Oxide o o
Spectra taken of flashes contsining Cu,0 indicate Cutl bands :

sbsorption from sbout L25CA te LS004 (B TT ~» 3. and B S I, (3.

Other Cutl bands might be present, but difficult to distinguish from the
AIC band structures From 60594 ¢ 6294, Cul bands arc visfble in emisston.

Lithium Nitrate

The eddition of LiNC, Tesulted in 14 lines at L132,8, 1602, 1603,
§9T1.7, 6103.64, snd @ streng broadened resonance line at 6707.25A
(2p-»15), The 1i line &t €103.6A appears quite intense, having a peak
brightriess temperature of ebout 330CK while the: self absorbed Na-D lines

Lancénese Compounds
| - Tvo manganese: corpounds were ‘tr}i»‘eq‘; ¥n0p &nd Im (€10}, 606 There
13 no ~d‘o§b§.‘ that MnOp will asccelerate the 4L + kC10), Peaction. It has also
been postulated that 1m0, would increase the emissivity of the radisting -
solid or liquid parﬁidies.i Time ?r;e,sclxgied: spectra of fleshés théat éonﬁaimd
either ;\"..-.102@;‘- *n(C1Q))p show the My erission ba‘nds‘ ‘af 55861, 5609.5, .
5859+6; 5880.32, 6175+9, &nd ‘6‘2@‘3;.,2‘2. ‘There: 1:5 ‘also a "n triplet at 1C30.8,
L033.0 and Le3L,SA usually sppesring in absirption,
Th'arlliumr Salts

The thallium salt additive, TI?IO;;. preduced two Tl lires, one usually in
absorptior in the continuun at 3775.734 and one very strong line in emission
at 5350,47A, The strong T line is corparable in intensity to the NA-D

lines and ¢ould be used for measuring vapor phase teémperatures,
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Mriong the series of additives tested were two ;phé'Sphqut,, ZnS and CaS.
They were tried in ‘th'e; hope that the solid phosphor would survive, for a
time: ot least, the hi:h temperatures produced, Weither sdditive appears to
have eltered the basic spectium of zr Al + ¥C1g), flash and they have ‘been

listed in group B of Table VII.

78
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In eddition to the major additive program, emissica spectra have been
taken of the feaction of stiochimetric mixtures of KCIOu and aluminum,

zirconfur, hafniium, lanihapum and neodymium powder. The epectra wére taked

using the ‘Be{hsc:h, and Loab 1.5 ‘-‘m‘eter“ spéctrometer vith Kodak I03-F £1lm and
coverea tne region from 56_‘6@‘& to abox..t 70001.&. rv'ost of the 'band ssj‘»t;ru‘l.i‘t@éﬁi 7
chéervéd have been identified as being due to metal cxides (K10, ZrO, ‘:HiéQ,
La0) using the tabulation of Pearse end Gaydon (32). The ‘mtcr.c,phgtom,ef;erf ,
traces of the film are shému in Figures 49 and 50 with the meta) oxide
bands labeled: The band structure of HfO has not been analyzed and only
the locatlon ©of prominent band heads listed by Pearse and Gaydon (32} are
pointed out ih that figure, These particular spectra, with the exception
of HE, aré not time resolved and thus {sotherms: have not been dravn on

them. |

Feodymium was included in a list of possible reéactants primarily

Yecause it was expected t’,hg,# the rare earths might emit in the re,g;idtjl"
where rare earth dopants in the lattices ¢f lasers would have absorptiocn
bands. ‘Hopefully, rare €éarth additives wculd modify or %ailer the spectral
ciiission characteristics of the chemical flash. Spectra of the Nd-KC10,,
fiesh rescticn were taken and feund to contain only continuum radiation from
sckid particles and a number of fine lines attributable to Nd vapor or
impurities (see Figure 49 ). None of the NdO emission bands listed

by Pearse and GCaydon ¢ould be t'd'en»ti‘t:ic&,, Thére vas no evidence of

higher emission im spectral regions where Nd in glass lasers can be

19
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Neodymiun sdditdor was tried in zircontum and sluninum povder flashes
to sj‘eg: if the .e’m;jl:ss,ivie ch‘g‘tﬁ’a,cgtgr;ljstic:s, of the flash ‘reac::t.-}iiona: could be
tafloreds The apectrs taken szpess in Flgure 50, It was found that
small aromts of Nd in :" resul*‘ed in a large féduc'%‘i.onﬁ or diiuéarppeaxlnée:
of the tand structure o2 Ir0; the e~iscicn s mostly continuum Fﬁ"i‘_,":{&:‘&i‘é®h:§$ )
that of the KI«KCI0), flash in its lack of band structure, Also showh im

| Pimire 50 is the spectrum of Al KC1GI with and without Wd addition.,
Addition of abeut 20 per cent by weight of ?;’d-KCIOb to Al-KCth dfd not
cbscure the 410 bend structure and preduced séme id‘:«mtifiaﬁia band stvruc‘tum‘
of 10 extending from 6985,2 to <62°r§. There slso arpeared to be a
$light enhicncement of continuum rediation ia the red; this enhancement
hewever, 1s not in the Nd gless laser ‘puméi}n‘g ‘bands,

Frotably the boiling roint of Zr0, is High enough so that additivies
‘Fesulting *n a lowsring of the fla'“e temperature greatly reduce the &mount
of IrC vapor present, Thig colder "burn‘ing‘ Tixture will then exhibit &
rmich reduced cxide band structuré, The alu-inum turns mostly in the vapor
‘-a( and the fleme temperature of AI-:?TCIS‘& rizture is ~lorer to t‘.ﬁxe}
mef o abe sty jerature of Nd-KCID) so that the ccoling effect of Nd is less,

The N0 tands gre not visitle ia the zirconium metal flashes because the

centinyr redistion 18 intense enough to obscure them,
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| LASER SYSTEM STUDIES

ASAAQS beeh‘poinied dut before, ehemicai‘réaqtiens~eénf$ele&sé‘I&rée
amounts of eﬂe“g\ per pouhsi. and thisfcmergj igh F@réffiéiéntiy CGnVértéd
into light. However. 10 Ye @ useful laser puzp the light must be enitted
at an i‘n‘:‘e‘nsitv above that reqwﬁfed to reach 'lé:Sing’, vhfé'shola The l@t.“,est‘
threshold laser ig Dx 2 in Ca.Fa This #aterial “as been pumped’ with a
tungsten i ght mdicating that it requires ¥ br‘ghtness temperatux-e less
than 300CPK. Necdiyiium ih,a's no specific thﬁe»s'hoa‘ld teperature requirement
since its characteristics are 50 greatly influenced ty its host materiml.
‘The fluorescent lifetime can vary from 8.1 <f sec. 1O »63,7‘4/ "s‘ec.‘l', depending
on the type of gia"sé used for the host., Similar variations exist for the
fluorescent lire width and fabsor,pti-e‘.n" coefficients: Neodymium, therefore,
has & range of threshold temperatures from approxl.uately 3500 K to SOO@ K.
Rubv is mere avenable to analysis erd the threshold brightness has been
deterrired o te abpgt‘5250°K2} It is possible to analyze the effictency
of & light source of a paryicular spectral distribution if ;t'were-MSéd‘to
pump @ laser amplifier whick was continuslly being swept ouf by & driver beam.
Ir. other words, we détermine ‘t’he‘ efficiency of the production of excited

Nd‘s etoms. For reddymium. this was determined by using the data available

1. Eeastren Kolak Co. ‘ ’ 2. T. H. Maften et al
Laser Material Study Stimulated Optical mission in
Comtract Nonr 3834{00) - . 'Flucrescent Soltds ‘
‘ Phrsicel Review, Aug. 19, 1361
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for American Opt“icu'is‘ AOLUX 3669 Néodymum‘user- Glass. m . pm; of
the t.mnsmisaion of a l/b inch pieee of glass, the ma under euch of thc
absorption ‘bands was determined and eva.luated for energy etﬁciency and

,qumtium ser’fic‘iency-, Tncse plots vere ma.d.e ror black body lpectm

‘ distributions rrm °K to 10,000°K. o
In the caee ot‘ rub'r, 8. ruby ampli“ier xbe "rw pwnped b & black. body
wrdte Hrv : c*v'tv ey '~m1vt1callf exa:-z‘-zed to deverr ine its \erficiency ag
o funvtf*on of plmr*m tenerdture.,
™e nodeél consisted of a l/h inch diameter ruby which ‘was only being
punped. by the ~»eeén sbsorption Yrasd. 'T'*e violet band was not used fbi" '
WO reasonss It 1§ n‘j,o:t.»r 48 efficiént as the green absorption. ba.nd, and

. ;F'.s;imang’ hng shown th.xt apyi‘qpti&te violet radiation can st-imlila;te;:‘

‘ transitions from the 2% level to the ~chax‘=ge transfer b‘#r’;d,, *produc’i:m’;.‘ a net
depcpg;g;‘tan of 2E when: the laser 15 betng purped. There is also a 50%
reduction ia e,ff‘i:c'i‘encf:f“or‘ mhy hecause of litie splitting of the 2E level.

Firure , 21 shows the results of this laser study. The mby‘ amplifier
shows & sharp "ri»se in reffi’c"i.ency' at 52509K because tFis is the temrerature
where s plification begins. With niodymium there is no true minimum
Duaping temperature hecense stsorption &t the lasing frequeficy can be
decréaset g lv::‘-ér riess technoley improves.,

Pmser‘xt‘ der lusers are not rers ect, so. they will not reach the
~ef‘t“1cien»ciea shown on this craph. Neodvmium glegs rods in rroduction have
ea ghsorptien of O.6%/cm at 1.0647 with experimental glesses as lov as

C.1%/cm et this wevelength. Tae lasing output of ruby rods suffers from

the de:,‘"ecu of e¢ettering centeérs and fionheridgenecus crystals. The defects
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— Nd*3 GLASS

[TewreraTors |
°K X 1000)

Figure 21. thc!ency of Conversion of Black Body Radiation to Laser Output
for Idealized Laser Materials
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decrease tﬁé- efficiency mrther, b\,it,r;mve/ ot dbeen fgcluded ‘beécause they
vary from rod to rod. From Figure 21 4t is obvious that both rudy snd
| neoamium can be Qpﬁpea by ssoo'% chemical resetions. euéwéifer, the o&ﬁput
» from ruby would not he very far a.bove its ‘threstold and vould not be very
':efficient. On the other nen'l, & re: iy"xium e.xrp"xiﬁ er could he efficiently
operated even ot & mich lower ue"'rere.ture. '
» I'x Q' 1e’11ca.1 reﬂ.c ,¢:>“s a le *_x lasexr D'ﬂping tﬁere are t‘u‘ee
Inéreasinily Aifficult “evelg fn sntatnlng high tesperrtuses, The easiest
18 using & retal and solfd ¢r -esec.s oxidizér et one c¥ two aimo??ﬁgi%s
pressure. - Mith thig technique ::ere is no 'nie,edi.foz‘ # hizh presgure
@kmber because no sttempt to sressurize the resetion is made. With this
tyre dff ssten it 1& possible +6 oktain ’Jﬁb(‘@c:l{‘ with ®afnlum and pctassium:
perénicmee or 1000k ‘With zireoniun and gaseous oxysen. The unpressurizeéd
gaseous oxidizer rea.ct;lona can e conta.ined in a replaceéable glass cylinder
~and convert approximately W% of ‘he ‘::.\.,rail'a.ble- chemics;l :erzerey to radiation.
The radiated energy cen then be converted into leser output with an
e*ficiency approaching T.5%.
™eé next level of difficulty s to use a metal chéxber to contain a

recction of zirconfus wool ond 1500 psi oxygea. This echieves about 5300°K

rrightness temperature at an undeteinined efficiency suspected to be between

2 end 15%. The higziest lével of difficulty 18 to use & very strong chember
.1ich can withstand & shock wave of 100,000 pst and a pressure pulse of
Lo,c QO ps%. Frotecténg & laser rod-minst such pressu*es and keeping any
window area clean tecomes & very serious problem. The terperatures
cenerated are in tre f650_0°x resioh, nowever; “ke wirdow forsing problem

‘1@,;-@ the useful trighthness terperature. The veesured efficiency of this

8l
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eaction wae about 2,5% : mwever, ne cor'pensation was rade for incerrplete

burning, venting,, a.nd wlndow cha.rring. ’I'he efficiency would be 10 to 15%
{f these feectors were conttolled.r
Ih a proctical devi ce & neodw‘ivmﬂ clase oscillutor-amlifier combina-
‘5 tor hold the roof “cf L ~.1. Présent’ ‘neiédyf?li.\im, aless a‘mpl.ifiex:;

. ot wbcn a driver ‘”Mr of 10 ,jonles/c i3 passed throuzh ite

AN r‘oés. are bel: e swert cut with even

% %o h'mch‘ cher"ica.l

- ~}c “mprcsm"c‘ ".,; Vct*c:) *ﬁte @O K to 14-15-00 K Tnge -
'a*é;illci verrit batween 25 ard 35 jotles /c Y £o be giwapt out of a _];/B inch
dizmeter a’zr’p’lifﬂ;érm Thisg 'ﬂ'ount:s. te :j.mr:x"cxir:mt'e'ly %0 ,Jéi.ﬂes fer pound of
laser rode In terms of l-ser rods a SO Joule svetem could be built using
17T rods 1/k4 inch i-n‘A(‘?’."iE;.rf'e;‘cer Ly one foot; long, or five réctengular rods:
1/‘" x 1" x 18", These rods need not be placed end to end tut could te
optically Folded using prisns. A driver teos ‘pr\o'd,uc‘cd from a laser
cseillstor purped by the cherical reaction or by a srmall ¢ zpécri‘t'o.refla'sh,-»
ture systeém ls required to swecp out these :z:':r\”];i’ﬁwer réds. The driver
could hove an outpnt of 1 or 2 foules if it is to e arplified first in
s~~1Yer dixroter rede, Tre reéc-liin- eceillatore~rrlifier corbinatien
eonXd be flef:i{*hcd“ o welrkt retican 10 .:m”dﬂlé rounds. at 4n output rating
of 50 Joules.

& higner brichtness i;cr:pc'z“nttme 15 desirahle héecause it perrits more
Qrersy At.cs te obtained from exzch laser rod. However; the weight of the
rressure vessel and protection of the laser become problers, To Jetermine
tihe problers encountered ivx reping 2 laser #n 2 high préssure ¢chamber

M/LAD designed and cénstructed suén a charber on Interzal funds. The

"

8s
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chazter shown in Figure 22 has been designed for constant volume
reactions to e pesk pressure of 100,000 pst, and will accept laser rods
up to 1/2" x 6.

e laser rod 13 mounted fa ~ quartz Sube pessing down the axis of
the chaader. The chemical ¢harze, which can be either a petal powder-solid
“oxidi;-@er' mixture or & etal wool-rregsurized oxygen nixture; is pmd
arount tae et tube. Irmiticn is noiiplished vy exnlosion of & helx

of rrofisse wdarred arcund the cuertz Sute. To facilitete loading of the

Prelizinary firin: data hes been ncéunulated oy the durahility of the
quarsz tube and on 4he brighiness temperntrres eveilanle fram retal wool
oxy en nixtures packed into tie charber,

Initial measurements have shown that the quertsz ‘tub'e‘ is capable of ‘
withiszanding the high pressires ge‘ngra?red, hy the retal wool-oxyseén
reactiors. Failure of the quartz tute on detonation was eliminated by
‘COajning the tute with & tran‘sj:arent §%Iteone rudbrey. This protective coat
seened to danpen the shock that 1s transmitted o the quertz tube,

The brichtness tempersture meas: -erents were perforzéd by putting s
1/4" dis-eter ednicel reflector of kncwn reflectence in the quertz tube
and messring the reflected imtensity with tne wedje interrerence filtere
Mhofoture sbectrophoteoreter desarived in Appendix I.

~irconium worlepressurized oxyren nixtures have teen fired at several
initiel pressures ian the rance of O to 1500 psi. The maximum brigchtness
terperature recorded was 52,300‘}( at 1450 rsig. E_.\:,tra‘polatipn- of the dbrighte
ness temperatiire = in‘i‘d‘.:-al pressure dste indicates that a bm-ghﬁne,n.

temperature of 5“5000}( can te echievei tn the 1700 - 2000 pélg renze. The

86 .
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Figure22. Constant Volume Laser Pump Chamber
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=cha.moer is designed to pump bcth rusy ana nedayniwm iesére, although thus

"\Lfar only sef‘ "y’ tests -u* temperature measurements have beeu mad.e

'I'hie chamber not only pioves the point that higher temperature 1mr‘
pumps -can be built, but algo fllustrates the fa,ct that gome of the veight

‘ ‘,sa.ving that is gained bv goincz to ¢hemical pumping {8 lost in the veight

' 'Of uhe Ch

The 'ni Eusthhuc “*eore‘icr‘l welsrt for & chamber cepable of withstanding
| 109 ;200 wl preséure veuld te thet of & pigh strength titeniun hellow
f;qere This trpe ehamber would wedoh enproximately L grams per ce of

‘ ﬁn-«t;e,ma\l VQ{Iwn:e:, 'H@we~\fer‘,, & rreaetical chasier desiecned to pump lasers:
would weigh motre than l@ r£rens per cé. In a practical system only about.

" onesfourth of the total voliwne ca be oceupied by laser rods. Therefore,
the chambér weighs about L0 L,"‘F s per cc of laser rod. If the pumping
teumreraiire were increeeed to 6009°K this would increase the output of a
lase’r rod’;' b;r a fazotor of five over what wonld be cbtrined 1f 1t wns pumped
by a resction 15 the 4000%K ranre. However, the wéirht of the pressurized
s&stemn von.id still ‘%e‘ .g;:’*enﬁe:' then & ncn-pressu:rizea system of similar
autput. Froblems of reloeding é&nd rro‘ecting the laser also become riore
acuve with the iressurized systém. These probleus arpeer as if they can be
overcore, but there are other rethods for ovtaining higher vrishtness teme
reratures which »cve 4o be evaiurted to deter™:ine the best rrea for future
worke

Etermal Velhrds f‘pr;'I.:cre*c‘" - trl-hiness Temperature

From *re second law of themoiyna'nics we kriow <hat it {s ‘~possible to

create an imace more intense then the source of the rediation if we are

"deallng with Lattert lav rediators snd if the refractive indices of the
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‘object and ima.ge space are the game., These last two cenditions offer a

¢lue to how the intensity might bé increased. First of all; Iif the

 pefractive indices are different it is possible to achieve a higher bright-

ness temperature, This cen be sccouplished witha laser rod by the familiar

‘ pﬁocess‘ofuciaddtwg*théuimser‘ro&. Ia this prhcess~thé gyiindrical laser

red s Jacketed by & transpévent mmverial which has the grme fndex of
2
For best results Dy

where n = the index of refractisn of the laser rod

refinccion ps the leser rod{

Dy = oOuter dlameter of the cladding
Di. = inner diemetér of the cladding, i.e,,
the disrmeter ’e'f the laser rod.
This prodices e#3a Increrse in Intensity equa’ the indéx of refraction of the
materials. If the shape of the cladding is spherical .ather thaa cylindi._ricﬂ
the increase is approxinstel:- equal to .ng’. This, for ruby it 1§ possible un
increrse the fntensity by 1.76 with cylindrical cladding and 3.1 with
s;:zeric‘al cladding. Wi thl neodyiut gless the T.as,ér' rods have an index of
refracticd rrem 1:5 to X.8 so slriter tmmren. oc wve pos§sible with slsss
Iaser rods. |
viith a factor of three tncr-a;ée ‘in intensity 1t is pdssible to achieve
{ntensities wh;i'c‘h correspond %o effective temreératurés stove ‘meOOok from
2 blneckledy radiating at 4000°K.
Another nethod for achievinc a brichtness. temperature at specific
wavelencths, higher than the source, is to use flucreéssent devices vhicb

are ‘no.t- in therial equilitriws end thus fall ocutside the scope of the
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?vﬁfe ¥¢u§Ty digcussed law, .
A study of fl‘uore‘s'Qengt\ devices rus been ccnducted at NAA/IAD under
,ﬁ’;t,egrnal fuﬁd;ifng,. ‘This study ﬁa;s d.emonstfa:tedf that it is possidble to

~ obpafn substantial intensificaticn -t a specific weveleérnsth, ‘TS understand

the fluorescent Intensfification prmocess it is necessary first to briefly

Yew the flucrescéatl excization snd re-ermigsion process.

o

Fruoresceénce is the sbhsorption of i

1% fnd enlssion of the energy
es Liiut tefore infernnl conversion degrédeés it to heet. Of these
‘fﬁuo;eSCént excitation-enissions, the two level systerm f{an ersrple of
‘vhidh‘is thé Ko 27374 @bSérﬁtion‘%nd direct rr-emisston) is of no usge in
:é?ylég‘gélreech hizher “rish ness tempere*vrés since tle emission is
flackbody limited to tha’ »f the scurce or less iy an equilibrium in the
{reversible) process.

'Ihé rmulti-level syegtems with intermediate (irre?ersible) vibration
Tevel chan-es of the ercited state can a=d do give rise to nru-equdlirrinm
romilations in the excited state, and thus can have‘higher‘brightness
tenperatures than the excitiag Yirht. 4£nti-stcke's fluorescence of this
type thoush, 1s not useful since the trermsl e:ersy which couses excitation
to hifher vitrationrl levé?s also help: to cause quenching, end therefore,
results in higier enérizy, “ow intensiiy e-issicns, The more cormron and
useful Sioke's “lucrescence occnrsg en vitratiorel de-excit=ztion takes
the welecole to the cround vitration level where the f1 cresclng de-excita-
tion is observed. Due to tre very fast deactivation ra‘es this type of
Flwcregcencc will ytqld very hich brightress rerpevat res and thus 1s the
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Another possitle thgrmodynamically ierVersibIe:paﬁh from-thé‘excited
electronie: .'s_tate_“ 1s a gystem ._croé‘,sév,er 1:6' an ~‘ex.’¢it§d state with & different
‘rﬁ‘;iltipii‘c:ity tha‘:n‘t'he ground state ;ivizzﬁp‘ rise %o ‘Iﬁhésnhone’s‘cen(:e., Tﬁils'
ras the pot entigl ability to achieve hi gh temeratu‘es though it has not
veen investigsted es vet. Thé rain rreblem would‘ to be Pﬁectivelv use
oné of Lthe 'mowm -othods o | ‘ ‘

avirorely Jeht Walf 140¢

Toe v5ility of flveressent eshancorart of purrins covrees lies in
nsine raterinls whidh orit into o rartileular lnser's rurping band, dut

absorb at wavelen~ire oubside of this or other rurpinc~ bands, This has -

i

the doutle advantare of éoénedatrating rore epercy into useatble wavelengths

ard rreventing uselesgs licht frém enterine the laser viere it {s desraded

to hext. In omoral, it is desirzble to use matorisls which absorb ovér
a widor wovelergsth ran-e tlan in which they Tlt, tlws ~1lowing a greater

vesb¥e eneryy ecuncentration,  As an éxarrle, a2 sugponsicn which absdrbs

ot of who 1ibt of swevalep ot Jeds ron kot L7304 and fluoresces
ront {ilfheen tires the cnlsncerent
fluorésccin covld sive o would fe rood for parping a neodimium laser

C-r ririnl eyrerirents were conducted usirng uranine, tie sodium salt

e Mevorccin (TarfyaCe) since it 15 easy £0 handle ind knowa £6 be a

,TCR: flxo"e earts Tre amuedas Qr motlarolic solutions of the salt were

contained tn 3 srall @i;rete* ture with a flat windéw at one end for

meadnrerents, The fluerescsin wms prwped wlénr 2 three inch length by
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two flash tubes, Tuoe i.uorescent ratorial emits spherically; ;hoveye‘.rl,‘
1ight emitted within a right argle cone is trapped within the cylinder due
't internal refiection. Not uvatil it reaches the flat plate at the end of

the tube can it escape. Since the fflfuoxes‘cen't, raterial absorbs very little

of its e"it*‘ed 1ight the igtengity of thé trepred 1irht fnereasses with the

‘lcﬁrtq ¢? the tvbe that i$ belny 7 ‘;15} Caly elt-qbsorption and

sactteri: ~ Yixits the ootput irte o low idoh oen he adhieved with a
dyon rrem gotres,  Fiovre 23 forewctrores i prineiples of thig applicns

£lash tibe rurrine terrerature in the 65004 rord N, the hirhést obtained

. . v Al T Ot ,
to date teirs about 24,4007K, s shown in

Traghinre géan ackeived, Thése datz indlc-te that for o fhreé inch purping

Theoretical ealculations have besn roie for 2 reositle cenli. uration

the chrre of o puddle wheel * . de of thin venes of o Iucreisent

[

creranced around ~nnvis forred ty tre lncer. Tisire 2% siows ¢ vone and

t¥e 2 er red, The flucrezéent ratorial is to ve purred trrovw-h tre sides

"3

Af +ta vares ont o tte fluorescent eorirnica Yirzete? by invernnl vaflectance
through one cdre Yo the lzser, Tre advantz 2 »7 4ris confi-uration over

ticze trizd by other growrs (e rner=lly sore form of annular eludding) is
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that the f‘a.»c‘é’fs; of the ‘.t'ane"s,f‘ 3« & much larger a.rea to pump the fl‘ucjmg-.
cent material and & lafge increasé in e'fficieqqy' of punpitg & given volume \
Al'a'o., the tra‘..pp;i‘,ns‘ e_ff.ietenéy appgcach&é 15 'p'e‘_r‘ cent for the vanes as o

- opposed to- 25 per cent f'o;-r:—'r‘th,e'{ tures. Usiug chemicals reacting at 5000°K

' ;(‘whvicfh ¢éan be readily reached in straight-forvard reactions) the calcula-

‘ tors s shownin Fimre 27 ipifeates th».«;f ‘we device can aChieve v,e:‘ff‘e,éief
Lie teiperaiure '\I""‘:" e IT ,,:C‘Z_C*é‘j:'i:v; *‘“e_csr’.)m, etilatel -3 zi,,é’ée‘;s.sg'iy f’gj;':
nih el iziency l;t:se»f puring . F";s;;;j;e 28 shows e.‘.‘fi"}é.:;e;hCy of output Q:ff
the "'reer‘lir_ht (0.52= .60« ) to the laser. Jote thet :e'n.e'r‘gy pet pound
relationship of 'I'o"&' ar 105 ‘oules rer pouﬁd are e:Visden'cé,d for thege
unoptinized =&p§roﬁc"r"sjes and does not fncludé any 1Lgﬁt fron the pump, ‘sm
Of whieh Wil) ugdoutwedly reagh‘ the lsser rod. |

These are onty t".v;-:'eoréti.ca;l predictions based cn the data of one
flucrescent sybstance and a rough model, btut there is good Indication that.
f.\:frth,er research would result in the development of & véry useful device
with wi-her efficiencies than shown here. To te founi ate other fluores-
cent raterials swited to various lesers and the conditiong under waich they
are ~nst efficient fsnuch es sclvert, concentrzticn, rH, ete.)., The model
will also have (o e relined thro. B exreri-entetion to [nd such things

ng the Lest size, thickuaess, &1 atier rf sanes an’ *he best angles and

itirroring of top and ends.
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e most important 1s that. brig,htneu

temperatures ‘na,v’és 'b.e‘eiﬁl a“ch eved that are adequate to pusip neodymiun and
nlxbvy laseérs. It iz beAl'iiéyv‘e;dr thés t11;,;;1@;:} -t;emper&cmsz hav_e teen achieved
ty chemical z’,éac.tiéa,s nroug,n thtls conirect than ever tefore. Records
‘in;;iiéva’cé, that i)r‘io‘r ’3 't'hirs centrect, the hishes t brizhtness te‘nrera\.ures
measured ‘ve,.re* gbout :AOOQOI,:_{ The ‘}fri;;ixe:st teaperature was, achieved vi‘:t-h;
nefniup and potessium perchlorate, erout. 6&500’°K., end théréfore this would
be the best. _réactifon if tempe:rat.ure:s must be this high. .Z‘ircon‘ium. and ‘
potassium perchlorave reaction produces tenpératures almost a8 high ag
hafnium and. thorium and since it -s more ree.dily available, 1t would be
‘recomne,nded for .mo,srt‘ applicaﬂfcions‘ whepe‘ tempem;:ures in tals range a,re
required. 7 o

Tt is concluded that the best use of bhémical f,r\egcx:‘ions for pumping
lesers is to use the low o medium presgute teclmi:qu’esr. These té.chni'ques;
Frolace lower texperatures, but they do not heve the &enmties a&sociated
vith the ’hlghfpz.’e\ssu,:e reactlons, nurely a heévy high pressure chamver,
low efriclencies, laser rrotection ayainst shock waves, and window ch«rring
One atmosphere reactions are best for application vhich require tempera-
toves up to WMIO%.  For thése that require temperature between UH00CK and
5;500°1g, theé pressurlzed oxyren-metal wool reactions are better. | For thbse
applications that ;:eqvuire‘ lntensitties corresponding to brightness tem-

perstures higher than 550C K, other metrcds appear more promising then
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Two. eprlé,s ares ;;‘); CIad&in'g of the laser rod

4 tics .md' the potential of

echnte reactions for ; mpins lrserse Sore of the rest im;;’o}rta;nti

otservaticns 2 '-e z

)
)

LI 2 iy vt v
el o cnmviningm,

©? wrovelensth rut

Gonerally, efficlency

»oakdut 200 rai.

Torpera .ﬁurcs. mr:f'sd ror 3000 to (500%¥, Jonerzlly, the

Iover than those

Titares pendUrad were ute

prmw
protietsd by the ecorputer présrom.

|’)

.A’**ov}* increreh*t-a;l f:vroverents ure pescitle in ewch of these ireas,

Tintter ‘rotitons 15 ot virrantod % this tires Seff%slent
Irfoee tien is gveiluble to procoud o the system study

et atlilat e oveser mded tind werll aslare four irvor-int arezd
235 folkows:

s perferroree using o éhonlically yred eavity,

¢} Clzdding of the laser to ircrease 110kt intensity at She loser rod.

1) TFluororcent cénversion faviecca to treronze i ity in specifiec
spectral rectons,

10) O




N U AMERICAN AVIATION (WC  LO3 ANGELES DIVISION .

The basic sysior study vould 5é condncted:&55fblidvlt

a) Esta' ish laser natérial, Bizg,-ah&»Shapét

») Determine output of the laser versus briehﬁness‘tgmpératuré 
using & convéntional pumping systems |

e} Seléct the reatticn elements ~ost11ke1y to rive best ;perfémee.

for the laser.

vy Tre. riiavior fethed, window,

F:tc.

0o
1
-
iy
O
$ud
fo%
[}
L2
¥
e
4y
o
[
o
3
-
[
5
3
-

a) lerform tests on the rurpin cloven to doterming brishiness

wgrpeviture i efficlendy versus yressure oo, select operating
pressure.
) Past laser using the eherical rexetion purtiing system to Geterrine

Lotod systor efficlonct, Opticize syzucm pérformance through

iteration,

plifier sréte~ would e Jdes

22) ranetion purping.

erad “or dhent

Tris wduld te comtrolled with a laser oséill:tér whieh fuy Or nzy not be
purped with a cherical resetion., Thls is rot irportant heesuse it would

te a lev nower levice, Tests woyld be ceonducted o dgtermine‘system

&8

lgerfés::xcc, ;;:tiewl;fly system effictoray. The ;Gt;l zreryy lensity for

nhroarater werll te determined,

P oircrever mm Tn offieteney wouldd be atterpted bty eludding tre
Ylaser red wish o dleleciric thot wonld ircreuse the intensity of the
r.d at output from the rwrp ol senr ty tre lurer rods The charber would

be adarpted for the cladded luser rod and tosts conduéted to determine

efficiency zud other performance data.
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The charber and possibly the reaction conditions would then be
modified to utilize bt fl*;ore‘s‘ceﬁ:t converter to agzin atterpt 10 increase

the system efficlency.

108
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AFPENDIX I
EXPERIVENTAL EQUIPMENT

The neces,sgirf exﬁe.rimental. éqﬁiﬁarr’ent fc,srifa study of the light output
o c‘xemica.l fla;sh, ‘retaét.io‘ns may be dirided fnto three groups: Sensors,
ignitors, and ‘cham?tée:':s', ’Al’hei sensors must measure lLight intensity es a
function of tide and wavelength. Iwo-genepgi types are in use. One type
is used for produging tive resolved speetra and the other type is used for
measuring monochromatic intensities as a function of time. The calibration
te;chn;t‘q;ie is disecussed in detail because all temperatures quoted are
acéurate only insofar as theé ealibration is accurate.

‘The ignitor is used ‘t.,e‘ ignite the reaction mixture at 8 p»re‘det‘em‘ined
time and with & Vmi»n'imu,mr djé’s,turb’anc'e‘ of the system. Therefore, a brief
discussion of the 1gni§0r' désign is présented.. | |

The chambers in use may be divided Into four types: Flat plate,
a;tmosphgric solsd osc‘idi;‘er, pressurized oxygen, and dynamic pressurization.
Eachk is designed to providé a specific function for accurate intensity
‘t;;?:C-&Sller:‘;5’>'!f;~t at verious specified conditions such as with pressurized. oxXygen;
a solid oxidizer, or udder high 'pre.ssure, Consequently, a knc‘\-r’l:gdge of a
chazber design is isportant for an unders‘t‘an@in\g_‘ of the data presented in

section three.

TIME »REL‘CL\{ED' SFECTRA

The variation of light intensiiy from chemical flashes with wave«
length gnd time can e peasured by the usé of the arparatus shown schemati-

G‘my in Plgure 29, A Bausch &nd -omb 1.5 meter grating spezetmmetefr.
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serves to record on film the light Intensity incident on thef §nt’:an¢g 'ailf-it'
as & function of wavelength. Time re-olution fs accomplished by a sectored
wheel revolving in front of the slit. At eny particular timé during thé |
flash :dnly a certain portion of the slit hetght is exposed to incident
radiation by the sectéred wheel. A sample 3ect@ie¢‘whee1,is Shoﬁn'ih
Freve 20r this wheel hias tén seciors each cut a&wac&.ffefent radivs.
Facr of the sectors shown oceuples 18 degrees of arc of the wheel. Thus,
for example, a wheel turhing 23 one revolution in 40 milliseconds would
allow a series of two millisecond exposures to be taked. Since the spectro-
seter is stigmatie, light fro< varicus portigns of the slit height will be
recorded at various corresponding heights ©n the film. To avoid the possi-
bility of light being gathered from différent portiéns of the radiating,‘
cloud leading to & confusion of spectral distribution of the light with a
time distribution, the optics have rren arranged so that the object image
at the spectrometer slit Is enlarged aveut three and one’half'times.‘

A DC IightrsQurce-phototransist;f cofbination is used to measure the
time per revoluticn as well as acting as a timihg trigger for ignition of
the chemicals~wher; the Tiring switcﬁ is flibpedlthe ignition Spark will be
thrown the next lime thé photetrunsistor senseé the light source through
a slot in the sectored disk. .Jome of the light focused on the spectroneter
entrance slit’is deflected by 5eam dividers to two calibrated phototubes
equipped with narrow band filters. The output of the rhototubes versus

 tfme is displayed on a C.R.T. &nd photograpdhed: Using the phototube out-
pat to measure light inténsity and a microphotometer to wpeasure spectral

f1lw darkening versus tize apd Wovelength, (1t iz possitle to calibrate the
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Hfilm' darkening wit"x ra.dia.nt intensity and hénce brightness temperature. By
caref‘ul duplication of the exposure time and developing technique, and use
of the same film emlsion batch nudber, the filw can be similarly calibrated
at enough y'&,?e,,],engths to allow one to plot isotherms directly on any miero-
phot'Omet_'ét trade of spectra taken in the same fashion. This 's,e‘eiﬁin'gly eom-,

slicated system for calibrating filr darkeéning versus radiant inténsity 1is
necessary bGCa1§erQf’the'reciprgcityAéffect»(52)a The film nust be cali-
brated using identical exposuré times a5 the exposure to be measured and
available calibration standards do not have a high enough radiant ir‘xte,ns:i*tj

. to do the ,’Joﬁ.

Tide reeolved spectra should allow the rapid determination of bright-
ness temperature as a functicn of wavelength and time. This would be wvery
helpful in determining the effect of various additives on brightness or on
ﬁhe‘iight%output ini any.nafrov spectral region in the wQVQIEngth h&ﬁgewof
the ‘i'ns-‘brumnt.' If nonequilibrium radiation can be produced, it 18 wuch
more likely to be :de-t‘;ee:t‘ed by use of the spe‘ct-fometer than by pho’to,’cubee"
with narrow band filters. Tt 1’5: also Vpos_sib:]':e that the way in which frtens
sity is observed to change with time could reveal something about the coa-

bustion process.

MONOCHROMATORS
Measurement of light Intensity in a given spectral region requires
some form of monochromator for selection of the spectral region. Several

types of monochromators have been tried in an effort to find a Simpie yet

sensitive device.
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One ofthe tifst methods tried was the use of Wratten filters. The
Wratten Z;’.ilfe"rs. chosen were selected for narrow bandwidths eand high traas-
wmittances in the bandwidth. However, even the best Wratten f1lters had
very wide bandwidths ( # S00A) which produced anomalous: 'x,-es:uélt'sr 1r the
systew under Stuci;v devisted grestl: from e blackbody. Génsé‘q:‘ue'ntlyzg
Vratten Tilters we‘re ‘scrapped.

After further study 1t was fel:i that interference filters would be
the ‘test becauseé they offered the adventage of narrow bandwidths (% 504)
and high transmittance. Two types of intérference ‘filﬁé‘r‘s are available:

1. The fixed type which is manufadtured for a specific

transmittance region. -

2. fThe wedge type which transmits a given wavelefgth at a

specific region on the filter.

Each tipe has found use i the laboratory. The [{ixed typé has been
used in conjunction with the Fausch and Lomb srectrograph for ca.lti—brati-:hg.
the intensity response of the photographic films. For this purpose it is
adiirably suited bedausé scanning is not necessary. TFigure29 shows use
of these filiers on t’he tine résolved spectra apparatus.

he wedze tyve is quite uselul as & guiek scan ing dévice for rough:
pletting of intensity distribution from flash reactions. It is exiremely
compact, and may be easily calibrated because the dispersion is linear.
Furthermore, it may be mounted permanently to a phototube pickup box to
éonsi:ruct a very small spectrophotometer, Figure 31 shows the wedge

filter wounted on a phototube box.
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Figure 31. Phototube Spectrophotometer Sensor Unit
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Séveral types of detectors are currently in use in the laboratory.
These may be divided into three categories: Solid state; photodiode tube,
and photomultiplier. Each type is being used in 1ts specific area of
séhs&tivity,

'Thélsolid state photosells are currently in use in iow sensitivity
arnlications such gs for milse gounters on the tige resolved_séectra_Setup.
Howevér;‘their’high sensitivity in the infrared wakes hemn adafrably suited
for megsurements in the infrared. An infrared sensor is curréntly under
construction which will wtilize the solid state infriared detectors.

‘The photodiode tubés have been utilized in the visiblé range A cons
;unction with the wedgé interference filters. NMaximun sénsitivity is at
5400A.

"The prime disadventage of the photodiode tubes is that sensivivity is
rather low when used with the wedge inﬁérference filters. Therefore, the
mihimum'SLgnal detectable avove noise level corresponds to & blackbody
tempefature of approximately 23OQ°K.

Tor high sensitivity arvlications such as measurement of narrow line
{ % SA) intensities in conjunction with the grating spectrographs, photo-
maltipliér tubes a*e used. These tubes offer the advantage of extremely
high cen-itivity, tut are subject to microphonic piexup. For this reason,

he chotosuliiplier tubes are not in more generdal use in the laboratory.

SYSTEM CALIBRATION

Accurate measurement of absolute l.ght Intensitles requires an accur-

ate system calibration. Defore a system calibration can bve undertasken,
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suitable intensity standards must be chosen.

As & primary standard, a tungsten ribbon bulh calibrated by the
Netional Bureau of Standards was chosen. Because it was necessary to pres
serve this standard, several tungsten ribbon bulbg were ¢alibrated againsat
the primary standard t’\d Berve as expendible secondary sta.nda.rds. At the
time of ¢alibration of thesé secondary standards, an optical pyrometer vas
alsdo celibrated for use asg .a Ccross c'r.ecic, 6n the decay Vra,te,’s of the secon~-
dary ,ste.mda;dS'; Thus, ad the seéon&:&ry sza.n,&drds are used, they may be
continuously recalivbrated with the optleal pyrometer. In actual operation,
however, recalivration was not necessary until the filement :approachedi burti-
out. It was assuméd that the pyrometer calibration did not deéay because
the calibration had remained unchanged during & two year period of use
prior to use in the laser labor'atory..‘ A second calibration of the pyro-
meter in the laser lesvoratory after six months operstion has confiimed this
assumption.

To eliminate random errors in calilration, the radiant intensity of
two secondery standard bulbs was calculated at several operating itempera=
tures ty use of the tungsten emi.s'six;ity tables prepared by the National
Burie"éu of Standards snd the blackbody rediation tables. Cross che(:k with
the original ¢alivration gave no significant errors, therefére, the tables
were ascused corréct for the two bulbs in question.

Beceuse rzadon errors could occur during system calibration, the
system was celibrated at several bulb temperatures veiween ‘2,‘2009}( and
3,000 to give statistically signiffcant calibretion curves. The actual

response curves were found to be linéar with intensity as was originally

17
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agsumed., “TFigure 32 shovs the normalized calibration é,urves plotied for
 one of the wedge interference filters and 929 shototubes currently in use
m the labémto‘ry..‘ A similar c.&'l.i:bfa-tion pl‘.‘oc‘e.drure— vas used on all Vls,ens'oro
currently in use,

-C‘alibré’t-‘toﬁ of film respénse as shown in Figures 33, 34, 35,

26; and 375 aged in the .grating syeotrographs is performed dm;ﬂsng each
stot by measuring the radiant intensity at tiree :0r four selected spectral
regions with interference filters plus %29 phctitubes. With this data
isotherms may be plotted on the micdrcphotometer readouts to assist in
determination of f£ilm response.

Brightness temperaturés found by use of the present calibration teche-
niques are acécurate to * per cent below LO0OK wi‘t'h' the error lacreasing to
t 2 1/2% at 6000°K. Higher temperatures will require a4 higher temperature
standard source for accurate calibration, |

' DEVELOPMENT OF IGNITION SYSTEM

‘The. ignition of metal-cxidizer mixtures requires that some of thie
metal be raised to its boiling point befére autocombustion. can begin.
Becmuse 1t was desireéd te measure the temperature of the chemical reaction,
and not the ifmition temyerature, a secend requiremcnt was that the ignt-
tion energy must be much less than the available reaction enefgy. Third,
sensing and recording equipment to be used reéquired synchronization of
the Tlash with the recording period. Therefcre, some form of electrical
ignition with a very short delay was necessary.

The first attempts at controlled ignition were performed with Pyrofusze
triggered by a battery. Ignition was erratic, ¢ften oceurring several

Secdnds after the electrical impulse. Furthermore; rapid firing in

118




NORTH AMERICAN AVIATION. INC ' 108 ANGELES DIVISION:

- = WITHK2 FILTER

~ PHOTOTUBE
Leuzzur o
7
6
5
4
3
2
1

Figure32. Photocell + Interference Filter Calibration

NA=-64-608

|

e <

i 7Y S

12 -
%)

B S

B~

119




NORTH AMERICAN AVIATION; INC.  LO$ ANGELES DIViSTON NA~64-608

100

A =5000 A 200A HALFWIDTH
90K
A (7 1/2 MIN. DEV. IN D-19 T = 66°F)

M auem §
| rraNsmission §
{Luos-F pruw §

" EMULSION NO. 140142

A AL +kCh 04 + Ba(NOg), + MnO,  2/10/64

1 0 AL +kc o, 2/12/64
R{o} o 4

0 AL +kc L 0,fBaNog), + Mn0y] 2/18/64

20} x al +xck o, ‘Bav(NO'3‘):2]‘) 2/18/64

10f |
TEMP °K ~—»

3000 3100

| PHOTOTUBE 4349
' VOLTAGE
=4 OUTPUT

' TUBE NO. 2

2800 3200

0.5 3.5

Figure 33, Percent Light ’I‘ranSmwsmn Through 103F Film
Versus Phetotube No, 2 Qutput Voltage

120.




NDRTH AMERICAN AVIATION, INC  (OS ANGELES DIVISION | NA-64-608

| Transmission §
_aosF FiLmy

A= 4500 A 200A HALFWIDTH

100l (7 1/2 MIN. DEV. IN D-19 T = 66°F)
EMULSION NO. 140142

1) ol o ‘

sof-

2o} » O 2/5/64 Al/KCLO 4.’[1‘33.(1,1;03)5] |
| A 2 2/18/64 Al/kcl o fBanoy ]

S x4\ “[ s 2] .‘

" \ x 2/18/64 Af/KC/ O-4[Ba(N03)»2 - M'noz]f

sof
30%

1 TEMP °K ——=
1of

3006 3100 3200 3300 | PHOTOTUBE f 3500
—— ) - L ~ VOLTAGE - J
) 0.5 1 1.5 2.0 2.5 JOUTPUT -=N§ 4 o
L TUBE NO. 3 §

Figure34 . Percent Light Transmission Through 103F Film
Versus Phototube No, 3 Qutput Veltage

121




NORTH. AMERICAN AVIATION, INC  L0S. ANGELES DIVISTON - ‘ NA-64-608

1 ('103F FILM)H‘ X= 6000A = 200A HALFWIDTH

(1 1/2 MIN DEV, IN D-19 T = 66° F)
EMULSION NO, 140142

— CURVE CORRECTION
FOR BACK REFLECTION
FROM WALL

sof
7o}~
| O 2/5/64 Al KC[O4[Ba(N03)2]
60F k -
' A 2/12/64 Af+KcCl N
X 2/10/64 AL+KCE 04[Ba(N 05'3 )2 * M~n02 ]

112/17/64 AL+KCL 0,[Ba(NOy), ]

20§

TEMP °K ——9
3000 3300
2800 l 3200 | 3400

10f

| pHOTOTUBE |
= VOLTAGE
L _RESPONSE_

Figure 35, Percvent Light Transmission '!I"'hroug_h», 103- F' ‘Fj"k{m‘
Versus Phototube No, 3 Veltage Outpui

122




NORTH AMERICAN AVIATION, INC - LOS ANGELES DIVISION NA-84-608

| TRANSMISSION
L (03F FILM) _§

roof {7 1/2 MIN DEV IN D-19, T = 66°F)

‘- EMULSION NO, 140142

6’0:1
3::05

5 3/20/64 AL +KCR O4 Zn§

20k [} 2/17/64 AQ +KCL 04 Ba(NOg)y

10} o
| [ProToTuBE]
~} VOLTAGE ;
=q RESPONSE [}

Figure 3¢. Percent Light Transmission Thru 103-F Filn
Versus Phototube No, 2 Oufput Voltage

128




D
6,

[
N
<
<

LO% ANGELES DIVISION:

NORTH AMERICAN AVIATION. INC.

| ZvI0v1 *ON NOISTAWE

HIQMITYH V002 Y0059 =Y

vorve/e  [suz]Pojosti+ Jv X
3\2} [%aad]-¥o yost +m U]
»9/¢1/¢ [Yogom + no)- Yogos + ¥v O

vo/tt/e . [Baad-Yojos + Fv ¥

[

—
002%¢

000€ - 0082

- () dNIL

0092

Percent Light Transmission Thru 103-F Film
Versus Phototube No. 1 Output Voltage

Figure3?.

§ (wTix acon)
§ NOISSIANSNVY.L{
§ imorty

124



NORTH AMERICAN AVIATION INE  LUS ANGELES DIVISION o ]u @-(08

sequence vas almost impossible,

A second approach was to use an ex Dlod ing wire triggered by a high
voltage cépacitor discherge. Ignition occurred almost insQantapeauslyw
et uuaﬁn‘répid‘firiﬁg‘wés almozt imposgible.

Cpark discharces were tried nexi, tut ignitlon was erratic, apparent.;
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: dersjign,ed;. to fit t e omni ‘iirectione.. che:nber vhich would highly cdollimate

"the flame .and send 1t through an OVFrexﬂand'ng nozzle to bring the flame

'.,o one atmosphere pressure. JJ{;H:'" ‘down trea.m, a8 1/2 inch window vas
r‘pis,é.e’d- f‘()r a view of t:he éen‘r,éi"&:""::}zel f]’.e;:::e'; iHth this esdapter, eddy
curfents develiored downsirear [T o he wmdou, thus correcting the smoke
e Yerivg syt et Trceo gl vante o E =‘" “‘i,;-;“mc\"f*,:-a.té’;‘y five per tent

o5, U und attributed maiml.

o verigtions
atnospheric solid oxidizer chatmber.
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L. Cnanter wust he C\’"“.}g."l.é;'“t’e:.;f sealed.
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discharge.
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ASSEMBLED

INTERIOR VIEW
Figure 39. Atmospheric Chamber
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& dymamic pressurization chamber was designed to allow measurements
&t extremely high pressures ( > 10% psi). Design criteria vere:

L. Provide for containment up to 107 pat.

5. Electricsl ignition of charge.
3. Trangparent window for viewing.

e chasber is shown in Tigare L1, Operatisn of this chamber has
rréesented twoy mslor difficulutes. Pirsy, cdki;n:’nen,z of the ortical system

with the view port was simost impossitle, Second, the windov alnost
inveriably ruptured, and the scattered frea ments rresented a serious:
rersonnel hazard unless adequate ghielding was used.

Thesé tvo defects wevre corrected in the consnﬁxc;‘i&én of t‘"he"mod‘tfized&

d&ymamic prégsurizetion cherber showh in Pigure U2
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 NORTH AMERICAN AVIATION. INC. 10§ ANGELES DIyISION ‘ - NA-64-608

~ DISASSEMBLED
Figure 41. Dynamic Pressurization Chamber
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NORTH AMERICAN AVIATION, INC.  LOS ANGELES DIVISION. o "~ NA-64-608

Figure 42, Modified Dynamic Pressurization Chamber
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NORTH AMERICAN: AVIATION, INC. / LUS ANGELES DIVISIOn A £k -508.

APPRNDIX. 11

‘The spectra presented on the following pages have been obtained by
teking densitometer readouts of the spéctrographic films on which the
oricinal spectra were recorded. Most of these readouts have isotherms
fetred in as deéscrived 1n Section III. Taree brightness temperatures ve.
wvavelength plots (Figures 43, 44, and U45) sre included for echmparison with
the densiiometer readouts. These plots were obtained by reduction of
i{n«t'en‘siﬁy neasutrements made with the spectiophotométer device described
in Appendix I.

The majority of the spectra consist of eluninum-potacsium perchloraté
reactions containing various edditives. A few spectra of zirconium,
thorium, lanthanium, and hafniun powders, rea¢ted with potassium pérchlorate,
are included here because they contéin data of interést to tne additives

study. The importance of these spectrs is discussed in Section III.
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(°K) '

4000 g e

Figure 43, Brightness Temperture Versus Wavelength
‘ ‘Mg + AL + BA(CL Og)5 (1-2-8)
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12,000

) O
O
| WAVELENGTH (A} |

| BRIGHTNESS
{TEMPERATURE §

‘;F‘itg;u;xﬁe 44, Brightness Temperature Versus Wavelength
' zr + KCLo, (4-3)
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12,000

WAVELENGTH ~
' (A)

- BRIGHTNESS
‘TEMPERATURE §
(°K)

3000
2500

© Figure 45 Brightness Temperature Versus Wavelength Hf + KCLO, (5-2)
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