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AS, reqjuired by contract, Ilnr-2 23,6 (00), this i, thefiMAL1 rieport of

the 'Program for the study oIf Spectralý emissivity of flash Coliustion

reactions.* It covers the, period 2. July 196-3 to. 351 May 19&'e and isi 'part of

Project, DEFENDR under the Joint sponsorship of the, Advanced Research, P~ro-

jects. Agency, the Office 6.~ Naval, Resear-ch, and the De-partment of Defense'.

Th4e: genera.l objective of this stu~dy is the J'invest-igation of the factors

that control the durationi, brightness temperature, and, spectral disitribu-

tinof -the radiant energy 'Produced by chemical :flases

The study Is being cridotbNotAmrcan- Aviation as at joinW

program, betweeni the Avionics Department, Loosr Agees Division, And, the

Research Departmcnt, Rocketdyne Division. 'The prime. contract Is ývith the

Ltos.Angeles Division.

The poram contrib utor r r .J ie~rr, Mr. J. A. Macken, a04

Mr. P. .*P.Anos, of the. Loos Angeles Division and Dr-. J.M erhaiaser and

Dr.0. RG'. Schneider of the .Bocke~t-dyne Division.. Mr.. R. Dickson of the.

Los An~geles Division is the -report ed-Itor.
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Soon, after the advent. of7 lasle~rs it was redomi1zed that mnjny applica-

t~ibns would require'-h-i h energy density taerý devices, twsas.ovo~

that t-heL Pn-t±nz siibsyqter. presented one of tia rajnr ortdeles i achieving

hirob1 energy- densit4'. Th i s or pted UTtA /IA tc e- 'ore C:al rdacttcrs.

for ~v-'*ý-4nr- lasers bee e thcr hP s'rvR~~t i:.dUaat~ed a f're t

-noter~tia-l for filJAinc- this need;, The Airst crcer feasi'~l~t,14 of chemfical.

rur'pinr vas t~'b~e y !NAA In Cctdter I t.' ,n, a nccod:-~i-o laser vas sue-

cessfIL~ly ptrted by an aflr eove ah ection. L" ~ver, the

inforration. on lrasic rai~inchara-cterittics *.!-at vt- ý, needed to eviluate.

the- tLftira-te rotential of' cheri~cal ~'!mT~ not avaLilable.

Ths ittudy ufts iitl.iated to. provide the -dditiomtl data required on

ciny. inest, rectral diztribution,,. duration., if~d efficiency of

rafiation eritted byr high ener;.Z retal-oxy;e-n reactions and the degree ýof

control that. nicht be achieved over these- characteristics. The stu~dy has

beer. carried out, in foixr-.rtat 1) A 6letailed thcorcticd7 araLlysis of

car,.IVIatc rec-.ticns to selecet those with rost r~rcrise frc'- an energy per

pt~lmd -.n(! 1i;enzity star.do~int; 2) kri c-,rIerir/2-tal i:nvcsti~gation of

condd~tereactiot;3 selected from. stcr 1 to rcassire radiatiorn intensity,

srectral diptribut~ion., dur-ttion. and effCiciercy;q 3) A theoretical and

cx~reriron'tml. study of techniques to control these With e-rhasis on maximim

inten~sity in ýthe WbsorrtiLon bandsj of ncodyis an %ay nd4)a

mral~ysis, of the irnter-mrdlaticimrhip of the ohetr4cal roz'!tlon -ml tte lInser.



system to re-examtin this Po tonil Of chem~ical pum ing inthe light. o.,

resultsr from teabove Astudies.

In brief', the studyý has shown:,a several reactions produce brightnesp

temperatures,(1 above the approximate threshold temperatures, tor, neodmnit*.

(35500PK to, 50000 K) anMd ruby, (52006k) with a maximumý of 6500OK ()Achieved.;

ý(b.) the brightness, temperatures are a strong., function of pressure, with,

hig~hest temperatur'es ac~hieved between 20)QO psi and. ;,0,0.0 psi; (c) except,

in the early, stAges of un-pressurited Zreact.iona vnere. line, a.dband emi~ssio

are present, the: speczral distribution is a continuum, but. not :iecesssarily

a black body distribution-; (d)ý the, time duration -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 ener-Ey density laser :systems.

A computer program, orijDinally. directed towards :predicting adiabatic,

flame temperature, in evaluating rocket. propellant performance,. was a&w. -ed

to. find potentially high. flame. tenipe~rat-Ureý chemical reactions,. 'The results

of this, program was the disclosure of several reactions that proceed, at&a

,temperature greater than 5500 0 K,- Those. reactions that were selected, for

Oexpe~rimental investfieation wereý the oxidation of; (;) Altuminum, (2)ý Zir-

conium, (3) Hafniu~m, (4) Thorium, (5), ýeryjlium., and (6) Cyaogen h

last, two were eliminated wi thout. 'testing due respectively toL toxicity and

low heat of c4*bustion.

(1,) Brightness Terpieraturt: Tbe temperature of a black body radiator wahich
would produce an. equivalent intensity at the portion of the spectrun
being obpserved.

(2) See Sectoion IUjr for- detailsi of temperaturte mesurement
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The experibismentl cobusltion P hase was aimed at producIn the hIghest,

posiletepeatre b't arin the' mtal, 'the oxidzr an he pressre

-of the ireactio. It, was towid, both theoretically and experimestfy that

higher temperaturts, vere achiev~edL with Aiighev pressres TVo tschniq4ues,

-were used to achieve hig. her pres'sures: (a), Dynamic pressurizing CO of
mietal powder and solid, oxidizer: and (b)l pre -pressurizi-hg metil 'ool with

gaseows Oxy.gedi The results. achieved with these, :wo tr-c,-niques, are, Shown

graphicý 11y in Figur-e I This snowý: that the pressurized xy~gen. system

produ-es birightness teriperfatures equIvalept -to: thoe' of dynamic pressuriza-,

tion, but at, Lower pressures. The. highest brightness temlpe.ra.tureý, 6500K,

was obtained -by the, reaction. of hafniuii, powder And, potassiun perchiorate

under a&,Pressure of approximtely 40,000U psi. However, it can, be se~en

from Figur~e .1. that temperatures -gr~eate than, 6000'K are achieved at -the

much lover pressureof- 1-450 psi by pressurited oxygen. Some uncertow int es:

exist in the value of maximum brightness temtperatures measured at high

pressure due to 'window clouding that 'occurs duri~ng, the high temperature

reaction. Results from Several different tests ýhave provided the basis for

an eatimate. Of theleffect on light Intensity measured and this- was Usred toý

determine the brigtr. nss temperatUre of 65009!K inside the~ chenber.

The spedctral, distribution of t* cze rres~surtzed reactions are essentially

black body with relativel~y constant bri~ghtnhes-s temperatures across theL spect-

rum frc(m 3660 A to '6700 A as shown in Figure 2 *The extremely high

pressures (20,000 toý 60-,000 psi) generated in the dynamic pressurizatiod

chamber was found to, entirely suppress line and band. emission from excited

*-0 peS4%,in hereaction,
*pecie reti h &.oee.

*3) =Wtmc Fres94r,19AtiCA - Pressurizationt generated by containment of

the~~~"' 4zR*. *Ct~5
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An, 1zrortant objectiveý of the stud~y vas shaping the spectroum for msore,

efficient, use, of the energy for pumpingý lasers. This vas to,1be atteoptedi

tflrou;ý,h the use of- dopa~nts or non-equilibriun rea-ctions.j Non-equilibrium

rad ation vat not observed in, any of the experipenits tried. oa

prodclied sote sipedtrnl shaping in, the lover terperftUre reactions

c0belovr WO'O~K) 'Out f ':ll Adcd i-Ato? corniu bl- od aiaina

~'~i~ics~f -'~r~z7~r7 ~c.:- :i~t~r mr& e rconluc.ted to

d-etcr-.ine the b.,,sic rljrar:tersý co..trollina- ~e~z ~ribijitior. of, thr.,

radtated ererý'-. and to- descý,Tmne t'.;L o c'to~drn. on, the baaic.

rc~ctienst A crle ' bfaslc rcactionc', ZzLdi~ +. KClOH *Kl1

m ..* KC10140 Al , xci, Mr: +. Al + KC * All + 114 C10 3 , w~ere

zt'jdid intn~fvey. The. rs.^otra: of thelse rc.-c~tiC'-c peZixI)zo

thiat r~a,jnr ctn~ist.on i's contI2'APJ7. arceitco ondetsed cce

prset n hewine th liea~bne ~info 'r~orized oxide

and iretaI srccics oberv.:ble ah :t~he, corntin,%,.= bnc!-.-.o=-d. An Ul . C104

tire resolved sectrur. is sho~wn in Firurcs+ 3 ?el~ Tha brightnesst

te~eavOlvsceznd, -vre crsider-.bly below, thne adiaCbatic flq-re tcrperam-

.t".wes,, id-ieat.i-nw t2t I'ixvtz .u* cw -ArA htcndi~~l ol

was tz!:in-~ rjlaic. T' co -. 71fct i 1.- ~ czc by tYhe stronýý line

revers-l! obs'zrv,ý! in the ý'dur nd r-o:3sizia. coblt

Addition, or dabzrts, (zal7.ts, eao ndporo produced no

evidencc of' ror-wen~librii~m radiation. in Ithe -,,00 A to 6700 A interval.

If non-equilibriumn radiation vas present, it could have escaped detection

if it occtrred in pulses much less tha.x thet 2 T-11izecond per fraume.

exposure tine used in taking the, tire, resolve4d 7eetýra¾ or ir-the OZ40stvity
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of the nonf.equilibrI~m, rsdiatip wo#,V.$ ldv.

Many- of the addi tives tested , th Ali + KC3.0 4 formed radiative gae6ueo;

species that served, to increase the tenergy radiated in c ertainý spectra1

rextioOis to Ievels: achieved m~ore 01.04y! by the continuiwij often, thesem

qrecies would aippea-r iL !,býsorption 'later in the flasho,.-In Figure 5
4ior, OcA..rp)., brirhtrlcss tc ýcratturei vs.i 4'veltrf-th p1ctz-ar given for 4,

F"ax 1band ý n. t ±ti on, th'ýý 'i- the~:,

1radiation i'ý ro!c:--itd v ýick "'I c.,~ cortinuvn'T c7ri Siv.,tv It ',.dor-mts,

tio.drio has bceen obzser'ved to vary-, rrcm 0.. 1 r~ixisoconds to

over 10.0 ml'iseconde.. iVov~ever,, s'ah &rto fron- 1/2 to 3 imili-

c-cconds are e? -1-b fe-izible. >--ver-tI .--inbLalei:e bc~cn -.7tLd'A to dccdreasc

rcý.ction duration'. Th--sc ~n1,"dle rrcs stlriZat ion, ffincr particlesie

dcxeezd oxidizer, andtý irncrensed, ý-kinr. dentity.Ti: lightA p14se; -..r

the 'eer reidctior. stvdiec- are shcm, in Ftn,-ure6

The c e~icic'-cy of' conversion of' cheric~. crergrtraied ner

-;m2s determined t~o be 2F~ for -ixtrsofa'tun eund, :,Vs.ous oxyrna

O:~Cat~-.o~c~r ~r , wl~c ireoiur u~~ c~-~' ',verts, ý.bout, 4% of

i t S nCerr- irto rt--.Iiatior, C:Tlo -xcuts to -'rex 1.6 -I-14on Joules. of

r-Adiate~l e Ie rr rovnd of !-c~I'rc'-e ixture ard 1.9 rillion

Joules radiated per tound of a.'nmand oxyreno The brLihtness ter'pera-w

ture for these rouctiernz is ab:out 40000 K *for t",q zircocilsz and 38000 K for

th-e alrlinxm. Increas~ng the trii'htness ter-eratvre by pressUrizing, the

reaction is usuallg acccr-,ahicd by a d(ýczease in rzadiatio!m efficiency to

less than, 10-%#
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fthe teripqratureu being Produced. Vre adoaet Oth ruby and

Isod~ymiui lasers. For light weight hlr nrrlsr yt~,svr

approaces appear interesting., but the One, that offer., the most proimise

in a risodymiuni oscillator amiplifier with the amplUfter p~rped bOy urOnpreissmr-w

ized -chemical reactions at 4400.0k. The oscti-lator con be pwTpe by higherý

pom~rature pressurze oxycren reacttions. 'Thit tzyster" offers, 'hizh. conVerso

er~c~cc' 'rtn herea e~r~-' o r'adiztt~rn a-~d, creratas in th'e most

otfic4ýaft4 s3rctra1 re-ic",~*Z::~. A~ac, i:t aVoid~s IToadble, voIrht

Whilqj~ raue-.d LTh" toda r~ c-, rcto.cire.

Whilc~ ~ ~~~~~_ r~oy'u ~~ ozCfe riirted by sborc cf the &, eouic

re~ictior. 'it isr.ce'y to a~cheve, ahp~c ptcrxgirz t!enaity tor~irD

rub.., bocatise thresho'ld zTi-tet"r:-e.,turc is ',bdiot "K To r-urp ruby

there at m-rs to b6, thmeroc pb~s o~ -ýprroaehca:

7Zircorium. ,ýnd hah'r r'actiohs, eman produc,0 tetrreratu.res signi-

ficantly a -bove the. tlnrahold ttrperatu~re.

()Incare",q the intenstqv+ on the. 1± et, by c.adding the rod.

Am, itmcnstit inc'rease Of u to -a factor of- threet ctn be,

Achievtd ty :-rcr,'er cladding..,

( r rovi'c eXI~tr'-.2. fVucrlesccmt --lvice to ':r:~ I-e briEght-

ness terrerat'.xc it. tlnd :z ir -andz.. S 'ch c'cvice, can,

increase the intenzityr of' the i~efuJ jaxts of~ the srettrum

by Ereater tlan a factor of' 10.

Conlinations of these met)-.0.s for ircretasi4-.~ the intensity also

appears feasible.

Ai*
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The xpeimenal tudes prfoise dxWins ah past year have, served

to delineate the expected. ope~ration6 of relatively sPing chemical light

souchesi. rhe cbaracteristics, and penilo, the ms rssn

reactions are, veil1 underatoodo The izndiate future. effort shoold, be

directed, to~ard's:systemj arp~ic2Lt~ions$ andfrovements.

it:i rccor.12henie that thea scope Of t-he stud~y do ntrct be extended to

±ne~e elo~ti,. f o ar-eams ta) bac Psedr sycteyr rrrfozMarce:utin

a cpr~cal rrqi~d CaVit:- 2'qzc-ia~ ~~~r lacer s stein

3"). lase-r claddin~tj; ýna ~4.) rat~drestent conversion. Wned object ot the first

areai ia to:; 1) eOxlore- 7scrn probl crn and dav-4ptcniusad.c1ci

ofvsystem design;-A 2) 49tez~are perI'orra~rcq, , ti'a± tota-L !systemf

j~ficiercy; !and 3); opttmite the, desiLnr PaL-rimeters 'throx:wh exreriment,* 'The

0hiectives of' the othier thred stvd,; %reas -. 2~ rrimarl to..irmrove-

0o,4 icim-.cy nand rcluce oyverall syst-er' we±i-bt. V-,r.rcc-surized reactiolms can,

be zsce4 to pur-p mopdyniur ase 2rtllifte rs qupite, efficiently, and at Very

hj2- ener,,-to-wt1A-'z ratios. Claddif- the Ita~cr rod wiii ncrease the

lFIght i!ntensitt seon b- the laxsor4, thI.,sj increasin- lasecrvoitput. and,

Qfý4c4x, :? A' so-, 11 errarsý that. the ~r~rarplication of fluotescent

dcovrý.et sO.f d t'Od f``:"-r incv--.- ,!fficiancy iuA dccreaze ~ri~t. is, is

anrtcted to 1%,-! to f ~ir~.- rrt i'2.ortnl~e 1 htrn en'e.7,~ nhrsi' 3 3er

v;stern

V.'".14
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MEML HW.NIO 'MECPX IM. SURVE

T-etal buirning has be6en ised, for quite some ti-me ais ean of producing

hiCh lut-inosity flashes. Kaymetal cxidationt are 3'ited f or this role

as li,ýht sources b~y virtue of' the hi.gh flame temp~ertwtres, the availability

at the boiling, pcintý of the oxide, of' imost of the. che-'4cil enierE released,,

And the high, enissivitie's of' the, burning metiil-netal1 oxide particles.

a!ch of the recent literature on metal oidat ion has been devoted to
the details of the over-*a~llphy7sical. pr~oesses involed. Th4 esnfrti

interest is, of course, due, to% theý use of' mrtal powders: in. sclid propellant

formlastions. There appearsf to be little; controversy ab~teit the, steps

involvd in. the combustIon. processes of' different nretals.i The ýobserved

be'havior of 'the oxidation is correla ted fairly well wit the. physical

properties of the metal and its oxide. Pertinent physical, properties, are

the size of the particleE, the volatilityý of the, Tetal relative to the oxide',

.and the. solgbility of the oxidle in the, metal.. 1.hlen; the metal boil.1s at a

lower, terirerature, than, the oxide,,, the reaction is observ'ed4 to, take place,

in, the. vapo phsIes, ~,LCa ,~ The diffusion flame surround-

ing the particle feeds, heat back to the particle to keep the metal boiling

and -diffusing, into. the reaction zc ( With less volatile metals, such. as

zr., T1i, Be and Al. the retal oxides are formed on or very near the surface.

of theý me*tal p&_rticle. A deposit of the me9tal oxide formst around. the
porticle and,- depending, on the rate of hea lcss from ths beti

,C" (a) sba-tttr tnto- sn4l1r buruinag d~ropleto froin the prassure geuer Ute4

by t~he h bsiiog-etis- interior, (b) ýb~ur slI., y s

14s
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oxygeh diffuses in or metal -vapor diffuses .out, of the liquid %oxidelayer,

or ex. extinguish 'if, heat losses cdause the metal -oxide, f il to asolidify

'And reue o-gen aidmetal diffusioni rates,

Metals -such, as Si ard R have oxides, that bcAl At temperatures lower thcr

the rotel, boiling ýppints, ate! or~ew expec.-t no oxide film ovcr'thei parti-

,o. hther the Metal ev~cr-ition cr , n dl-sonwulfiftte o.

bu-_.tivn procets-s would doi~nd. or. the surf a~e tervperature o1f the' ýexposd

Fasse175 apilebndnd Sernka (1) have exani-ned. the, ecrrbution,

:of retal powders, p-ing particula atention to +'h& 4-?ý¶ alloys vith

,slight additions .(2ý) of la, Ti, D, V, zr, 7'o, Orp, 'Ni, and Ynl. The

aidd~ities were, o~b$er,,e4 to decrease the bur-ning, rate .of the. Alý-!"g alloys!

by. .bout ýa factor of six. Thne pirtid, 64 were burnt inr A naturAl gas; torch

anid; so'lid combustlon products were, traped, tor analyrsis. ~!r of the, larg

oxide- p rtlc'les were found to be, hallow s hells of oxide. sometimes contain-i

ing a; staller- spherical droprlet, of the netal alloy. Ppsed on their result&,,

the authors have proposed a model for the, conbustion, process that is. 'qqte'

similar to, that presented above.

or~don (2), repocrted studies beipg conducted-on burning, metals, alloys,

metal hyrdrides, carbides, nitrides and, borides. The ;jarticles were carried

in an -o)gen stream using an annular natural gas -air pilot flame for

ignition. Streak photos takcn of sitgle burning. particles' were used to

determine burning, rates,. it-nitabillity and. the p4-sical, processes of

importance., Debulous streaks. -and high byurninig rates werte taken as evidence,

15'
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of adifusio flme e~g. ~¶HLim and CaH 2) while, sharpl.y defa e

strek -of' considerabl, I Adlenghidcted sfac, bunn (eg., TI.,Zr

tiC, TiAl), Tfi'2 ano' zN) .. Components of Alloys iaVI~ng widely difren

volatilxitiesý were touhnd t o bur aerially i- the os-tq volatile -being dis-

til11ed, o-fe firet and burned (e C. L~11:H, yd~o firstý, ten Li le~aving,

t~.~Iurninzt -jl r aticle behiLnd).. The t~e A o f the. particles brnt b

1yrrdcn ~-ndaround:U. Microns&.

&r;oon 6:cbtrti~on ..a;3 stu~died by 7`1ley (3). 'This me~tal in of interest

,here, becaiuse it's oxide boils :at, a lqwdr temnperAture th-an the mital. Thter-ý

preti e, Ih daaot~e rom burntinr boron rods. in' o3Tgen, Talley deftne

two pcssiblýe rate, lirnitlrig steps at temprattires above th~e ignitin -poin.~

evaporation. rate of D203 at 200Y atrd. d ffusion of 02 through B203 Vapor

to the B suirace, At 7 248 00E. These results again fit into the mechanism,

-initially outlifted.,

Woodt (t) 'has: taken photos of burning metal particles in, 0.4 rim x 5 rm

ribon of 4olid propellant. His: obseri-vations are that Zr and Si d* ýnot,

burn. with diffis Ioh flares. while, Al and' Tg do. Thes burning, A! and'

particles- wýýre 3ormetll~rs sepn to termlina~te Imn a :lai or burst, isugg~e~ting

that a boiling netal surrounded by an oxidee coating is- not Iilways, needed

for droplet shattering.

?!etal cor.bustion. processes have been analyzed using spectroscopic

tecniqes yý Brzustcwbki and Olas-sm n ().3pettra were taken of burning

-iganesium ribbons: at low pre~ssues J.n various oxidizing medis and of

brniSg Al and Zr foils in corniarcial f ltshibjbs containing02 Th etr
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of, M- vo'ibustin ta e s, a function, of prtsoure. clear 4t iniatd te

MeO vapor exists At, the highest teyVefstur0 of the 'systtak. Higher 'pressures,

led toicra ed 0 condensatiohn iný the neighborhood. of the high temper-ature

reaction 49one , and thus a risa. in intensit of ccnt~inuuh 'radiation'. This

is in, agreement ;.ith, the wr of' toffin(6 h nitlrbcsi varos,

,gas c-om'positionsi, The r;ltr-.c armce7r,4d the ribbcri was, not~ed to vea definite

5mttur-c; theý liz! t iotcnsttr.a g'eacta ho dsnc from the

ribbn, zzes't~ng reacticn In tne vapnr lhs. Te a:hrctosoAl

inesigte b ru~o~kiand _Ila~ssra us-ing, tin--e resol.4tlion qpectro, dopy)

showedi thei presence of Aic, al and a crtn~atiue osldA 2 3

The lines of Al appear In ef-ds~s`e narly in the flash. and ira. a:bout 5

-econids, reverse inl the, increa~sine ccn*tinuum~ intensity. A1nds aprear

early and a~t peak flash int'ensity are seen to nerge with thez contin~ur~

"Pcar the: end of th.e flas-h t~d, btands; cf AleC and' Al' are, again seen in emilssion,.

The Zr fo6il fla!sh sh-cl.s 'Zr and4 .rC lines in ei szion thrmu:hoat the reactioni.,

½Z~stwskiancd olass-an state that Zr, .ZrO, atid Aialway apperi m

sion 'becaute the~y exý_*st near the peil.: flam'e, te-perat,.re a4 ýero:,Position.

~rodctso±~zf he n~ut5~products Shows

r~ch. of the AlC~to be. about 5 ;t.icrcrz, i_'n si-ae while, the `rc2 Ccj~aists of

.spherical particles mrn,igro 15 t-. 700 'lcrons. Decause cftepril

sizos in 'theý oxide residue, the authors are cf the opinion that Al burnt. in

the. vapor phase, whils Zr burnt on the surface of the Particles. 'leforence

is made to unpu~blished' data of Patenberg and, Johnson (.E Conpare') consist-

ing of Felstax moving pictures of' the flash,.. ThIe novi~es, according to tht
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auhrs,, clearly shows particle, burning of Zr and, a nely homogeneu

vcflum of light :for the, Al, flah bulb1.

using photographic photo~metry Markstein ()measdured, reaction rates,

in diffusion f lames of mmagnesium.. The date are reported. to favor a& first,

odr z~te . ression Inderjendent :of 0.2 Ocentra'tiol., Spe ctrat take of

the lumineps.Cenrce off rwn z~ deosits, and of the flaine showed ýa similar

luhe contin~uum ratr3-jw pressore~s. 'Thlis 1Infonvintioq cou led with a study of

vsa~le rro~e'eo- kintic 'ýecan-isms producding 1 hasr lead 4. 1arkstein,

to s~uGr:e6t. the. possitility ofeeteroCgeneoiis, taCtiLon on the surface ýof

the YLO0 par~tfcles.ý

AILL~inurn particle burning studies h.,ve been, published reetntly by

Friedma~n and:Macak (8, 9) Tt was found that alumin~ua particlei inece

into a 'hyc'LJooarboft flae-M wru~ld, I.nite at temperAtures, 6r~rresponding toj

the reltin~ig-point of the oxide.. FurPther eXyretriments Irv, which the alunii..

ws igte~d. a-!.-d burnt ls~n C -2-N2 Pflanes. lead to the conClusionta

there, are. distinct ef-fects olf Fý on the metal co-mbustion. SiE.nificant
a~'4tsofH rte stAted t? Lz--peee the process by some, unknow i eans.

GýI.Gatssan (9)1 h'is rtauken issue wfth Vrlectnaj .,.nd ':ncek conicernine, any

effect o~f H,2Q on 't*.e *-,.etI. bu-rnin-- 1'rooevss Mom recently, L~eFida

and c~enpleq) have used a sLilr technique to at ýdy beilw burn

and to verify the fact that .HS does affect aluminum burning. The fact

that Be. boils at a teirperature slightly lower than the melting. point of

the oxide rwkes theL determination of ani inition point somewhat tricky.

For mrany 'ears, A.- VL. Grosse of Te:710.e University h-us been Investigatineg

means of, producineg high te rete",xe with chemical reactions. A great deal1

of thirs work dea~lt with =,tal. burrning.. Most of the metAl1 buirning, effort by
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A.V. Grouse and hi., co-workers! hail been suvb=aried its a recent re,'r 1'7

"@rBse And tConway (11). Some thermodynamic data on metals and their

oxides are presented,- alontg with. a list of adiabatic combustion tempera-R

tures computed for many metalls. Although the, rare. earths w ere 0 ianored, in

this: compi~lation (undoubtedly because ,of a la.6k of' thermodynamic data on.

them):, their position! in tine per~odic table sugýestsl th.ey Tight holid

;promise, as' a meftna of" :r-ducinC! hM.gr' terrperature., !7e list irdicters. the

~ets ~cdcin te' ±~st cmerau w ble't La, Th., 'Hf, Al:, and Be.ý

ýThe: fl~ane temperatu~re is reported- -as effectly limaitea by the boilIn& on

of the metal oxide; thus,. Ircrersing the total pressure on the s.-stem

should lead to higher flare temperatujres. Gross* and Conway state that

combustion of~ All at. 1.0 P~tn. will produce a temperatujre of '44(00K compared,

to 38~009 K at 1. atLo. Also yresented in this work were some descriptions

of metal powder - oxygen torcht-;.

A avier by Doyle., Conway., and. Grosse (L)dsar9~ssi pca

techiiiques used In stablilizing a Zr - 02 flam. A temlerature. of 49300K

is calculaLted for the f lame, but. 'no :actual. experizment~al measurements of

flamet te-neratur are reported. Thl'e ltuminosity of a burner qonsumtng,

248 or Zr/m~ih and $X) liters. Cý2 /niin is reportedly about. 200,000: candle.

A, report 'by Grosse's apuputrizing work :doner on. powdered metal

flames up to 1953 gives detailed information on powdered metal torches

and reports a temperatureý or 2280L0 C for the aluminum -' 02 flame determined

by an, optical, pyrometer (14). Conway and Crosse have written s. final

r~ep;ort (1,3)ý on the work Pfunded by 01M uip to 1954. Some of this =Atera

has been covered in enother paper, (12')..

19'
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Another report from Temple University by Gross sand, Stokes (1$.)

dwells briefly on the combustion of beryUiwum powd~ (t ) mesh)-in

oxyten. T he metal, is reported 'to be more difficult to Ignite than

aluliigid powder, Presumably becaulse of its hihr meltin& point vnd lover

vapor pressure * The Be torch was ignited tromm aft acetylene 'pilot flame,

when a hydrogea pilot. proved insufficient,. No measurements of the !3e-0,2

flaze, temnerattue were r-zaie, but A rourh estimate tyGro-c'e and Stokes

inlicat~es! it 'may l e vibout 450 0ýK.

72;6 cozibus'tion of' Ti and Zr. wires was stuil'edi by Hf.rrison (61)

The results indicated no substential vapcorization of the zetstl takes Place--

,Combustion. tniles place att the s~urface of' the m~etal liquid.4 Cor-bustion of

the, zirconiu-' wire in, gases contiaidig, less than, 5O% 02 wras evenitua~lly

quenchel by a thick ZC2: 2~ayer that Ihindered diffusic'n of 02 to, the, metal

surface. This ex-Le*riment illusptrates the impo-rtance oO pbysical. pro~prtiesa

of the ýmaterial in controlling burninr, rettes. Tlhe results are probably

ontly of ve-ry limited applicab~lity to particle birtng, osince t~he rate

limiting ph~ysi.0al processesf will =06oubtedly chaae'.

Relat irely litltle publlis'ied, work is availo-lhbe on, metal-~oxygen

reactions as ligh-t sour~ces v:'d wheit. is nvailahbie isL confined primafrily

to Al-C.2 reactiors. E,:-,.e 'Thta cri Zr-0 2 ' f! e,1,6mp is rresented in' a

report P L.ready discussed (5).

Although earlier work by Brockmian (1)cn comnnaercial1 Al photoflash

lxm2ps vas interpreted es indicating most of the radiation was emitted,

from Inckndescenlo. gaes rund 31t of the total li.ht output over the range

from 3000 1 toL 70COO A ca.-.e from excited A10, a mnore 'recent, investigation

by Rautenbdrg. and .,ohns-n: (19) heas shown the radiation to be pr~imaaily,



from. A1'203 sclid and the ,Al to be, thermally 'excited. iatenega

Johnson &lso attempted. to measure brightness temperatue of th eato

invir- ou* 0.3. pho4toflash lamps. a The to=--r-tue recoet 38~00,

sugestnga temperature limited by the boiliag point, of~ Alg 3 .

A nw**br of reportsk on photoflash' lampt haveL been, written by GE

(e'.g., 2)ý -anid, by other Thm~rp manufficturers but are not. available 'because

"they, contixin. ptoprietar,, infocriltiom.

Tn:teste-'..'-erEture '%we1l viPcve ýZ303Y')I2f w.'ere :-e-Yrted, as being,

reeched in Oertai'r regions. of the, flash o1f ex'e~ririental conial1 burster

T86tf`51=ininuc me.tAl duat -ýhotoflasb "r --bs, during ,he fiSt mliiseconds.

Te~r-peratutes of other photoflash bombs we're aý. so ..eas ~red, The: met'hod used

in~volved high, speed nhoto-rtphic pyrcvnetiy with La. claizmed accuratcy of

25 0K (21).o

Eppig and IHnr't (2)reported mneesuirei'ents oni s:ectra of 14g and !'-*Al

al-loy flash bocnbs. The emitters were identified. as o~xide bands and solid

particles.. A teimperatture of~ 31TC00K vwas reported for the continuum by a

black botr:' cur-ve fitting t~chniqtue of qu~est~ionable applicability.

The opt'izru'- ratios of Al., F-62 ' ~(4P3)2.for MaXil-1m light output

were' investigated byL Sarner and found to bie *ý0%, 310%, 30% respectively, (23).-

This rphotoflash compcnsttion is. app'arently a st~andard, ~ne focr the military..

Some tests on, the, Z~r/KC104 system, sliowel the 72% Zr 4- .28% K01.4 nixture to

be the most efficient zirconium. cc'ntain'ing, system (25).

It! other studies carried out. et Ficati nrq data; were gathered on the

behavior- of flash bhombs at hig~h altitudes (2i,,25). High altitude In.

general increveses burning time,' decreases light output (vith some excep-

tionsa) and causes, more ignition. difficulties.
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Se*0'ra3 of the flash cowpoutiona ilnveoticated widement'oky a swicft

decrease, in light outpUt, in 176ing from, sea level to 100,000 f~eet.

.Lt eftect, of particlo size oni the perforMancel charactjristic o, lev

J40% Al', 6O%0% CI4 flash c~ompositio as b~seen examined (2).le, don-

clu ,ions 16 ere that the larrerý sizes de.Crided the light output; particle.

size lessl than roughl l7vas su.grgesited for Oood. performane

twftce of th-e work et-r-ortted on colored ;yc;oncco:'nrosit~.on by

P-uel6 (27) -U~te a-11ic ble to th~e pro!sent_ dopinnt :t~udy. DT_-s Were

t-4de writh, telluriwuz and thatllo dd,_ ve in ;a seaurch for a re-eon light.L

Peitheir of the twý was satisfactery. 'In fuýrther tests the: best g~reen

radiatorL Vas. ffoutd. to be BaiCl.,

HErsitkowitz,. Schartaý, ar.1a:Ta (28) havrc nerfor-med. various

inelt.urements OnA/~~2 bur-n_'.-. They .eorted the existence of tvo

burning velocities antd, pzreseftted a possible interpretation of this. restilit.

Usbing photoCgraplic techniq'ies, e te-ipereture of 35000 Yo we-s re~ported for

the Cont iauum.

A re-cert repc'rt by Edse,, FRo, Strauss, and %U~cke sorn (29); has

lesc-ribed. the co~is :%uc,'.io-t f Pn Al - 02 'fla~e, paaisadaivpi

ticn -of' the 11se±'Ulness of -the rzetal-oxy:,en flante as a spectroscoric sourcesi

Th.e relative intensity cr thze AI'-C2 fneý e>redt opr u

favorably with that of the, cerbon %rc.

Hig~h teurperature flamies crn, of coixrse, result from t'ie cciohustion of

nonsetal. fuels. fle flAnie. te--.:eratures in, ho!ýogerieou-s systems vill, be

limited by the dissociaticn, of. the cc-nlbustic'n produic"s. 1Thete is no large

armount of' enerry available at a-V single tempe~ratu.re as is found, for

i~nstance,. at the, boiling point c-f t metal oxide in metal.*oiygen systems'f.

22L
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A.4 su=Lary of the yor carried, out a; Tvzple Vniversity over aL ten, year

?e*riod (15), inclodes t largie amount ot ieork on cyanogen(Ck 2 and-other

selate canpoundw of the, carbon-, ni-troge. a ox.gen, "ytem. The t61ov1~

ie Iculakted, flarae temperatures have been reported, for C02 1 in' 1-:1 mole ratioG.-

laMIn 48,35 t %0 K

2 4500

5 ~498,5

10 5050

Corivway, Szith, Liddell, arid Grosse (210) ýv:r;:ted burning rremix3ed

C12U2 And 012, 't 100 p~sia using, A slight 1-reheat to r. old, condensation.,

I, few comipounds of the 1,4C.(: C)0 C: N series have been produced And

buxm-t in 02: the felwae temperatures. reported, however,, were crtlcuiL.Ated,

trot -me-suredj but. should be fairly accurate,

1 At'l 10, Atm. 140.02 atm f6oo rsi)

(C4N2)g~as 20 -v 4co N2  5261 5573 W4~3

00~2Y#4s 4/3C)3 -4- 4CQ N, 5-16 596 6100

7he conlrustiqn 0" C,2 N2 i-n 4NO: was re:,,Xrted a~s beinug carable of pro-

ducing higher flaft tei,,pertures thev" C2U2 ith2 ('8565 as copmptred with

Son'e flame temperatures hoive elso been calcuilated. from experiments on

h'd~ro.;ean cyanide - fluiorine - oxyGen f1wnes by Orosse And Cc-wnr'.zers, (15)-..

The rea~ction stc'icbiornetry 2HCN, + F2 ")2 2' U 4 2CO - 1 2 was found

to be correct and. the theore-tic~al *fleve tten*ý,eratures -vere talculated to be

395 0 'k at 1 atm, 4+4aOOO, At 10 .at', &ad ý,OP at 1M( atft. Recenlt~ly

23
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briet sunury ofz theh~igh, tueneaturs research, ork, carried outb Orosse

and co-workers, has beeni publiathed IrkSiec" 3)
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'Thisl section is di~vided, Into three major arýeas., correspondin.t

the Objectives, of t~he contfact; (1 Ahalytica4. S~ection of'Reactiont;

(2) Exper"imertal Comabusticn ttudies; and (3,) VIffects of" Additivesq.

Rromliaing reationi~s selecte frm, 'the aalytic~al otady were expl.ored

#experlm nta~lly to, obttai the highest. Possible, temperatu.Me. The, experi-R

otental study'begah, with. check-out of the testý apý,ratuwe. Analyrtical1

studies revealed that, pressure. had. as signi±'icant effect :on temperture.6

therefore, the reactions were tested as followw: (1) unpressurized,

using solid oxi-dizer; (2) zkdi=,, Pressures,. to XO0 pisi; and(3 high

pressures to 60,000 psi. -in atddlition., experibients wereý performed with

exploding wires to attain higher temnperature and a speciel. study was.

maade to measure emsiiyadtu eperaturest. The characteristic

of these reactions, such as temperature, spectral distribution and.

duration for, the various conditions am.. 'abulated -"or compa&rlson at the:

ýen~d of the experimental.combustion. discussion. TLhe additives study wasl

also divided. into theoretical eand experfinenztal mids. h thenretical

study was designed to select, additives that were most likely to produce

non-equilibrium radiation., Theteffects of these additives on a baicý

reaction'were, then Invest igated in the experizental phase.

AMALYTCALý SELETION OF. REA-CTIONS

To serve. as a ;uide for choice of high temperature reacetions#,a

theoreqtical adiabatic, flIa00 temperature chalulation was madd for sevqsl



reactios., the, bighest temperature reactions Were selected for, excjri-

'mootia l sud uider, Various conditionls.

Anadaatcflabe temlperturef Ill the temperatr that, a sytv Ould

reiacbh at & pcfe press ure when there is no 'enr~er lossltoý the surround-'

Ings 04d the system has come, to equilibrium., The calcuxla~tios regui-re the

solution of the geo of coupled equailons, for mass4 balance, and theo.ni

miztitton of' free erier~r'. !;-ic model1 useid thus Ignores, ch'emica.l kine tic#,,

tran~sport rtopertlies, px;4 ýeftivronenta: effecdts." The calculations are,

quite, standard and -are, proE,?L'mied for machine, computation.

la the calculation of equiliblriud,X a. table of compounds is searched
and the thermodyamically pr*.rerred, compounds ar sdfor th~e. solution.

It should be noted that the coimpounds. used In the sclution include a

numnber of highly ener eti compoundsl (sueh as the; gatseous oxide) that

act, -as beat sinks and. lIit the- u~pper. temperatue. Thus the, statemeat

is oftett made, legitimately,, that the boilin~g Point of'the Oxide is the

f'a=L temperature.

From the heat, of forzation of the. -oxides.,, the metals that sh)ould4

give the highest. temperatures are. tlhoriwn,, htafnum, zirconium, beryllium,

and, Aluxi num. Trhe rare earths do, not have, accurately knownq ýheats Of,

formation, but are ex~pec~ted tol haveL hig~h flame temp.eratures. Some of the

adiabatic flame temperatures are shownL In, pigue7.( therch*ial

data are frcas the JANA? tables.)ý nr data for thoriumi potassium,. w4.

the rare earths Are not incorporated in the thermoche-mical data ed and.

therefore can wxt be included. (Por potassium,, the, nearly equivalent

sodium Is; used.)
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Ope of ýthe varitbles ýfeontoieted Is the stoioh$oei ewy p.0i.A

noted in Figure 8 , the toichiomettie oit (theý stoihoet a

Is oneY)yields, tevuerature''clote to the ImaxiUWD Thui F1u'

thie stoichicetwic. point is used in the, calcul-stions

Z:"stetp Apptratiis Checkout

.Q11 `scilit-ate x~eckorjt of ecuirrment, itazs decided. 'to six.reh. for. a

baslic reaction, whi-ch was easy to hardi'e and gaqve reprodueible 'fladbes.

After cebekirig revetal, p~osi~bl roavt ion mi-xture2s, it was, fond, that, a

Mixtume Of X.15 =n nciufa 1/5ý &umizum, Pend 3/5. sodium chl orate, gave theý

desaired reo*ul~tO * This mtiXturm wR.s sttable* for, long periods,. easy to

i~ixie,, b~urnpd in. less than ten rmillisecondos, and produced brightness

tem;Pefttures e'lose to the calibratlinf temperatures used. Also, e'ven

'4'tet lone stora~e#, the intens ity varied by letss than, five per cen ffromp

shot to- shot.

'To record short pulse's, a Tektronilx 53.5as illoscope was found

silitable vhený equipped, Vith '~?lri'osell oscope camera.. If, ne'ýeasery)

*t~ro 6',onn-Is roxuld 'be recro'ti 'P.0-ei~:wt Ceow-

pishad by a4,hiting the sce~pe to trig,&er iff tlhe i~ni-tor spike which

-occurs just before the chemical flash.

An intensive experinen rtel stud: nf'poseible er-rors was conducted

vith the basic reactionTixtivre. From, this studyj, several sources of

extraneour s igna~ls vere found and e11~inated. Yt nir-t, extensive mnasking
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of the reacti'on chgtiber vatzecessary bewawos of the formation of a

!*tgs, Wud$00s cloud aov th, atmospheric chamber during firing soecond,

large sgAls from. the: room lights necess-Itated ope-ration Ini thie dark.

Týhird, variout siriL- weire' picked up 1rom ell tricq.t equipm!ent in opera-

tio i oherarasof the leibbratory f the oUtnt cabjles from the

sensors were not vei ab IL-Md. Fo-irt!h. t'1ýe rcord~ingý equi~pment was

-'entitive to shtock -,aves -,'riced, by the faster fl- ashes .

tiz CHMUICAL "fTO )FlX-TIM T1S

ALfter the preliminary xperi'neits were feomirlotPd, nm the systeqlwasf

cc= icte'ly checked outý, ar intersitme stv~dy Of' brightncss tem~perature

var~atin # wih -vlength ,t:s imdertmihen. Several solid, oxidizer metal

':-izt'ures were, exaionfied including:

ME + A + B' (dCo3 ) 2

+ Al + KC 104

.Zr + milk~

Hf + KC10i4

1Tn-me "e~ctions we4e Per±'ormed in th-_ at.'.ospheric pressure ch~mber,

shown in A-ppenrUix I. irnt--iity m~ecsu~r-nents weýre mnde from 4500A to

11,000lA with the, phototulbe sersor tjr.,t e.dmc'srir±½ in Appendix 1. The s'pectra

(P'ee Appendix rl) obtaineli were relatively-. flat across the spectral region

studied but large Irrightness temperiture variations occurred in, the visible

region. A typical exaar-le, ms.gne~slum + aluminum + portassiuim perchiorate,

It %h~uft in, Figure 9, !!e au 04 the -phototue sensor 'unit was Inheren#lr
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Figure 9 Brights Temperture Versu's W~avele,1ngth,
g+ At + KCIf0 4 (1-2r-6)
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lim'ited to measurezetnts fat one wavelength. per, sho-t aurte sea.nn= o

'h pctrum Vas diffi,ýu~lt. -Therefore, further .tosheiric spectral

measurements were condlucte6d On the B~ash- Abd Lomb~ 'Opectro tr systej#

while- theý phototu beL sensors were: used fror duratiOn studies with, th 0pos

Surization ch-ambrsý.

Ra tio ime prole var greatly depending on the mixtures used.

Aý stro4g correflation was. found betwee6n itial metAl powder ALe n

rectionL duration. an geeal the finer meshes produceqd shorter, rea-c-

tin s xeted), howeyeri, little corelation, woo foun btween mesh

size- and brightness tempera4tuxes.i with. zirconium, the coarse pwe

(4151.4.) resulted in higher temperatures tha thfio, mesh powder (e4.M).

ýhis effect tay be due to., the presence, of' an oxide, layer on the powder

welch would effectivelyL reduce the: free, metal, concentration in, the finer

powders- because of the larger surface alreas' present.,

DIUMIDu FPASURE),~MCBAL- P2.TIOIf EIPM-=ITS

Onae method of getting higher, flash temperatures; is to increase the

pressU~re on the reactingI saystem., The higher pressure raises the boiling

ýpoint of the metal Qioxieadaod losing the heat of vaporization plus,

the ,heat of dissociation toý the monoxide.

eag Al 3-. 2AlO (g) +- 0 <

Al (g) + A-1203 ('g)*.3=; (9)

culIculaT~ed a~diabatic flame temaperatures. afor metal,-oxidizer systems vari-

fied that an improvement could be zade bpy pressurization.
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St .1-owth peeurized, oxygen welr-e Undertasken to verify the

tbeo~retically predicted. Odiabat-ic flan~e temperatUres. At first,. the

ioptal -powders! were burned. with oxygen, bu he ria-ti~on of brightneas

temperature, with pressure alwask, indicated a 'xmr.This peaX caný b-e

exlidby the: fact that ony At one. ressuti re ould 'the Syetem beý

etpichiOn~tric. This effeit is S)hown vith -.u'iu Ov1.c in Fp~igre 10-

!Tanim ad ~~coiu behave- siMilJarly.i

Tob corret, 'the stý-ichiotriet-ry 'mbim~ ~ w r~ititnti-d 44with

medtal wool, pacl.ed into py,,re)x retainer tulbes . The r'iuC-za with, !aluainum,

wpol are shown -in, F1Gure .11 Vith, t~hc t~eoreticeal fj~amý *,:t-6eratare rl~

ted. above. If 6n, emisplvity of OL,265, i-ý n~ssiI for, thýe f,]ihmi-nur rear't~on,

the "'actu~l", fl-eý toeImeratitt.e is foi.O'e to artee qUite ~')eywithll the

p'redicted flawe tewperature.

An, q, chec~k on this artprotr.ch. zirrc's11u:7-not -vsilvr. :'1-i.oratefl1.

were firred under oxygen. r-retsvrivat~ib. Th.e -es'11ts are slbdwn! in. Figure

11 * If te enis~sivity- is- attu.rjed to be 0.08G flri~rec~ti on

betveebn the "actual'ý flaier tetr'-rnxtvr;e, -ird t'he i7t, fl Inze temrwra-

'It swrold be '-elpt in tinj b -''ec"P<na"ivtp r

sitbfect to, errorsý.

In another p'hase of +Mis n~o-rt.In of the rorý a h-igh pressu-e

oxygen bomb crlorircter was T-orlifi#ed for, usf, b~y weiil+ng on two flanges

to accommodate windows.. A. -hoto ofL the apriaret's, ap-ears in Fipure 12

The 'two windows pemnitt~.d a v'te", thro'Lýh the burn~irz clouid of particl~es.
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Figure i.ji Temperature Ve~rsuis Pressure Stoichiotneiric Sse
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Fgure '12 Bomb Calorimeter for- OpticalStde
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The, recommended maximum inittial pressure for this type of calorimeter is

0 atmospheres: of 02 and that. is what was decided on here - - ,h•e i•uim-

presurization attempted was 600 pWg.
Mixture•se of met•al powders and KC10O Were placed in a cup held by 6e

Ting eliectroe And g'n b'-* tan -ý!l tr"cally hea&ted rezlsýtince wire. The

w!'adcws wiere cleaned 41'ter ever-V react±on to assure -hat 2lg vit attenuA.-

tiocn, wauld not be a prcblem,. Widdow ,chartriig or dir•;ing. was not .nd'pun-

tered in this pressure range. After assembly the reaction chamber was

.placed in the optical IJtAVt a'sco ised for taking tinre resolved spectra.

Experiments in tie pressurized cnrmber' were conducted with aluminum,

hafnium, zirconium and thorium powdegs. The oxidizer in all of the tests
1

wi-, KClO4 .. T7e data taken. have lbeen, plott#ed as s log P and appear in

Figures 13,j 'ih., and 1" . Since the adiabatic flame temperatulre is equal to

the boiling point of the metal cxide using the Clausius Clapeyron equatit,

d •n. P = 'H

it can be sect'n that ,4hthese cccrdinatcs the flaze temperature,, pressure

function appears as&a straight line.

Brightnesis temperatures measured for the 31 Al, 20.., KCIOL eitL:(S,

are at a maximum. at about 100 psig when pressurized witdL air and indicate

a broa'd, maximum extending from. 100 psig týo 4C00 rsg when pressurized with

oxygen.. In t- vicinltyr of 1.00 pig, the tn.asUred temperatures are -in

37
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THEORETI CAL
F LAME9 T tEMP` Al + 0

34.0: THEORETICAL
FLAME' TEMP Al + Na 1i04

814. 7
PSL4

'EXPERIMENTAL2.8 ,14. BRIG'HTNESS, TEMP

(PSIA)

2.4ý 0A + C PRESSURIZED

WITH ý2
.2.2 0C Al+KCO PRESSUIE

WITH AIR
114.70

2.0. OPEN SYMBOLS - 6.000 A,
X0

BLACK.ENED -SYMB -6500 A
73.,5

1.8

1. 6,

44

1.2.
14.7 0%.

Figure 13', Pressure Versus Temperature for Aluminum Plus Pehorates
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[J Zr + CI04. PRISSURI,!ZED WITH0

0 Z+KC04PRE9SSUtRI1ZED WITH AIR,

LO P~R Th. 1CI014

# Th+ KCI `04`+ Ce(H-SO04)

5ý 14.7

347

Z2.4

114.7

9-EXPERIMENTAL
BRIGHTNE9SS TEMP

TH.E-ORETICAL I
FLAM.E, TEMP

1.6z ZrNa.C 0I

1.4 04

1. 14.7

2. 0 2. 5. 1(OK 4 x 1.0-) 3.

Fig~ure 14-. Pressure Versus T-emperatuire for Thorium
and-Zirconiumn Plus Perchiorates
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fj Hf + KCD 04 PRESSURIZIED WITH0

3.'0 Hf +K KI04-PRESSURIZZE'.D WITH AIR
8147 7' -ýHf + COt + M L 02 PRESS. WITHQ

2.6 14.7THEORIETICAL
001FLAME TEMP

-347 Hf'+NaC .4 . D

2. 4

214.7 EXPERIMENTAL E

BRIGHTNEasS TE9MP

114.7 tlýEl)0 El
2."0

'73. 5

1. -6 THEODRETICAXL
FLAME TEM P

Hif + 9

1.4.

1.2
14.7 0 0

2.5 G~K x1~ 3.0

Figure 15 Pr~e.ssur-e Versus Temperature for ,Haýfnijuml PhtuS Ptrht~oIatus
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excess ýof the teomputed adtabatic f lantee temsperaturel -of' the, A.I/NACl1 4 retc.

tion-. A~sgurng. the tenpe*rature measurements.; are hot in: error, few4

reasonable, 6xpl~anatlonsl for this. behavior caný be gjiVen. First of all, the-

conputed flamre te~merture assutesý the beat of reaction to. be, evenLi. dis-

tributed atnong -all 'the cortbustinn ptoduet,$ when in fact te-,pera~ture gradr
ensexist: there is, a re ~ l-0 er-t16n one in, tine vint~ o.

etch 1-i~rn-- a._ p r'e. c' :renreclmz. c-s-Jen are,

>e~ ec~~~ -fr 1 c-c a reC2.totio t-s 'e, 7ritd ~ ta~inl,

dizriný- te eynlcsive rez_,Ctio,.ý th'- tr:i7 tent 7reS hSun-e in the~ TrE~tor exnd

2ic ressure within. the >rsnirg flah nowder mus t 4,e ',)e~ it higer

Probabi; the iain cause f'or the large increase iln ~r~teste4 ra-

titre, when going fro, 0" to0 100 'Si- is the trmnsition of the cher11,ical flas-h

f r c, a; coribusý.ion 4eactioný to a de~tanation. The, fl'ssh. duration, at Q ps-ig

i's amproxiiratelyv 23 -illisecotids while atý tOO psig t'he flash. time ajr

f romn 1.- to 3 millinneconds. This order of' maEnit,,ide, redidvt' on 1iý f lash

time: will result in a. s-rallerr total cond&,;tiotl heat loss and hcnce a higher

m'lamre te-me-rature. The, approxi,7iate reaction tifte to reac Ih "be reak bright-

nes~s tenrerat,.re, is Oiven fn Tabje I ns t*.e r~renisure 4t Jnrreased

_.ee is pro7.,ably, a fuarther red-tiohý in react 16nT ti- whichn more data

woilfld revea1., It is not c-lear w-- thetr. crlre -.ould decrease at

hgher pressures unless condvct )n henat lors -w-as a~;ain involvd. It is

quite possible. that tlhe r . ot,. ',?s were reasur.,ng the te7,,*erature of the

colder exterior of the radiating cloud.

0x nadL -air, nress'irl~ation cause slir- tl d4fferent results but

the scatter in the la~te &-san anal; sis of this :int an academic

,41
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exercise. Sin10 X9 i's aA inert im, t#is, systeisi, oxyýgen pressurization04 V0.44

be exicted" to bed better.

A specttrum, of the A,/KC0,1 , flashA a taten, a&t 100, psig usin ýthe, 1.5

meter Bausch and ,Lotmb instuent.- he spectrum was not time resolved; hot
wire igition pmade ,theý timing too difficult and a high, voltage spark could

not be sed because it would, arc across the thinl"y' insulated e,etrode con-

nection ,tnrou-gh the bobmb calorinetee wall. The fil indicated the flash

consisted of corninuum4 emis,sion and Al•, ,a, and K tnecz in ab so*,Qp n,; nor

A1O band structurd was, prsent. 1:ixtums of -325 mesh hafnium and potassium

perchlorate exhibit t6he hlhest tempetature at. 0 psig:.. ressurizationL

reduced the reaction timet to .eai light output from 6 to 8.5 j•lliseconds

at 0 psig to. between 0 .5 •nd 2 milliseconds, on the average, 'at. 100 paig

and higher,, The chrnge in reaction time, with pressurization is nnot as,

prOnounced as it was with aluminum but still one 4-uad expect a teinpe'r-t, 7

,rise, fr a reduction in conductive heat. losses..

Mixtures of hafnium with L41/2 tinea the stoichionetricAIly requreld

amount of K0104 did not produce flash temper&atures notably different from

the. stoichiolouetr€c mixes. Trhe extra heat load, apparently made little

difference. In other experiments about 10% by veght •in02 was added to

the mixture, again without improving the light out~put. •he additionk of

MnO2 was reported toý iacrease the emissivity of the .metajl oxide particles.

If this is true, one can conclude that the emissivity of the Hf02 particle

clous is quite high, or, that the lowered, flame temperature, because of the

added heat load of the MnO' 2, its. compensated for by the increase in emissi-

vity. The, results are given in Table I on Page, '4,

t4
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It i! stronigly pusp~eted that hfalhup powder le-ft exposed. -k. the

atmosphere Vill form a, ffair amount of oxide.. Exposur~e of the powder to

air for aperiod of a few days will. lower the brigh-tlness. temperatUre..

There is the poszibilitr that, the Hf, powder purchased already had quite. a

hi&h concentration, of, oxide and, the ach~ievem'ent of" higher brigh~tnessg terb6-.

retue wt aftiu-x (tmd the other metal noowder Y: will re-cuiii Oxide

atiree 6 v4etal. b

;,2 teaon- '5~sh a ri~d Th cor:-½stion. have beetnl t'ttd, in

14ur I' aP-2houvýh, only. one zircontium V~~ as -;icnd at ýeach press-ure

level, the res-cnsc &f týhe ,:r/KI04 mixture ýto, increased

1,re'3s~lre. i- .i'ke tlie s-,Klo sysem. There isý. a. moe~rate increase 'in

temperature whent th-e reqct ion is set off at 100 psig. As! can be seen, in

Tcfble III, 'the reaction, time to r iiur ig'ht &u:tUut, decreases with pres.-

sure btthe effect of'pvssure on the: tqtl, ls uaio snta

great. as with ILI, powdek,, The'- total fla-sh, durati.on is rcduce;d ifrom 17 to 8

ailliseconds when the pressure is increased: rrom '0 to 100-ps-1ig; this. is

not nearly~ as drnna:týc as the transition. for aluminum.

One of the !metals )'.ný.n to fo: - a verx-7I hi 1: boilini: oxide with alarge

heat of reaction is thoriuimi. Triom icd~ata for thorium

9M' itsi -tyVe vr're not ae''¶v: a~.'i~le Th'l tls fla-ýe tcmrer-ature wtas

ui-LnMown. There is then, ýno theoretical re.;ult to which the measured,

briGhtness teir.erature can be compared.

Becautse of the Tild radioactivit:. of Th it was desirable to react the

m/;1Ccio4 mixture in a closed c~ham%,-r. The -trodiAfied bo--b, calorimeter was

uszed for 'these, rnasuvr-etaits,
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BrightAess temperatures were measured at 0 And 100 'puig. The taxiwamý

brightness tempe- -,ureý prodýuced by stoichiometric !Vh/KC1OL %iXtu3es Was

4115K at 1. atm. The increase in pnressure didn'It produce a higher flash

te.meratUre;, thorium c~an be, class-ed with Hf in this repet.

A mix, tu.ýre of thoria and 1 7Dcercent ceria is usted As 6n active surface

in teso calldUlle r~ante61. The 7elýýshach -%ntel' 'rodbdbiy behaves

aaetltcsurface ""cr , be d 'o-nat o i on o- .'"ee rdi~calls which ftn

ti~rn z-\eto 'neat tlhe zant~le. 1 Th--'- emiss-ivit- otf th.e "-nntel n the

blue brod~uces a .,hite light hnaving a high color te-=cxatture. One of the

Th/1'104 'lanhes was d~o-ed, with eno,.hr Ce (124).t rd~eapolpr

ýri::V~fze of thoria and ce-r~a aftecr coý.-.bustion. The iresu t~ct brightness

tcernerature of 3790K: at 600!DA was not promisinig..

TABIZ I

FIFFCT OFT FP2S2U7RE ONI Al + - 10.4 RFACTICN

0?at Air

TIq ( -`!Se T PuaaxT T trse

Q---------------- ------ - - - -

10a 4"'10 0D.7 0 1.0 Deto nrt ion-

200 )4'ýL0' 0.2 ~ -O0.4
4ý90, 0-3

1,,; . 0.4
CO41,40 0O.23 L'?0 0.-25

1!ý3nf'0.25
-ý 4480 0,2 -q

300 4240 0.13--
600: 4180 0.2 -
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TAMIT X

EFFCT OF PRWSURE ON'grKC1OQ4 REACTIOI

P~p'Tow, ~ mec T(K) T~msoq

0 410D8.
394~5 6

1003900 3. 38U .
4015*0.

200 382)* a,4-3~4 1.3
3,360* 1

IDO0 3370 1.7, 38W 1.J4
600. 3160 0.6

EFFECT OF P'FZ;STTJRE ON Zr./YC1C4- REACTION

P(Pslg) T (K) t(m"T) useod

0 352D 10-
100 398 2
2W0 3840' 1

403950 0.1.

* 1-1/2 times $tOicli. k'=4
5*$ t0 y. veght W2
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Aspectrun of 'the4 'Tn/KcV 4 s!ystem- ws tke atUpi.Bsd s t

usual X and Na absorption lines there age emission, band heads located at

5,92-7 and 6340O A- there is no Informtion, given in Pearse and Gaydbn (32)

on emission from, thoriu'-r comipounds but it is believed that the bad -belong

to TIh. A maicropjhotonieter trace of the filmh I& given inFgure: 59:. Is-o-

tnrer =--s appl r.ni-icable to R ;4sec. excpo~sulres and- difern f ubers have been

drawn lný on the '..race:. The assumAptions art. that zefilm. emulsion will

respcnd to a certain enetgj flux in, the; same manner if the exposure times,

are, of the same order of magnitude anid, that the relativye ilm- darkening

at various wavelengths corresponded to the highest measured brightness.

temperature of the flash rather than the. flUX level integrated, somehow

over the total flash, duration, (this last assuimpto ism~ittedly unreali-

Stic). The measured brf..ghtness temperature at 6000A was 3740,K; the. film

darkening At, 60..0A corresponded to the 3400K isotherm. A 3740K Iso:-.-

was then faired in :on t'ine trace using, the ratio of flux density given by

3400K and 3740K at 6X01, as a fictitious emissivity

Z'-,rconium wool + pretsutrized, oxygen. studies have been made under

conditions tof coPnstant volume in the apparktuls shown, in Figu4re 22. The

data is summarized in Figure 16. PlexiE;Ipss vindcws were used. in. these

runs and asevere, charring problem developed because the window was in

direct contact with the. hot. reaction products., Consequently, the reqorded

brightnes's temperatu~res are considerably below the true brightness tem-

perature of the flashi. However, the 52,300K te-mperature obtained is above

lasing threshold for ;ruby and nar the opt num. ope~rating point. for,

neodymium lasers.
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To explore the very .nig9h Presv.ure region, measurement• Vere take Vith

solid oxidizer-metal mixtures in the dcjazic pressurizatiol ,hambe". Pre.-

sures up' to p5ps could be hendied in •he chamber. reme difficulty

wasi experienced in conducting these high pressure tests for several re st..

First, conditions could by no means be duplicated between successive shbots..

Second, the window sotnetImes rUptured, nullifying data received. hird,,

flying: fragnents from t;,c rupt,.tree window required elaborate protective

screens. Fourth,. the fn-ort duration pulses were hard to record 'because of

large variations in the indixtion period between the ignition pu.lse and the

combustion pulse. Nv9:rtheless, significant data was obtained on many shot,

And are su~marized in Thbie :ITi The pressures reported are very approxi-

mate and were found by ct&lculating the pressure necessary to r iptur the

vinzdw.

'To alleviate some cf the difficulties encountered with the dynamic

chamber mentioned above, several moalfications were made, as indicated in

Appendix I. This modified chamber was equipped with a Kistler gauge pie-

zoelectric pressure transducer which allowed pressure measurements up to

lO0 psi. With this chaniber, ptres3ure and temperature could be measured

simultaneously

A typical pi e ssi-•rt tem:.pratl-re- time pulse is shown in ilgure 17

The pressure trace Iiate 'dlrl, 'I~' detonation wave followed by the

smoothly rising then f.al2n6 c,,amb'r preasure. The light emission Is

seen to start -mmec - '.i Lt t, 'icnt.i on wave passes, increase to

a maximum corres-,, n ' - . t e" maximum chamber pressure, then

decay at & rate f.i,,',t', ?tS tn iui the pressure decay. Before fir-

ing, the wknocio tran,ý,trnc, I & Af' kter the shotL window transpareacy,

Was approximatelY 10( be•is," of r'nferring. Because the 'eacttion prdcts



mIpt* AmENicArt "AVATIOV, ýINC, LOS ANGLES DIVISIONNA6460

Table.WI

DYNAMIC CHAMBER TEST RESULTIS

'Material KIP/In. T*Tem~p

At + Mg + XKCO 4 . .20. 4150,

Elf + KCIO0 20 4635

44
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Eu.".>

Figutre T7. D)yranamic Pressurtization Chamber Typical Pressure -

Intenisity Pulse a~t 550OOA
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ftmiat be 'at an&tU al high. te.=-e:--tru- ýý3OCOO 6 to. eXhibi t., the Mbgb

presure~itpi evident that, the wi~ndow isL Conieal e-m e-e

before, the taxiatattecme~raturte is- recorded. tabieIV -list& the ftrioum

pressures and, temneratturesý obtained with thils ichamber.i

.Several, spectra, of' d.-naticda~l:- presstiri: shots, &a.!el howtt in, Appendix

ITT. The. most -rotinent f~mtuiue of tl:ose ::7ectr'a is A 6qomplete lack of' BA,

e :j-s'ion or abcorrttion lre.! en~t fo,- t'he 'rnons tripet in abso-

tIiov at 140,5:A zs indii&ated in two0 of 7the s:.-ec-cra. The sharpspeb r-

sent on. thc e- .snc-ctr -are, due enti~rely, to '-ercLr,- e-iissaoh from the fluor-

escent 2iights in. the Labloratory,.

An eff'ective way to invrease, t~he faetestpratuive of a reaction it

to add esýtra ene-r~y to the reaction 7uxtre 6T ac~comipis , Ithis goal,, it

was decided to, tc:st an, exqpiodirz v-ire in, oxrygen ¶N yes of wires we-re-

used., aluminum~ and zirconiut~. Thbe wire was, expnloded In a. prgx capillary.

tube under sufficient oxygear~s~r to effect ýco=plete. combustion. Just

enoui.h electrical ener,~ was' used to va-5orize the wire., The reoults are

shom, in Fioure 1.8 ,,ith a sl'etch of' the tube usd h .ihnss tem-

peraturcs oloserved were bizher than the t-- -eraures c.easurad with the

*,ýetal wool burning in, oxygen. One muhiles, .o-rsrv~ed rare probably caused

b%.- the, condensation of' metal oxide. IT'rom the observed brightness tem~pera-

ture and the calculated boilinG point of the oxide, the emnissivity may .be

rou,,hly zeasu~red. The alumin~um, emissivity is approximately, 0,.26 and theý

zirconium emiissivity is; approximately 0ý.08.L Therefore, the etmissivities

assumed in the pressurized oxygen. studies are I'u4ther S~ubstanttlktted..
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40000
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IWsaurem-nt of Wss~ivity, 0nd Tr qw-oprurv

Siagle-double p~tb aeasurements'; Temperatures determine4 by phato-

tugbesl sihed on a radiatIon sourc are brightness temprte, or, the,

temperasture at which a b1lackbody would be an tequivalent radiationi source.,

Meaurng hetre tmpraUre of a. source. requires that the emisiiyb

known.. T-here is evidence, £rro, thel br-.,htrieIss temtwmraturt data. tsalen at

both high pressures and at one attnosrhere, that. the ecissivityý of' the

lur'.inous cloud islow. I thi-s.4sL inaedd the dease,) it -Wo-ad, indicate that

additiv-es toý modify the eissAdivity should be :give-n more consideration..

Tonai.r he true teoperatu-e, of the latsh reactiont a~n 3a) -Artus-as ti 'a'

setup, to perform, s~nitgemdoublel path L teareets. 'The setup is -thovn In,

Figp". 19.* The arranzement is SLiJmilar to that for ~neasL~ ng brig .htneds

tettmerai;Ure e*xcept that, a, spherickIl mirrar and. a light obopper hve been1

ýadded behind the, flash.. The s'Therical, mirrot issta distance. from
the; chemqal, reaction equal to. its radius. ofL curvature so as to forma

its e at. the focal, point of the lent s:'stetl. 'The phototube now, reaponisi

,9oan -slternatInZg sigoa cons istinig fir st of radiaitio dIre~ctly fto the

flash and, tben, when the chonper opens the o-nticax, path toth nirror,

radiation, directl:', fro-~ the flash plus ra. Iiatinfo h fahta a

beent attenuated '-,reflection from the --drror tnd b: traveli4ng througeh th

lumtinous cloud,. !he, ec~ations for the single-doubleý path process can- be

(Bet down. and easil.- Solved if light scatterings is neglected. (The left

hand side of the euantions. is lWien'-s approxixnation. to P,1e4aL's lay').
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SPHRICAL MERO

LIGHT -CH OPPER

TACHOMETER SIGNAL
F.ROM PHOTOD lODE"
TO CRT

LENS AND LIGHT SHIE LD

NARROW. BAND FILTER

PIHO'TOTIUBE

ORT"

Figure 10 Single-D~oubie Pat -Opa~t
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Simile Path,

tovn he two. 6 .IUati.o'ns forI t teý two trnhnowns, 'ET And ý,it, is, found

tha

and

ZScat~teribg, of ight -mayb ' imotance to the emnispive propeirties of

th e c loud, and ca= take the dctrnnto oemsiiy fiuch more' diffiut

The simplIest analysis that ýcan be masge oasituato ipvolving light

scattering woId be to. assume that all scattere aito leaves h

antical path to the scnsor and neC1.iglbtle- ligh isctedinohe pth

In this case, theT equationsp ar:

SigePath

Double Path,

"thnese eq-mtions n'arjnot te solved r~gorously because they contain,

three unknowns a nd TV. Co'spar.ng te equations ! and 2'and 5

and, 6 it can be seen that the solution forEpfo euain1mn2

dimnisedby ./ ~ a)Wheo quatiop4 and 6am' used (the chae
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It=m 2 to 2(o ý'In the exponential termg is of' ro consequence umlay)

The, equations '5 kud 6 are approximations toý the rigorous se2utloa of the

multiple scattering problem and. are valid when X) 3) b

relative, size of -. r. and Zs, the db~opr-tion and. scattering crs scioWn,

can.be rigorously calculated for 'a certain, wave eAt by use, of Mie'

theory. Oneý nmut know, however, the complex refractive. index, of' the

taterial and the .partiale sizes. NT6-dther of these, quant'ities, is: known,.

Single, and double path rneazurements have been made during flashes of

Al 4Z, nd Hf with PtC2Qi4 &t the wavelengths, 4$5OOA,, 5000A), and 6r0A

With.,a. chopper freouency off 1000 to 2000 c),cles! per second the~reaso

great difficult, in djftjLfn.iS~hinp h alternmating si'g&Iml output of9 the

-phototube, from random vari ations in the light ouput of thefahposs

Atypical photot .he response dutring sJrig le-dcvblo path nieasurelments is

shown, in FigIr~re .20 as; dixplazed oni a, CRT. The- lovert tae ist te chopper

freuptncy detected by a phototransistor lightý source: ombination

described in bconnect-ior with the time re~solved spectra

Since -the flashes in~vestigated were setL off' on a fla&t plate, the

opiclpah egth of the lutinous cloud as- well a6i the, massa of materialJ,.

in the optiLcal path, are unknown. The results of 'these experitoents coul

not be used for the predliction of etiss~vIrty of radiating, clouds of

sim~ila~r pdrtic lea. Viewed at other, optical depths. As' stated- before,. the

object was to measure the tnue flash tensperatureL sad estimate flash emissivity.

It was usually observed that the opacity of the luminous cloud increased

with, time and In some casqes the cloud became completely opaque (radiratiop

froin the reflectine mirror di~dn 't penetrate, the cloud)drn th -ltter

Portion of the flash.
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TIME (2 r*SXC/DIV)' -. 0 Di

Zr*KC ~L 04 FLASH

A=59C0 - 6100OA

Fig.ure 20, Phototube Output hingle-IDouble Path-Meoasurement
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soow e~~~i~e~t ~uci- the ph1ototu4be n en

set, At, a alight t , Ž -') th rb. ',Iretjbn of thke re~lejtU& il1t:
.from. the s yr'ieral rui-rrorL 2 tt Ea a to See if scatterdraato

from. the ba kro'n2~cw~__ ~-td Nonie vas detected. The

solid4 angle vi.ewed c - 'e sm41-1 (0.004.64 sterad.±an) a0,

scattered~~~~~~~ ýainwA-su ~ .t2.J'~u.cpckl up, and dis~t'ingapjah

fro~nr~a~r iet .

Beau CU e o' ''J we~d b, the pnototu~be it tppears

reasonabij t"'''" r-ati on. ~rorh a ourcec placed.

beh-Ind the f'i~ ~-7 r aw:~ T~l~(a'

The t~h 1.ý D.- ~ <~~-tL ath techniique are, compiled

i~n Table V a~noa '. aý F--. l:aatic f I-aze tempeatr of te

meta.L5 nanJŽti'-r7 o~~ , ~ ~tcn the da~ta, tapes used bin

the comut~a-'cin-. - ,':ýrncertuims tabulated V*-ra

-:alcuLLat(-ed ~r•' . .

Befnrre rcNe. - i-t;ljtves, it Is des irable to

summarize thc - ;"-c, - 'vrm'~Uction studies., Table VI

i~~resent~11s lv-> *.. -'' ~ drations$ and, spectX

chsaract'er! c ''ý ic:i-sue n high pressure

reations rea~A~-2& sctionl at one atmom-

pOhere ',.es)-' su- . tud,. The typical behiavior

of the reactl 1n 7 be,1ro of the other reactioha

listed it tnre I~W .L :'msin on ad~ditives.
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'TAble V

MEASURED "EMISSWVITY' 'AND "TU PRTURES

.FROM SINGLE-.DOUIBLE ,PATH 'EXPERftIMENTS

45,00 A 5000 A :600 A

IE T ET E T

Hf - KC10 4, 0.86 1:. 640,6K 0.628 36660 k 0.9 - 3.590 0K

0.i90 -36,25, ý0,.81 -3720

0.3-371 0.83 - 3720

At -K ;K04, 0.6`7 -3390 0.8 at 31 0.80:- 31307

Zr - KCl- 4  0. 6 M 370 0. 79 1 390,

0.73 ' 34325

ýv2A,)
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Theoretical Selecti~nfl ofAdditiwi*

Equilibrium is 'defined as the condition. for vhich. no potential exists

for cbanling t heerg dtributicc. All other conditions, are noftequi-

brims cOrditio"s.

By this definition, it is seen that, many differen nry oe a be

in nodnequilibriwn. Radiation is generally notL in. equilibriqq;, it is usually

iefic ient In energy. C:hemical equilibri~w generally does not exist unl-ess

%;4he system is at 'high temperature'; the. c -hemical system, usually has;a texcess

of energy Electron-ic, vibrational,, rotational, and kinetic energy modes

are generally in equi~librium except under low pressure conditions,. The

pro blem, of 'interest here is to tske the chemicail nonequilibriwnu and convert,

the excess. energy to' radiation ofL a specified frequency rapge.

To convert chemical. energy to radiation, manty different techniques are

available. Theie' techniqueis take the energy of the chemical sy stem. and trans-

form it oue, or more times to finally obtain radiation.. Each energy tranis-

formation is *limi.ted byL the laws of radiati-on. and thermodynamics, vhidh.

allayws usl to, put limits on the efficiency of transformation' of the proposed*

techniques.

The oqccurrenceý of nonequilibrium And techniques of use are analyzed for

guidance in the pumpingL propral.

Theore-tical Bases

The, bases for ain agnalysis-of the radiation and thermodynamic laws,

in paritiular the considerations ýof interest here, are: blackbody :radiationt

(3),eipivity (3 T),thýeoreti'cal flame temperatures(&,nrp 3) n
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eqUilib~iiii enterg' ditribution :(46). Since the-se topicsw are c~overed adequa-

tely in th*ej literature, only the6 f inal equations are givevn.

ElackAbody ra'0diation is described by PFlanck'u e0*-Ud6

vhre.iseer destW a the f,-c-ouenfecy ý (f reqLuency in wave numbersi

Per cý.r.. 71e suters:ci~ ze 'ndic:ates I c-,--bod-y. Def ining, the radiancy

Integrating over the frqec gives

for the total r~adiatilcn energy f Or All 'waveý lengtht'.-

The ýemiisaivity is ief ined as

or

for the total em-issrivity eor the spectral emiasivity:, . he

emi-ssivity, , re!flectivity, .r,, and scattering coefficient, s, are

relaited, r~ t+

or + rj- r + ±%-

Of ten Z) C and the scatterin~g is ignored.

Theoretical flame -tem.:errAtures are calculated byý (1) mass.balance

equatitns, (C), ent~halih/ balanco- equaticn, (2 jres~sur6 balnce equatioan., !and'

(4) equilibrium constants..L These eqUati-ons are all that are needed to

specify t' system.. Since equlibritvrn is assumed , complete c~ombustion. is

assumed. 'Since an enthalpy balance i~s assumted, an. adiabatic system. Is.

assumed. (While not used, th~e flame, temperature at constnt volume can be

calculated by replacing the en~thalpy by tne in~ternal energy and pressure by

-dens~ity.)
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The. entropy is important, for, detelrmtining. the limtits, on ener~gy con-

version i.v On isen-tropic proc~ess6 ccu~rs, the equili1br1ium txhdi.tions hold..

Thu.&, in an isebtropic radia~tion process, the 'blackbody limit is, imposed,.

The entropy is defined

dS d~r + dSi

where r 'indicates r-eversible and i irreversible, Qis an artificiail

Variable to make both 'terms fortnaily the Same.. the definition of dQ I'*

-dQ. a dU]5,

in other words, an, irrevc-rsIbl~e change is accotpanied by a decrease in

internal energy. The implications cf this Statement are ýsimplified :during.

the discuss ioh, on tapping,

-The Bolt~zman eniergy. distribution iis given as

'Al= ;RWi exp PF

where zi i's the population Of State i, t s the statistical weight of

State i, and Ei is its energy leVel.. Iz iring ne,,, beq~atmefet,

this gives the equil.1briuit distrljuttc~n.. Conversely givenL Pi'a tempra-

tur'e for the, state is, defirled., The energy levels, are for any rp.6de--k'inetic,.

rotational, Vibrational, or electronic,

WnrmqUilibrium Studies

in a nonequilibriwa condition, there is a driving force. or potential tha~t

will tend to equilibrater the systems. To use the nonequiJiberi Un

potential. for laser puihping., potential th.ust be ccn~verted to radiati-on in

spectral band. 'This is ther objective of this stidyý.
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Nonequilibrium, exis-ts 4s frozený ccxHspostion. (as mixing uirconin aM

KClO4 at rooa'tm peaur radiative ýnooequiliriuu, excess excitation. of

enero.lvls(fe occurs because of chemi-excitation, hot spots', and

uh: erexcitatiofl are, charocteristic :of low pressure systems (and, bhece poo1r

radjLRt'veý gyýster"s):, these modes. of nonequllbriurn arte 'not di(custlse4 fu~rther.

n lp~ in froz.en cOqpc$4 tioph iSL the typic4al for chemical react16sios Th

cnly phase of i:nterest to thisi stuqI is the energy Output land. conb~us'tion,

;efflcciency. Thusý, the nonequIllibrilam aspec is ntdsussed.

"There are a. number of troblems as§soci~ated with, radiation. The ones, of

interest In this study-are emissi~vityp optical depth, and chemillurhnesdeceie.

While important., emissiv~ity and optical depth. are, not discussed in7 this'

section. Chemluminescence is thje basi~s for tAilorlng.-andý t~apping, energy

*fchemicail reactions. Iný a cohernical reas.tion, 'the energy released goes.

into kinetic., rotationa.l, vibrational, and electronic energy.I Generally,

the, energy goes to excitinlg, the nolecule- rathe~r than kinetic energy at':

0 h i + -ML 'OH,* + A

TPhus, eas~ly, excited species, are mpuc'h more effective third bodies than mona-

tan'ic upec'ies. Since excitation, i's the primAry path of a reaction, our'

problem is to tap this energy before it converts~ to Kinetic enerigy.

'The temperatu~re of the excited state can be calcu'lated from the dis-

tribution,

* exitedStae.&
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This tenperartu~re (which, is not the kinetic teriperat'ure) controlis the radia-

t~~~hnU e ilbi-as 'dg, no absorption in the surroundibggs As such

A a r~th ~ 6h ~ck~ r.daz L,~ -c-r the. tad ing gas is

udrArt'ant... A .orý eis Uc--ab cm n 0ý, u Proyr a 7iUtt' ofri

j~ arvaondinC the rtciiating-_ gas..

11xcitation cen occur bthrnlexci~taticn, excitatIcn. trtnsfer,. and

chor.4cal reaction.. In t!hor~al excitaticn., the.,excitatioh is in equilibrium

with the kinstio tc-pcrature. This -4o~luces, the n~or-.al excitation for corn-

parizon. it becomes, overexcitatirn crl:- when'the 1-4netic temperature

decreasez, rapidl*:--hich dres nat occur in our sm.ýste-.. In cxcitkition. transfer,

the ecictation, encr~r7 i~s tranmzferred from, one sp",cies'to ancther., This is, the

.och vnism for tailloring rad~iation,, but 6verexcitati.on is, not produced this

v..ayj. only transferrcd,. 7h~c-ical excitttion- is the only ne IVh cd f (r proeuction

of vvernexcit ation in cur s'sc'.in a cheir-cal reac-ticn, thas chlerdn;ý,l cn~rE7

4"s ccrws'rtcd-. into excitation -r-~and. ý,irxtlc cnr; he uasual cbnuerva-

tion laws (r~aLs, nmenetini, amoarnoentur., Spin, and erearQr) hold' for

ccosl~sor. in which a chemical re-action. occurs..(4 1). 23ince n-omentim is a,

v-mctcr quantity, it is pcssibIF. that all- the energ,' car. be converted to,

kinetic encr~v b7 a. surerelastic collision. The- tros,3 section for the. various

colnlisi~ons, must be obtain~ed to, give the ratio of' excitation to kinetlc energy.

howve, i emost everyv reaction studied for, excitation, it has been found.

This is the Psource of nonequilibriur. e~xcitat-iorn in. our system.,
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tping or- tailoring radlat~n a hizh .ri~vt aterial is use~d

asadp.in, tai'crinir the, radiction.,, the elda~ion 'is. raised. toward thet

b~a~bcd ximlit .,-he 1-inetic tý~a:~ -. n t ar,,-ng tp -energy of

0'."Cit~~ C. ~ * r a 0 fo~. t c; -ýcitst".Ton~ Is at zn olr~eetlve.

-C-'t re h- ý±er, +"Zn ,e i: tic, ttrFrcstt\"r t" : ýriti:on c~an be ýabove:

the lxŽ 1ir-it ofor kin'etdc tvrmerature.. 7The rnt n. taiA er~at're in

aill casest ils th.e effecti'Te ter~perature eoT the r~t~rtpccss.(Unf orý

t~~~lthils is rari ti~oit cool out~er P'C"'tions Cof' the ob~ir)

As op~its. mtal, st.i (ti~th :rn >(e),and fl-iores~cent sc7'id's

are 'ozc~~i*T" the r4).scts-:1d' w-11 -'kit cippe'ars to- be the

test choice. 7-th ener,; c? ýccnd,&.zzt-n orjrculdJ te eaull tapped-. The

e!:it~ted raiiatior I's, less7 llie~l7y tc Ito!cr, arnd ý-cst P~lqoresjc-snts a-re

ra~tr.Fossibý'' it -,ill not be a-b to t-e t~he c~cnrltlons :of the eon-

bus-ll~p. Since the tc--tal cor-1--tion time* is sl;ort, thEora is a chanc'e that

t~he fluorese~ent sclid dan. stuivive.

- -fi C! t o-.t ~;L! ~ll ct k:Ci'l, - tals. am' watsJ511 be- trierl

asdc-rantsi. ".-th ýrs ztrcrq-, Lif:z ~:~".'.r s a bilythat,,

s-~e t.ý-. c~c! C(no 0,1c-n .3 -s ti~c uerýe. eti rJf--ic t4 ', a::e :s cies wll ,

Ve Zibic- to~ tzap 71 'y ~" TUS, i~n ex, +. -r-l&t -El prc.-rat is essential f or

tebtling the systems.

Car 15 date Syst-e".

~a~clatins were rm, ftkr azc-df p ctjas.l,:'l ;-erc`-.1or-ate, and for

zirconium -and potas~siunm pemrhlo:'ate, Adizatat&c flane tc,e.:erstu~rets for

the twoste~ are about 50OC'Tf alr- -5'c(l "eeSFCtive~' at 68' atnca~he-rez
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pressure. hi gives a radiation intensity of 2.31, x 10 2 0a4 3.59:

-x 172,C/rkcal/gm, in the visible. (The density, convert$ to imesa froz -the!

area, radia~tion to ma~ke the units comioarable to the, excess ei.ergy at lower

Itf we all-ow the systefrns to corbus~t at q -e tinbsphere a~t ajj tetpertue.

su±icie~ntly 4ighj fo gcr dcnbs~o~(70 ~r ;al andL 3000) forL Zr), there

is: consi4derable, excess ener~r_-,, It anounts to '5.L k~cal/em for, the alumiinmn

and. Ci.99 kcal/'gm for zirconim..

Looking at the thermocheornical data,. only beryllium., boron, and lithium-

appear to be comparable% to alumihnu. This easiest syse thade is one

of the beasto.

'Most ',etals: at'e good. radiators as. are fluorescent naterialsl.ý Thus,

the, ma.in interest isL to SeleCt, the correcýt radiation bands,. E-xaripleq of

r.)etals Are Til,. Y, AIg, Cu, Ba,, 111, and 11g. Slinc~e we are, interested in t ,he0

mnotal arnd .not aL compound,. the metal siiould be, relatively inactive. kll

except barium in the pbove list are, less. active than alu~dinlm.,

Typical. phosphors that radiate in the correct spectral region are,

Zn 2.SiOL: !Mn, Zn3: A; %,Zn e1`3i, 019:, `h, and lMgSl 5b. I-r. addition,,

a short persiFt~encce and, hih.s'a~uration density are. desired1. Of 'the listed

flu~orescernt mater~ials T.3 Alg: ru has a long persistence.

.. ts '.at have Ilarge dipolfe rcments are usually good. radiators. Zince

transition probabilities -are hard t~o come Ly,. initial screening Is by' dipole0

moments, In general, large dipole mroments occur in polyator~ic riolecules--

which have only a, limited spentral er~Iysi~s. Thusý, the sereen~ing on.
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molec'ules, will be the heaVY tnetalcordsndfuie. It was' : e

that augmentation, would occure with. these salts.

Exr~rmen.~l Sl'~:in.of Additiv-es

A n.-zber of c>:,.erimrneTs wetre p16_rfcr!"ed i~n which saltsa, metalsj, or

P.,-qpspp;rs. were, adcied 'to a stiochianmetrlc mixture, of '3s,' diA. Al pa4rticles

with .,A dia.. Kl01-0 particle.s.- These additive~s or domalnts were used in

.an att~erpt to modify the radiant. energy output 'by producing .nonequilibrita

radiation.

Time resolved spectra. were taken of the- che~iical. flashers wlt' Kodak

103-F film that had been, calibruc 3. for brightness 'temperature. when using.

2, millisecond time exposures;. The. additives used are listted in Table VIX

A complete microphotometer trace was taken 'of at least, one exposure on, each

film. Actually, this. was all that was usuwally necessary since any spectral

regions of intense radiation could be spotted, by ,scanning the tilm, by' eye.,

None, of the spectra. taken. indiqaýe *th6 presencte of nonequilibriwaf

radiation anywhere in the reg,`cnf 3660A' to about. 6700A* covered by

the Y0.Ffl in' conJunction. with the ?ý,usch, and, Lomb specrtroscope. Many

,emission, linesý stand out from the continuumr, or, particle radiation, but have

never indicated inordinately large brightness temperatures, I.e. gtekter

than the computed adiabe tic flame temperature,, (at leastvwhenL integrated over

a,2 millisecond time interval).
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C .CA&L ADZUD1 TO: ZTI0CHIQ10 IC Al/KCl 44 flAS POW=U

A. Additives. Producinig Not'iceable Bp~ad or line Emission frau. 3660 to,
67000 k.

Addtive ~ a~iso

Ba(10)2A040x'ou-140 0

Ba ,2' 3600

Crga3'3600
Cu2O 3500

Mn(1710 4)'R .6 20 Jiwc
Rig "So3  35,50
ýTi NO3  3450%

.B. Additives Producineg No, Cha~nge in. Spec rcral Energy Diitribution, from
3660 to 67oo 0A.

AddiiveOf Na 4 Epssiom'

Cdl 9 -1/2Bl 34~0ok ( Max., from Photo-
tube at 6000A
4~6600K

CdS 353D
)Cl02  3600 (Chance of diouble

ex~posure on fil~m),
Ca/KClO4  3600
HuCl 3350
'Ni/KClO4, 33aW
Ni ('Co0) 2  OASH 3140
Ni72L 3800
PbF2  3450
SnCl4 . 5H20+ 3375
Zzi (lo' 4 )2  6H20F 3500

ZoS 345D

V'9

4 ~ ,~ -,
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Telist of additives can be broken into; two fpos &ad rathe Oggo

groups; grou4p A consists of those that can'be seen to have wodified. the

,spectral onerk' dis4tribution by, producing pronounced band or line emiission,

and :group, B,, those, additives which. h~ave not.. TableVjII is divided into these

toctgoiries.. Tis is -& somhevhA-t ar-bitrary breakdw sinc for th mot

p~art it Is based' only oft one or t wo flashes. It is ýseen.,, f or instanae., that

the, additives: C42. and, Cuarxe: in, diJfq'erent groups;. this is so. because the

CU,2O additives produced evidence, of ýCv~l and CuO 'band 'radiation. or absorp-.

tion while the 150, mesh, Cu metal powder did not. Perhaps if m~ore fin~ely

divided metal had been used or if diff~erent ratios of' CuA to Al1 had been

uses& the result woul-d have been different.

It had originalIly been planned, toý add inn fth easintefr

of perchiorattes so ats to lessen the- beat load, since then, the additive

vc-uld also serve as an. oxidizing, paGent and, thus replace some KC10:4- Many

of the, perchlorates, proved unsatisf'actory however, because of their tendency

to- rapidly absorb, moistutwe f rom the. air apnd turn a flashL powder. mixture Into

a pAste or sjuxrye Preparat~ion oý -the mr21Žtures in a. d~ry box and I'lashing,

In a closed container such. as the. .,o~dif~ied bomb, calor.-ieter. could have set

aside some of this troulle, tut 'tecause of lack of' tize it was, dec-ided to

use less dleliqueoscent metal salIts. A list of the perchioratesL and their

replacements is given below.
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NP-64-6O8

PerýhlotAte eac et

Cr(10) 3  6 20Cr 03,

Ce" (CiO'4')3  hydrated ce(E3ýOdý)'

Cu '(Cl0a4)P . 6420 Cu2O

Ca 0Cl.00 2 .6P' 20' CA(o 2

While it. was pcss ible to ighite a mit cohtainting 'Xii(CMO)2 .6H 20, the

flah barey' registered a voltage. output on the. phototubes. Perhaps

N-i ("C-iO-) 2 . 6H20P cculd, be, added to the, abcve list with. NiP2 &a the,

re0place menbt.

The mixtureý ccntalning SnC-1j . 5H*2O was. extremely, diffic-ult to Ignite.,

It was, Pound later that the salt rapidly reacted with, the *solid aluminum

uron, mixing, the- two (prob.4bly aided byý sotte absorbed. moistte or 'the wa-ter

of hydratioft) to prod-uce metallic, tin and AlCl13 .

Oteopounds which.,P for unknown, reasons, m~ade iE-nition difficult

were LiClO,4 , BaCl, , aand da(N0 3 3  LiCl 4 was not used as an additive., it

was, to~ replace K'ClO4 . A small, amcunt of Hf/kClO 4 Was used as an tuxitof in a

l-ast ,attempt to rlash the Al/LiCl04 powder. the attempt did not mucceed and
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'leo i~lo was abandond a'itue of A1AdCl% cona' n ml mut

of a~l bunt lowy ad Incompletely as di iwdxtures containing Cd(.N0,).

InTalellhebigtnss tmertue n h immediate vicinity of

the Na-AD lines, 'as, det emine4 fro nrohotometer traces cf the fiAm

spectra, -is Also, r~ecorded, The average. 1Na-fl line tegeraue or group. A

and: groupAB is 3 0Y g nd 3L6CQ7 rezpe'ct~ively.. It should be kept -in midnd

that the !ý lines wereý almott alwvays self, -absorbed at theý peAk, thuds tzne

teniperatures listed: are likely to, b~ on the low sid. ýVpratujes recorded

by plhototiibes, woUld 'be low~er still.. 'The phototubes, used fpt this. phase of

the. prog-rami were; equipped with filters halving, a 200A, halt width.. Brightness

temperatures measured in, this way -will. corre~spond mreof or loes to the, energy

in the conitinuum and, thus the temýperature of the particles..

Some of the emission. or absorption lines, are; eonon, to all of the

spectra- taken, in- group A Or B". T~hese, will be d~isc~ussed' f irst.

Fotassiu;m,. which' was aliw~ays :present in. these- expeients -by virtue of

the, oxdizer used (Kl~,has a4 resonance lineL corre:3p.;,d~ing, to th~e NaD*

line, in the. infraredL at ?61L. This is beyond the range of the equipment

used. !Vore, nori~lly only aiation -due to doubly excited' "tatet -Of K ýhave been

noted on the film. these, K lines are located 7near, the Na-D line and appear

at 57S2.77, 5807.16 i 5,81%,71 and 5832.01 A. Self absorption of thaese lines,

has never been noted in the time resolved spectra taken., In some spectra

taken early in the program with another film, emulsion loatch, No. the X

doublet at 6938.96, and 6911.0C could be disc~erned even uhogh tefl

sensitivity in this spectral' region was quite small.o Other, K lines can be

seen at. hIbOL4.1 and I4047.,20A.Ajsually in absorption, because the: lower energy
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NA -60S6O

level ii the ground state and, thus ,g poplted.

The• Na-D lnes always appear in spectra taken, of these chemical flash1r;

ths is, because trace amounts of sod-iu•m are usually. present as an impuritY,

"When asoimcorpound (FaINC 3). was :pr~pot;6y added; to anl AlAClq4 f1ash 'the

reitWas .surprising troade-in .6, the Di li-nes to at leastta~ A to.

1O0 a half Vidth. The peak intensity, i.3,:ever, in! line withR normal.

equilibrium radiati•-on. A4dition of .aNQ3 also broucght out other sodium

lines, representing. transitions. from doubly excited states (1,2D: and 5 2S)' to

the singly eXcited quantum .state (3OA Fadiation from, these more hig.•l$

excited states have the advantage of' not being readily self absorbedý because

of t he small population of the lower energy state. Neither of the doublets

,at 5682.67, 568&.,2 and 615L427, 6l60,7 3X had a high. peak brightness temp-

erature,

'There, is also, of course, the -band radiation of the 2 .,

electronic• transition of the Al0 molecule (3-). The band heads of all the

transitions listed below are plainly visible in the spectral taken.

vibrational, transition wavelength

0
V,- V-2 L-470'. A

V - V V . 8 lh2.l
V -- V 1 5079.3

V V + 2 336.9

A1O emission structure is, r- t prominent early in the flash ard

usually fades into the continuui near or soon after the peak light output.

The. Ai1 bands are never observed in ,bsorpt.ion and so must exist at the

h•ighest temperature. of the system. Film spectra! have: shown the Na-44 lines
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and other emsinlines to be. more. intens$e thani A10. This iso probabl7

because the erdssivity of' Alt is lower. Al, lines' ppea at3Wi n 96U

alymott always in, em"is s-ion, tut has. been observed, to go ito absorption

!IaV ;of the spectra, takený show Hg, lines*,, seemingly very intense.

ThoýSe lines are due tzo str.-. -tht fro'-. the cv rrmai ±lureseent, lamps,'n

the fact that there ir, no chtoro the ,q'ectrometer slit..

Three' f the additi~ves tried; were, barium compounds,. Ba') (Ii)

P0 2., and, Ba ("C3),2i (tnere. is a, fourth containing Ba'(NC 3),2 and ?0 2 ,

Ba VC%) and, Ba '(NC3  prcduce si-milajr spectra consistingo a bnd

0
and aý strong ft line at 551 3.3Ahile- BaF , addition resullts inL these

bands plus the band structu~re of 1367 at '5000.6, 192 and t950.124 Tht'

BaO bands ,have not been, detected. in the flashes. Cf the three, the best

additive is BaN 3 ) icei rxctxced. the. highest temperatuares, (both.

phototubo and qa-D' line from the fim) BaY2 as: an additive produced, A,

,60 rnillisdcond time: delzy, from spark ignition to the tegir~ning of' light

emisio (l miliscons wculd be a"ror)ard, a rather ltnF, flash,. The

comparison of -these addlttyvps ~-jtnot Ile A rigorous, one since. %.F and

Ba '(Cl0-1) 2 were, prsn i 1t q ~antities, .whil~e the Ba(!1,0 3 ) mixture

wa's 'IjC% Al, 301 N1(04, and 3C' ý3a(1.0 3 )2 - Ba (01C.02. might have worked as

well as the nitrate., The Fa WO%) is its~elf tn. xidizer and has beený

reported to be an effective catalyst for WCl% 4decomposition to KCl (34)ý.

Addition of Ba("O3 ) 2 dossotntefash reattion tine, thus bringing

about less ccnduction he-at loss-es frcr. the radiating cloud, !Micrcphotoneter

traces of time resolved, spectra. of AllYCIT/aNO) flashes, in A.icure 4



show strono, BadI emission bands at 53,5240 and 531Athat app earl Ia

tefas the! fade into; th ntiaqu' as the brihtesepraueote

continwuu, risesý and fInally show uqp in absorp~tion, as the radjiating 610oud

"cos.Tese bands wul incr'ease- the 1 ght outnut in the green if the

emltssivity ipf the continu wa a rt hsgenlgt outpuJt warn

need5ed -%, early In, the, chemifcal elAs~h..

S4

TeBa ine a4t s a. 0s srcn- radiater that Is nots easit

self reversed as the .Na.ý,D liineý. The microphotometer trades sh-Low thisa

B~a line. to. beý a good indicator of the gas terrpeprature.

Calcium, ComPounds;

As has. already been, men~tioned,) at first 'the petcbllorate. Ca(CIO).

6H20r was. tested butý rapid water abs~orptlcn lead to its rep-Iacement by

Ca.(ClO) 2., Cal-ciiJz chloride isL knawn to color flames red. because of CaCI.

band e-:mission. Addition of calcium hypochlorite brzught Out the CaCi

Sbands lyinbtee 941k aknd .6400 32 adL a resonance line

of Ca at 4226.73A. No accel-eration ;of the'AI,/KClO4 reaction wk's notedý and,

the measured flarsh terrxerA~turg,s are a-Verage..

Chror~i' -Oxide

FE'rcom tiMe, resolved Spe~ttra taz~em of an Al/KC1O4 flash ccntaining a,

few per cent 'Cr2O3L the band structure of Cr0 at 6451.5, 63.94.3, 6o,51.6,

~ :.623.3 nd. 5564-1A (32) as well as five Cr. lines at, 4,,54-'a4, 47

4ý.9.73, 52o4..54 and 5206,04A c~ould be identified.

It :has. bec.n reported that additives, such, as. Crp03, InO, and other

metal oxides will increase the rate of perctloratoq deccomposi~tion (e'Lg. 5)

Limited data, taken co6 Cr2O add~liot~ are* incionclusive,.
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Sp ecitr tken of' flas'heds containingu 0u2  ibdicate C.UC3. bandsa in

abstorption fromt abovt ?IZZA to, 500A. :(D i Z and Et. * ~ 3)

Otherý du,' bats iPdght be present, but diffic,0lt, to, d~istinguih. fro-mcthe

A1C band ýstructiure. From, 6cO,.9A t6 6.29QLA, Cut bands4 al'c visible in tso

Ltthiu Pitrate

TZhed tddtition of Li:;C resulte~d in Ui lines at 11132'8 L60)2,, -60,31,
L97.~ cý , 136A-, and a. strong. broadened resohnane linea 7.A

(2P-Iwils). Tho- Li line tit 6103..6A appe.ars q~~einte~nse, h~av`i~ng a peak

brightnessý tem~perature of' about 330CK while the pelf absorbed *l'-Dý lintew

yield 3.ý2009.

'Two manganese co.mpound wete tried?, 0n2 and 1n(.C010)ý2 .6H 2 01. T-here

is. no; d'oubt that -M02 will aclerate. the Al+YKCl0h rection.. It hatlso

been Postulated: that MR02 would ihncreas. thde emissiVIty, of 'the, radiatin

solid orl liquid particles. Time resclved, spectra of 'fl&shes that cohta'tred

eýilther, Yn1 cr '.-n(,CI)J2 show ýthe 11n en'issio~n bands, t

~ ~CC.3,6175*90, zind 62,03.,2A Thr is als~o a "¶n triplet at 4030.,i%

4M3.0 and LOCL.%A uxuall$ apreaoring in 6arptiqn,,

T~hallium Salts.

Die thvilum salt addit-ive, T1O.'*0i produced two 71 line3s., one. usually in

absorption in the, contin~uum at 3,775.73A and. one vezny strong line 'in, erdstio

at 535c0;.17A.. The strong, Tl, line -scnarable in in~tensity to- the NA-D

lines and c.-ould. be used for me'asuring vao ihse tem~peratureS.

0..4



Phosphori

knwong. the tories of add~tlties testedý were two phosphors, ZnS and, W*S

'They were ,tried in the hope. that the solid Aposphor wpuld. survive, for

tine: bt lePat', the hi-,Ih topmeratures pftd~Uce~. Ilither addlitive appears to

haves ci-tered thew basic. sp'ctrxtrn of ,r -,I + vY(.lCI al, nd they have 'been,

litdin j-robup 8. 0? 1al VIZ..
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Emission Spectra

InA additioný to the, major additive program, einissoiiop sipectr ave. ~iwep

tAken, of' the. reaction o~f stlochlmetri;- mti-xtures of ýKCILO 4 and &j~..i~

zircontuMh,. hafhtiwn, lanthanum and neodymium powdert. T-he spectra Were taken,

using, thBa'usch, and. Lomb 1.:5 meter stectrometer with. Kodakl10.3-F filit and

cdvei-ea tue, region tfro ý366Q1 to .abottt 10001. M.O§t Of* the band sotruidtureas:

cb~erVtdL 1'aVe 'bren. idbhtified A. betng due to. metal Oxides (AlM, ZrO$ lifOIF

1a0) using the: tabulation ,of Pearse an4 Gaydon ().The micropho-tometer

traces of the. filz are showný int Filgures 4.9 4#d' 50 ith- the., metal, oxid~e

bands, labeled. The: band structure ;of Mf has,:n6t been. analyzed and ontly

th Plcat o f Promi ent band, heads li~sed by, Pearse a 0 Gadn(2);are

.pointed out in that figure.. These particular spectra, with the excepto

of Hf', are, not tithe- resolved and thus i4otherms, haver not been drawn on,

them.

fleodymiuml was included in al~is-t of possibile reactants, primarily

because it was. expected that the rare earths might emit in the regio

where rare earth dopants. in, te latcsoIaeswud have abso. ption

b~n~ds. 4opefully., rare -earth~ additives ,wuLLVd modify or tAilor the spectral

rttlssica characteristics of the chemical flash. Spectra of, the Nd-ýKC1O4

flash reaction were taken and fcýnd to contain only ccnttmuwunradiation. fromi

so~id particles and a number of fine lines attributable to Nd vapor or

inpurities (,see -Figure ý49 ). 'None of the NdO emnission bands listed

by Pearse and Gaydon could be id4entified., There was no evidence of

highr eisson n spctrl rgios *here N. in glass lasers anb
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,Neodymd' gadd4ition was tried in zirconiuM and~j al numi powder. flahe

to see, if the7 emiasive characteristi~cs, -o the: flaýsh reactions could be

toilorod. 'The spe-ctra tke appear inFgure 50 'it asfoUd thati

sM61all. arnuts: of N4d in. :Z re'sulted a, large reduct Ion, or disappearance;

of the q tzen struacture of ZrOC; t he, e-ifs~cicn lis -Iostly, continuumt an 4,esembles:

that oft.1 L,10 ilals~h in, its lack, o-f tband structure. ls~o- -show.~ im,

Fiwcrt 50 is the spectrum- of' Al FulCi it and without Nd, Addition,.

Addition, of .about ý20 per ýcent by veight ocf Nd,-KCl0ý to al`KdlOL did not

obscure the ;AO0 band structure arid prcduced some idantifiablei. band, structure.

ýof ?!dC ejcter4dirj from.6&~2 to 'lon6 hee olSo appieared to be a

slight c-nhiarcccnt af continuum. radiation, in the, red,; this enhancement

hocitrer, Is: not in, the Nd glass laser pmigbns

r-ot-bl the boiling no-int cf, ZrC2 i high enough so, th'at addýItvia

rczu lti-g' iný a lowering. of the flvne tc-.pe-ratuire greatly reduced the Amounit

of ZrO vapor present. This colder byL-noing rmixture. will then eehibit a,

m~dh redluced cxlle band: str-actil!e.. "%e a'l'-rinii burns ýO~tby in the vapor

h'aoe, znd the, flat-.e temperature of Al-FY2j.).rx'r s *l~rt h

~~r;~ra - a of dYlLsotht t'.1e cbolinrg effect Of dites

7ý- 17,' ý,nls wre not visible In the zircz-ium metall fl-ashes because. the

cvctn-Tvr - ralia-tion, is. initense, enough to obscure them,
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As has been pointed O14t before chmclratis cnelease lajrge

a--uit oft 0 nrg fe ou:.a hscre a eeficiently converted.

inrto light. HpWeVer.-. -to be a 'useful laser purm-p the li-ght ;OU-st be eraitte&d

at, an intensity above that requi3red t67 -each, lasing, threshold. The lowest

threshold laserý t& J inC.F. This p, ktertal6 ýhas beent purped with

tungstýen light indicating 'that it, requiresý a bri~gh~tness temperature. less

than 3300tPK Nleodiu '--thas no specific threshoId tempeature I rqie nt

since its. characteristics are so greatly influenced lpy its host material.

'The. fluoreOsceht lifetineL can vary, fromn 6.1 ~.~sec. to' 637',4' s.,dpending

on the type of glass used, fo'r the hlost. -Similar variadtions' exist for the

fluorescent line w~idth-and aLbsorption :coefficients. Nebdymium,, therefore,

has aL range of' threshp'l& ter:ý;etatu'res, from; approx'mAtey 350 K o 00 K

Ruib-; is tere canernble to analysis, sr.d the thre~shold briohtmess has been

deterrmimed, to be about 5250OK . it is qpossible to a~n*,yze theý efficiency

of a, IL-ht *szurce, of a pmrt'cul-r, spectral, distributi~ori 'if it wereý used to

pump A lase~r a..plif`,er wh~ch vis, .montirnually, bei ng swept out by a driver beam.

Ir. other words, we. determine the efficiency of the production of excited

Nd~ atoms. 'For neodkymium. this, was determined by using the data available

1. testrran Kz'.iak Co. 2. T. H.. Saimane ]
Lh4ser Malte.rial Study ttimulated. Optical Wusso i
Czrttract Nonr 3834(001 Flucrescent 3Olida

PlvscalPe'vewAug.15, 961
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for Axercan. (vtOpt ica AOLUX 3669, Neody MIum, Lser--0 Glass. A.~ aP1"Ottf

'the trarsmission; of a 1,/4 inch piece, ofý glass, theý pea uder eacwh Of the
aboption beands- vwa determi'ned anid evaluated for eer~ efficiencyp n

qu~atium efficiency* These plots. were made, f or black, -bo_,dy spact=a

d4.stri~butioris f~raft MOONK t.610 lOW09K.

In' the ,date. of rub 4, rub am.plier, 'b i . n'y ,np~ed by'r a blacX, body.

'~itln~ cwvtt- wpas o"Vyialy exazi~ned to deterr.ine itg efficiaen 'a

Thie model1 consistedoa / itch dimtezer rdoby which was only en

ptumped by the -yeen pbsorntion badM . Tk viotet band, vas not used -for

two6 reasoftss it i's not, As, ef ficintit as. the greeni absorptiosn 'band;,n

*Maiman 2 n )ta :hcwn, that appropsriate? viole't mcdiAtion 'can: stimu~late,

transition's fromn. t4e 2!, level to the charge tran~sf'er band, producing a niet

depopulation. of ?E; when the laser is being &ptu-pedd. Tere, isasoa50

reductiobn in efficriency f or ribhy because of linie splittinmg of' the -2E- level.

Firujre 21 shows the results of this laser stu ~ Terby mlfe

shoews a4 shar; rise. In eficienCy at. 52500K becausel tMs is t~he. temperature

where F":pý'.lift(ý1LIjofi~ bec~ins. With neodyliun there i's no trae Tli~nimum

P ping tcuwveraz~ure because at'sorpt~ion A.t the lasing frequercy Canb

dec'7M-Cnse at laoer r4as's technolcrV, im~provesi.

!Iresent, dk-. lasers -are, not rer ecti, so t~hey lull not, reach the

ef7iince son on1 this gr japh. 11',Nvmiu g'1ess rodge in production ýhaver

on rabsor~ption of 06%c at 1.06-4-/ w.th. experimental elcesses as low. as

0,.1%/cm at this ia-velengt4., tie lasi~ni output of ruby rods; tufferu, from

thje derect~s of ada*'t rin& cen-ters, and ftnobulogoeneoUs crta.Thdecs

F rraols* he deet 82
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FigU~re -21. E.0iCleincy of Con~version of B1ick Body Radiation to Laser Ooitput
for Idealize~dLaser Ma-terials
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.4cre46e the. efficiency. Nrther), but. have, not been inclulded because they

vary from rod to rod. From Figure ?i. it is obvious that, both ruby mad

nedmu cnb uped b 5.500 chemicial reactions. However, the ut' t

fonrby oudntbe very far above itt thsolad would not be ver

eftic-ient.. On the other hnani, a.- n'w',Y'ium aemPlif ý,er ceuld ef f iciently

operated even, at. a much lower temper ture.

In c`hemical renqcn t,~ i-,a'ble frlaser pir;mting. there amre thriee

-ndreasin'l- Aiff,ýc'i ~e'tels ft.nl~tafnil-,6, htghn tegwrr'ttires4, The eaiest

isO using, 'A metal and solid cr &ec,-s oxiei~zer Pt opne cr two a:tm~os.phere

pressutre,. 1ith this technique t e're is no nefoa h pressure

chxtber because-no. cattenpt to nrelssu'rize thef reaction is ma4 Wit this;

t f6 6of s:s§te-a itL isý +.ssbl tootain" V4~0  ith hafnium and potassium.

perchlorate -or 4~l000'k with zIrconium ;and, Ggseous oaygen. The uirqressurized,

gaseoQus oxidizer reactt.ons, c~n be cattained in. a replaceab-le glassý cylinder

an 'cnvr aqrxmtl ~4Of j- e l~alable. chemickl enera- tora&diation,.

The radiated, energy can then be converted into. laser outpxt with am

,efficiency approaching7..

he. next level. of diff4culty is to use a rital. chtt~ber to contain0 a

revctifon o.f ztrcohniu~r wool and 1500'O psi Loxygen"ý. Tis achieves: about 5-30 0-K

brihtnsstemperature at an uftdetel-lianed effie4_s:cy suslecrted to be between

2 end. 15. e hiv*,est level o~f difficulty i.s to 'use e very Strong, chamber

which can. withstandl A shock wave of 160,0W psi and a pressure pulse of

bc'0Psi. LMt~ectfn9 ýi laser rod-pr~nst sucý pressures and keeping any

vindow area c-lean, becomes 'avery serious, piroblem.; T~he texrperatures

oenratod- are in the* -650K re -cm howevery, the wirdow lfc -irg problem

lovert the u."fUl brightfless tel"eratuVre,. The 'asedefficiency of this

84~
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reactionl *? about hd57 , hoeverj, no 1corT, nsatlon. vos ifade: tbr J,)conPete

V=, in', enting., and w~i-ndov. charrini., The eofficiency. would be 10ý to 15f

if these factorrsý wee controlled

It ak pr~itdtlal deVice, a, meody,&i'Vr 51atsr oscilLatoa Inifircmia

tion. arrearta to, holdA the ;rtost rotptti~l. Present neodyni~ut glnsas ampjlifiers.

c~ ~~~~0,h beIetotw~n~ r.o ~s, razzed thro-ih it.

~' .rre~~lrodls xLe ty:A ~b~st c 74ch, c-n ]v 'w"-t twihve

107,.-qr cr.ýr•- dcns~itlet. F-T-rr7r-W ;th thle vasicat to, hnadc, chemnical.

r at'0,Cs the --c-~~c r~.ctitno in the t.,-CO0 K to 41m0Ok rK rrg e

would rerr-it between .25, and .35 Jotles/crý to hne !Nwer~t ott of 3-/1 inch

diJ.ie~ter a~lfe.This itrounts to, aprofQtl 50Joies per pound 'of

laser rod. in, terrrs oat 1-set rods 1a qQ joAle, ivtten- dotuJA beý built, uainxg

1,7 rods 1/4 inch in 01-.rrcter ty on~e foot, long-, or five rc.agua rods.

1/5" x ill x I:-'. T1hese rods. nced not be pIat*ed- end 'to end butA could be

optically folded using ptiriss'., A drivr ~ir, produced i'rom i las.er,

oscillator turmed by the, cho-icýA. re,ýction. or by a.-r~llcp circtormflmah.-

ttbe- systedt is requ~ired to sweep ouit these x.rplifier rods. Tne d-river

coul :1- a upu f r 5ue if it is to be ttmplified first in

'S--'Ictr dlincter, mro . 'Terecs'4tir..- O lt1or:- r~.ifier comb nation.

-coulId be, ulclirno to wceight ',ctw-cen 2.0 and iý rounds. %tu outpLt rating

off 50 jpuele5

A, hitcbrr brightness te.c7pratture is dcsirable bcueit perrits more

C ~r ý-y to be obt-incd' from each la-ser rod. Fcowever, the weight of the

pressure vessel and protection off the laser beco'e- problers.li To -letermine

the iro~bler' encountered in Fxninf.- J.aeri a, high pres.,sure chamber-

:>ý4kL D, A Iasicned AM~ construicted such ýa c-ha'-ber on lnter-na1 funds. The.
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c~hamer shown in F1.r "a -has been designed, for constaht Volums

reactions, to: a peak prsueof 100,000O psit, an& vi1311 accept laser roft

up to 1-1.2" x 6"r
The, lAser rod is mnount~erl! in a~ vartz *tube, resn domteai of

tlie caer.To, chiemicil char,.,, which car. be either] a metal Powdeoi

oxi:dizer mtxture or- a frtpJ. vool-?ressurized oxy, P.n mixture, is. pa~ke4

_J'uj t.jeL ft"~ tu~beý. I niicn ~s r'.-c2-z p!izhed 'ty explosion, of a heli

Ofr of~zse vtrarred around, the c'ivrtz týthe. T~fAcilitate. loadir-., of the

L~~ei;e he~d I s :e qv.ipped wt quc :-d isccrnnect, split rin.& retainer.

.Pl.L inary firinZ, data has been nqctumulat~ed oi, the dutahility of' the

qurzý tube and on the brighitness tom pr-tvres Oveilnable from r-etal Vool

Oxygýen r.mixtux~sý Packed, into t*L chamber,.

tnitfal measuremnents* have, shown that. 'the quartz, tube is capable of,

viths-tandtng the hlih pr7Vss ti-es jengtrated 'ýy the. t'etil )!ovr-odn,

reactions. P'kilure of the qua--tz ý1b on detonation Was eliminated by

coatinz the tube writh a transr~rent silictme rt-bber. TPhis protective coat

seemed to darapen, the shock that is transnitted to the qu..,rtz tube,.

Tlie bri_ýhtns teeatena~-~'is re ;erforned b%' putting, a

1/4'" dia:,eter ctonica-1 re.flector of kn~cwn refl.ctýýnce in. the quartz, tube

aend met.'s-rin, the: reflecte& intensizy with tl-e wedj~ nerrec itr

hototube ;spectropliotor'ete~r deszribe~d in Appendix 1i

-irconium woIv~.-pressurizel oxyfe-,e mixtures: have been fired. at several.

Initial. pressuires in the ran-re of 0 to 1500 psi. The maximum, brif.-btness

terperatý*re recorded. was 5230 K at 1450 -si,,. Ext re~polat ioft of the bright-

niess temjeratiire, - initial iniess~ure data ±ini~cates that a brightnessl

temr~e-ratqre of 5500 k can be aa~iexei in. tne P 00 -00 1 psi ',~e. The

36,
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'ad

Figure '22. Con~stan~tVolum-reLa-se~r Pump Cham-,ber
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chambe is, desigried to pup btcth ru~y ana, neoovimiwi lasers,, although thus

ta only sety tsts 6i,4e tempera-ture measurements have beefn made.

T Ihis chamber not only prolves the point that hligher temperature laser

'pumpis ýcan be bilt, but also, illustrates the faLct that some of the weight

sai -that is gained by gigt eicIp pigis lost in the veigkit

,of :the, c~kamber

the I~tfi t ~eore~tcal_ weti,'tt fcor a chs.-iber cepamble O-f Vrithstaridiw~

100,C)CO p'si presszure i,-'u2d te that nl' a Mý- streng-tih titanium he'lov

t;e . .%,,s tye chs--ber! Vwoj!d we te. rroxiiately 4 'ws. e'r cc of

itdvtenal Volume. H-we,*r, a ýrrc.tieal chaglerý cesi~-ned to putp. lasers.ý

woul~d weigh m~ore than 1.0 ~r -ps per cc. In. a 'practical system, only about,

one-ou~ ofthetotl voumec~r beoccpied by laser rods. Theraoe,

th~e chsxbeý,r weighs about 246 C-ý7, per cc of litser rodi if the pumping

tewera.ire were increased to 6Ocvv0K this would incireape, theý output. of a

l~aser rod, b7 a f actor of five, over what, woul~d be obtrined If it, .wls pumnped

by a retactioni. ini the ~400 0 K tmu,-e., However, the weilht ol' the pressurized

systeri w.ouild still !,e greftter that r. nconpressurized systtem of similar

output.. Frbem fi reloadin- and Trotecin ~ la er4so become more.

acu!te wltti the Iressurized cystdm~. Thýese proble-zis *arpepar as if they can, be

~vecor, htr tee ar te etoa for obtvinln, higher britght'nesa temn-

yperratures w-hic'h h~rve to be evaltusted to de~te--ne the best -rea. for future,

work.,

F1,:-ernai .ewfi;~or ITncre~si.' rri-<'-.ness T~emperature

Prom ý,he second- law of therniolyramics we kr~ow -,hat it is, impossible to,

cr ate IW * ~~ more intense than the sorce. of the radiation, if we are

dA ling vi-th I*.th~rt law. rediators and if the refractive injdices ofL the



mOnt" AMENIrC - 0 AVIATIýp"INC. / O'ANOILU.IVISION, MA-64WO8

obetand image ;space are the same. Thesel last tvo 0cnitions offer a

cluet to, hoV the i~ntensity mnight be increased,. First Of all., if the

refractive indices are, different it Is oosible to achieve a hi he brght-

esteprtre. This can, be. 6ccomplished *iha laser .rod by 'the familiar-

priocess of' al~ddirlg the, lkser rcd. In, t,-J~s pr-nce'ss the cylindrical Iasr

rrd is ,Jinleted, by a t sbpýent a,,.terial wchhAs, the t.sýme. index of,

refrAcztion as' the la.set ~rod~h)

Forý best results P

where, n. the index ci' ref'raction of the laser rod

Do outet diawneter, of the claddingý

Di inner diameter of the clbadding., iie.,ý

the dierteter of the laser rod..

Thils prod.uces, P-*lThcrepse in 1'intensity equal 'the index :of refraction of the

mnat~erials. If the: shape of the ciladdinC is, spher'ical .!athe~r than cylindrical

the increase is approximattel:' equtll to n2 . Thvs, for rplhy it is possible to,

incren'se 'the inrers~it-ý. by 1.76 withi cylind~rical cladding end 3.1 withL

sr:merical cladding. With. neodyý,ium Class the 1 laser rods 'have an indlex of

re 'rrr?.ticý ri m 1 l5 .5, '3So sv'ar .,er7 m' r'-s'ible wi1th zJlass

laser rods.

',ith a factor of' thyree incrernse in intensity it is p~ossible to achieve

intensities which c~orrespond to effective temrm~ratures atove 5000 0ýK from

a lrnck` cdY radiating at I4OQOK.

Another method for achie~virnc a brir-htness. temnrperature at. specific

wavej~eanths, ML~her than tIý,e source, is to use, fluorescent, levicesr vhich.

are not in theriall eqiirii nd thu,-s fall outside the scope of the
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P~reyicus'ly discdussed law.

A study of' f luore'scent ýdevicesL hý-s been. ccnducted, at !NAA/IAD, under

internal funfding. This study has de~monstrated that it is. Possible to

obtain su.bstantIial intensificat-icn -t. a specif~ic wVerlength. 'To uznierstajd,

the f luore scent intensii -:~tion I;ocess i~t is necezzal-f first to briefly

Teviev "lie fluoresc~ent excl.taticnn and eeniso process.

7Luaorescence is the ab~sorption. of tzid emission of the energy

as, Ii.fh befcre interar.1 c'sr,,erS~ion -_egrie itý tol hea-t. Of thiese

fluoresceit excit-aRt~ion-eris~siorý,s., the ti level syste'r. (an, .exarvple .of

Uhicth is ',he j,-, '21'37A & bbrtion L-idL direct rc-Pni~ssIor4), is: of no use in,

tryl,- to readl hi,,h'er 'ri;:htness teilpereire~s dnice, t]e emtssion isý

Uackbodyli.mited to that of' the source or less I.; an eqvilibrium in. the

ý(reiver~sible) process.

The multi-level syst ens with intermediate (irreversible) Vibration

level. c-ý.n'-es of -he ýL-.-ted state can. 'ý-d do, give rise to n~-n-eouilil-ri, 'm

ppro~lpt ions in tho. excited, state, ard. thus can "nave hifher brig:htness,

te'ater-ures than thýe excitins liý'hrt. Anti-stcke~s, fluorescence of thi's

t~ype tflni;,h, is not. u.seful since the thearnrd e ýerty which cauises excitation

to hish-'er vibrationnl level's also, helrpz to cn.,Ape cquenchin'," ýand. therefore,

results, in~ IAL-.:.er ener', .o' n,"sz e sicns. 'The more corrmron and

i~seful 13tol.e'ls "cescoence ncc'tr~s en vilratiorel de-excitation takes

-the 'rýecoie: to the z-round vibration level wh.ere the f] crescing de-excita-

tion is observed. Du-e to the wery fast deactivation rates- this type of

f'luorescence will yie-ld veny high. brl E1tnr=i.e~ rerTP-at Lres and thus is the
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Anoherposibl terndyrr'.caJlyirreversible path f ro the excited

electronic: state is;. A systeim crowscvpr, to an excited -state vi.th. e different

rmiltiplicity than the -ror:nd. state Aving, rise to phostphorescence., This

hr-:s the rotentiej. ability to achieVe hig~h temperaturres though, it has -not

been investigated sa: yet. The rAin -roblers would to- be eflfectivelly use

one pf ih rc' otos~c s the2whe-P effiect of sh -teniwv the

c':tr~~~~~'-~~Pý` -2 nL ' e e.........~--t to -. 61-nd

:t~,c- t;o -11 'e 'a 1z-f; cf orcý_2_z : clecmlec'½ -. k into the

init'-2o C Z2,tt -Svi .- ~~2.flctva h round state)

wriech. ,rti 1'o a-e:ecnt by fluorescence.

7pc ,ý-Ai*
t v of flvorcescert e-ti-anc-c-tnt clf cm- ovrices ll! in

i~or.Fr-tera1 &Arih wnit tnto va rxticu~ar i'-.ser's, rvyrnin: - ' but

Absorb at wv-'vel'-thý outside of thic or &`-r rurriný- b".nds. This! has

the ýOut½ ctdat of cncr.ce-ntr'. inr ror e.er7v iito c'rl avelengths

amd rrcvcnt-iac- U_.-lczs -4-'_ ron erntor~rlc- theý laser vl ccc it is dc,-rided

to hne~t. In ioca t is, xzcir-,ble to Vc azi lswich absorb, over

a; widnr ,.avele~t-th ran--c than in whtch they c.rit, th.us -11o-ving a E~reatcr

v~~~~~Th~~~~~~ep enr- .ccrrto. ca xc7e 'e3o which a.bsorbs

c- 7 ,. . n4 ý4v alh ,! ' :c-7 ~ ncer'x-ent

£luorcccci'- c ovid rive 'dw.dre s-ood for£cm)r. a ncco..1'-iluir Laser.

r " U! xrrie resvre n!Oiductcd L sin.;,zranine, the s odiur. salt

c'f 31--a(~IyC~ ice it is 'a h! to h~nd1le -rA known to be a

strcn,,7 7r.ezct.Te :o' or rnctl 'n'ol ic tolmt-ions of the salt Were

contai.ned in a, sncall OU-jreter tute with a flat vindow at :one. end for
mreawre-entsb Th-e fl'-orezceir 7w-ýG p-r~jea -Ionz- a treLc. e1 t by
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tvo flash, -tubes. fae -tiores cent ir4ýtq.ýL Ia. ~it~s spheriq*4y4, :however

light emi~tted 41thin a -i~ght angle cone is; trapped vithin the; cylinder, dule

to internal re1'1ectis. Nt ni it reachstefa lt tteedo

the tuibe canL it eseare. Since the fluorescent rateria-l ab~sorb-s very little

oi' its eritted 1i4-ht t~he inttn-i - f the trabmed lirht. !ncrei~ses wVith the:

lccnt f the tube tb-'is I cn, -em61- C-!,l. pelf-acbscrption antd

~ttrax- Irit~ he :;r:~~-:. r cL.b lexed, vith a

"-ict' 0-, :' '.Ovcocart r"n.T<reozvsa ±-crrezeý!.c .-.ivc cioCatral.

d~t: orof the ov-tr- o'telorse; tindi~cates t'nc anbz o!Ttion

~an ecmm`5I:on rvcoions an(I th of'& i~ir~.: observed brirrhtý

r.es~ t'e!-rrz-t,.r2 of' the sbtecer ~lult~ct iz --1:rcxirmatclv linear with

flash tiube Tnir~-4nrý t~er-erntnire it ti'--a r-:5C00 rn-iot, th hihe'st obtained

to d~ate teijrr 0bu -iso . slro'n in Fiamre, 25 aicn,. u-irm *.n l;hs

-Iasbtlile sdcan atteivee., 7'hose. cata intc' h ~t for three iných ru-TiArx

lenr-th a gencral lncz'oase in brgteste-cr-"et.u.re 01' nt'cut 2f2O.,tor of'

two -xnd ,mn increase of' 7Lbcuot fo,-ur ti-res in erern7ý- outupLut (a t 5500,A).

Thereicl alultinshave bei -. ' -For a c'ibeccnfl. rto

.tJ~n ~J recet n?',co- cnt to r'*2- tacrs. ':!-s cciIQ-:io i n,

the e of % & -- vdrf1e ,&ecl -. ie of thui v-'nez of' I >c'~atsepo

a-cI~roa. ",n 4ZI forred by thre lacer. ýre 26 3' ws av~me and

o.r rod.. '17e fl-.crezýcent r-.7tcri-.l ir to bIe nzrxed thro'j-h -the sides

throvuoh onc cdge to the laser. The advn-rnt: -z, 7' this cof~-ainover

tr: cc tri.ti bpy other, grous (r-cne-rTlly sore fc=~ of -- =:1ar clu1dimt) i
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that, the faces. of the. vane-s all- a much larger tOea to6 Pum the fluores-

cent, material and aL large, increase in. effiielnqy' of 'p,.upjg. A:gve volume'.

Also,i the trapPing 0ef icienc~y APProaacles '75, per cent, for the vanes ax

0op~posed to, 25 per-cent for, thed Vules. Usiag, chehicdals reactin-g at 5000 K

(whichi c4h be. re diy reached in- strai~ht-~forvaVd reactierozs), the, calcula-

tibon as. shown' in F14ýu?,el ý?7 !rdC`n'tes that the, devicer can:-achieve ,eff-ec-r

1lve tme: stur olf. 7',YXý tio 1C,C 0  ýn th ~i ~: s necessagry for

htef'iýIen~cy !hselr Prv4n. Lue~ slows ýefficlency of output or,

theO ý+reer ligt (.t =:.Ca to the l.azer. :Jote that ener,,v per pound

relIat ionhi of~n 0 olspr pound ae evdenced for these0

uotid.apbprootehes anid does not; includd any light from thge pump some,

Of :Vh~ch, wl'.J uadout-e d2.y reach the. laser rod.

These are only t,,%creti~cal prcdictions laInsed con the data of one

flr~esen -sbstn~ n o~hndl but there is, good i dicntion that

flurther re~search would re~sult in- the, develoiolent of a very ureful device

with '-i ;her efficienceies thaJn s-howý,n here. To -C efoundl are ot~her, f'luores-

cent ruaterifJal svilted to variotts leasers andt the, condti~on -undler which they

are "inst efficient,- (scxh, as sclvent, cýHe2rain , etc.). Thre mode~l

,.ill al~so have to >ere:'tned t~ e:-. :e A;on to f£~nd siuch, t~hi ng

ris *ý-e, 'Lest size, thýiicknie,-s, 1a Ir uý:. er r f r'.e j a " e best an-gles and

uiij'rrorit-J of top and4 ends.
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Theoretical, and4experfimental stdes have bprovided data that suppoirt-

eerli orAnt conclusions. 2;-e most. important it that brightpess

tetipea U~res have been ach~e-ved tý,at are adequate to pump ne~odymiumd and

ru bry l~asers. 'It, i;s believerd thAt hi,ýer *te--prazurest have been achieved

by cheirnicall reacioSr 'hroUgh thiJs con-.r ct than ever . e±'or. flecord

ii, icate, t.hat, Prior-t this c cftrtý-t, the h4-ýiest bri-htness tem ratu2'es

neasured were about 40000!:. !The hgeteiteperatu~re was, a~jhieved wit4.

na'nu adpotassium perchio rate,, atout 65w0ic., and, thereffore this woUd

be the best 'reaction it temneratures L'.s~t be tris, highL. Zirconium, and

potassium, Perchlorate reaction produces tepnperttures almos~t as high as

hafnium a.nd. thrium4 and since it, 4a more readily aivailable, it would be

recdnitended for most applicat ions where temperatures in this ranGe are

required..

'It is cioncliided that tht: best use of 'cheraica4 react ions for pumping

lesers, is to us~e the J',ow or' medixum ;ýres.sure techný:quqs. Thaese tehiq~u-!es.

proý.uce lower te.-4erVatures, but they do not ,he .Je 1.enalties associated

with t'he 'hig;h :.)re~sSLIe reactions, nazely a hea-vy high pressure chamber,

low efficiencies,, laser Pr-Ot~ecttcrn ag"ainst shock waves.,. and window chý.-rrin~g.

One atiuosphore reactions are best for application, which require tenipera-

tL.'-CoS Lp ta ,41402K. For those Vth-.t require temperature between h400t K And

5500 Kthe pres-surized- oxygen-metal wool reactions are better. For those

applications. that require intensities corresponding to ~brightness temn-

peratuzresi higher~ than 550C0 K, other inet)-cois appear more pmarisiag' th*n

100



109TH AýM'IgCA* AVIAT ON,10, /tlQ&A~t 00mi34sqk NA,66if608

use~ ~ ~ ~I ~fhg rsue.~ xlsae )caddingbof the lasemr rod

0n412 the use6 of tluorescent devi~ces td increa.se t4~ inten sity io

spedIti s etA re~gionsO

This stjudyý ha$, estalbliz-ed- tthe cractersti~q dr the potential of

yro-vtec'hnic renction fo_7~nz1zu'.S~eo h ~s moth

ob aqvatisares

r-n,-F f'rc to 07

c)~ t-cocnbe, vý,4itd bý-twetn 0.1 to 1,00 mnilI se-c-ns

f)Tcrcatjrs rarE-ad from ýIG 4.-0e0 Co Qn0C. ~2ea~,the

te-o~varo ,cý'n i'r~ oI-' c'~22wý'c)!ý o:Cr tban thos

rr iia b%, the cottr Trorra.

Atothiroeti: t:r ONvC' nQ .S' Arcs r ible in, eo'ch ýof thecc ~reats,

-7C&'. t.; y 22~ ore four i-,Cr--nt ý-.reas

SC:.-'l' ."or'- _ _ t:-.c: ircrc- 22zo outruit efficiency.

c)l Cladkin,.- of theý Lizer to -%rcrease 21 t'-t intoen,,3ty at tle Th~er rod.

d) ruor- brnt cnvrsion r. c toi;c a~tn~t in Spe.Cifie

c t r', reýýon101
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The bui systr stv~dy slotld be corAu te xsf~ iou

tz ~tdbiisb IlAzer zatotera1, 'siz~e, and, Shape.*

'b:) Determlne ;output of the, la,-ser vetrOus brle~htnees temprature,

using iccoventional p-uzi'n' sytem.,

CL) S'elect theý reaction, elcfrcrit`. : ýOst likely t~o Zýi`Ve best perfbrmazde.

for the, laser,

c, ~erf OrmL c s ts zn t.~u-in ' ;" to trr brnzcs

r'c&t-re eff~icic ncy vforzus rrerSurS sltoertin

pre szure.a

f' lTest Tzrusift!i týhe clc.rical !ect'n 'rqqtcn, to dterrirwte

totnal qvst'2 cffici'Cnet!. C~rtl-i-e v-st-qr. peirforrana$'- throug'h

in teratvidion.-ij oru~yn

An '~Ii'tc s~te"o~l b'd~Ki-~ 'r ctialr'cinprpi

.r I.z u~otld Ire controlled %.ith a iLser o1illitor' which .y or -ra not be

"-ur-ed tilth a chernical reaction,., This is no Lnport2.nt 'cu 'e i ol

bne a1o- 2 nor'wer lcvice,. T ts woul-d b e col c -:cte~ 0~ a, de terrineý sstem

t. .<c'7f:~s~ Iccrs; h roi rer- lenaity ±or

Th;tier r-rcvr -Cr 'fV ci~vwc'.Ld be l~t'~o y cl::ddiný7 tU-

Ia~cer redI tih ilielectric th-t votzld irrerase th-Ie intensity of the

r-da' .:'ýt 01:tp*'tI fr-om- t)he -'L:ý-- a2 "e r y V-e Loe7r rod. The chan-ber would

be "aO.ar-tcd for the cla~dd-d laser rod sand to sts condudcato to determine

elfficieney anid other perfOr~rnc0 data.,
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The cbMber' atdý pozsAbly the reaction, conditýibns, would thena be

rodified to qtj,ýizeL fl~aoreztent c~olwerte-r to ma~in !,tte~t to0 ice se

the pyspteetieny
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APPENDIXI

The ncessry eperimental. equipn~nt for a study. of thie Iihtopu

,of chemical flash, reactions msay be diVided. in.to three ýgroups: Sensors,

ign~torS,y and, chambers. Mhe sen~sors m~ust mbeasu-,re light intensity as' a

funcJYAor. o f tite and wave.ýehgth- Two gper~eal ty-pe, are in' u~se One, type

is, used for troducing time resolved s-pectra and the other type is used. for

.measuring oncrmtcintensities as a-Pfunction o±t time V he calibration

te.hnique i.s, discussed in.-detail because all teopeiratures qudted are

accuPate onlyý insofar as the calibration id. accurate,..

Th~e ignitor is used to ignite the reactiont mixtureL at a predetermined

time and, with -a minimum d'isturbb~mce of' the sstem. Thereoabrf

discuss~ion of the ignitor, design is presented,.

The chambers in. use may be divided into four types:e Flat pljate,

atmospheric solid oxidizer, pressurized oxcygen,, and dynamic, pressurization.

Each is. designed to provide a specific function for accurate intensity

-mczcmlrcrmerTý- at Various specified conditions such as with pfessurized- oxygenj

a. solid' oxidiz'er, or tinde<r hig7h pressure, fonsecuent~ly, a knowledge of' a

chanber 4e~sign, is im~portant for an understanding of the data presented in

Section three.

SLIME :RE2CLV7D SPECTRA

Thle variation, of light intensitty from che~rdcal flashes, vithm wave-

leng~th, and time, can be 0easuredi by th~e use of the arparatu~s' shovn schemati-

cally in Fitur 29' .A -BAu4'ch anqd ,)af 1' .5 meter grating spet.trometeir

Vv9
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seves to recor~d on film the light, intensity incident on, the entrance slit,

as A, fUncti-on of wavelength. Time. reoplutiýof is accotplished by a sectored

wheel revolving 1h, froint, Qf the slit. At any PartiCul"L ti ~ d _ig. the

flash'only :a certaln portion of the s Iit, height is exposed to incideth

radiation by the sectored wheel. A sa'nPle sectored wheel, is shown in:

.re,~ ti wheel has ten~ sectors each cut at A different radiu's.

Eaczn of the sectors shoW~n oc~ciuiez '18 degrees of arc Of the wheel. Th u,a

for eXamnlb.,: a. wheel turtdng aý_ one rev~olution~i in 40 mirllisezond.s would

allow a serie-s of' two m-1.1 eod. eposuires to, be taken. rince the, spectro-

meterL is stigmatic, light frot various portions of the slit 'height will be

recorded, at various corres~ponding, heights on the film. To, avoid the. po~ssi-

bility- of light 'being gathered from diffLSrent port~ions of the radiatin~g

cloud leading, to a confus~ion of' spectral distribution. of the light with', a

t~ime, distribution,. the optics have ree n arrang~ed so that the, object Ima~e

At the, spectrometer slit 'is enlargod about three and one-half times.

A DC light source-phototransist:,r comfbination. is used to measure the

time Wer revolution as& well as acting as a timing, triýgger for iýgnition of

thechenicls--ier;lh firing. swaitch is flipped the ignition scark will be

thirown the n~ext Lime the phototransisto-r senses the light Source t ,hrough

a slut in the sectored disk. &ore of' the light focused on the soIectromaeter

entrance slit is deflected by beam dividers to two calibrated phototubes

e-iuip~ed -w;ith narrow band filters. The output of the ýhototuhes. versus

time is displayed on a, C.IR.T'r. and ph-otcEgraphed. Using the photot':be out-

.)ut to sme,ýsure light intensity and a mlcrophototnoter to nesre --,ect

film 4 dr".enini versus tire ".4 twuvt:ýength.it ia pcoasib.e to calibrate the
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filmdar -nin with raiant intensity andi hence brightnes's temperte. y

careful duplication off the exposu~re time and developing technique, anid use,

of the. same film. emnulsion 'batch nu Mber, the f ilm.6 dan be saimilarly calibrated

at; enough, Wavelengths to allow one to, plot, isotherms directly ýon any midcro-

photorupettr trade tof spectra taken itn the same fashion.. This; seemingly com-

plicated sy-%stem for calilbrating fiý- darket,7g: vcarsus, radiant intensitty- is

neceslsa~n becatwe of the reciprocity effect. (hS0i The film, must be, cali-1

brated, using identical exposure times as r he exposure t:6 be, measured and.

z~yailatble calibration 'standards' do. not have a high enough, radiant intenisity

t'o do t~ho :ob.

Timie resolved spectra should a~llow, the ra-pId determinatj.On of bright-

'ness tenmerature, as a function of wavelength and time., T-his would be very

helpful in' determining th1e effect of variodus additives on brightness or- on

the light output in any narrow speCt.ral region in. the 'Wavelength range, of'

the instrument.i If' nonequilibiluma -r.,tdiation can be produced,, it Is, much,

'more likely to be det~ected by Use Off the spectrometer than by phototubes

with narrow band filters.. It is; also, pos~sible that the 'way in which ijrten-ý

sit isobervd o cane with tfie could reveal something about the 0oM-

bust.ion pirocess.

MCN0C1MOVIATCPS

Ynasurement of lieht intensity in. a gi~ven spectral region requiresý

some form of monochromator for selection of the specta ein eea

types of monoclarouiators have been tried in an effort to find a, simple yet.

sensitive device.
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One of the first methods tried was, the! usge of Wratten filters. The

Wratten filters choen were selected for nar•ow bandwid-ths and high trw.-

:mittanees in the bandwidth.. 'However, even the best Wratten, f•i•ter bha

very vide bandwidths, ( 500A) wh-ich prodcuced anomalous results, if the
s.ystemt under study devitd great."- from a blacikbody. Consequently,

vateh filters, were scrapped.

After fu-tther. study- it was felt that fnterference filters would. be,

the best because they offered the advantage of narroV bandwidths. (i 50A)

and high- transmittance. Two types of interference filters are available:

1. The fixed type which isý wanu'actized for a specific.

transmittance region.
2. The wedge type which trarnsmits a given 'avelc4th at a

specific region on the filter;

Each ty,-pe has found use in the laborato* . The "Ixed. type has been

used in conjunction with the Eausch and Zomb spectjrograph. four calibrating

the intensity resnponse of the photographic. films. For th'is purpose it is

ad.irably suited be.cause scanning i.s ntot necessary. Figgure.29 shoWs use

of these filters on ther tim-e resolved spectra apparatus..

71e wedge type is quite usenYal as a, quick scar.lng device for rough

plcttin% of intensity distribution from flash reactions. It is extremely

compact, and may be easily calibrated because the dispersion is linear.

Furthurmore, it ="y be noUted perzsnently to a phototube pickup box to

construct a very small s:ectrophotomerter. Figure 31 shows the wedge

filter, mounted on, a. phototube box.

, L " 4
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Figure 31. Phototube Spec trophotormeter, SnoUit

1115
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Several types ,of' detectors are ;currently in, use in the laboratdry.i

Tee ny be divde inotrectgories: Solid sta~tej, photodtodetue

and photomnitiblier. Each type is being used in itsý spe _fearao

.3ensitivity.

'Thne, solid -state nfhotocells are iý,rn~ntly in, usLe in Jow sensitivity

-a-, 7ýcatiorns such as 'or p"s oun-ters on. the timie resol ved spectra. setup.

However, the-ir high se±ns~tIvitv in the `nfrare.d takes t.'ens adcirably suited

for measure'neents in the infraredL. An infrared sensor i8 Curre~ntly under

constnmction, which. will ut-illize the solid, state, infrared, detectors%..

Trhe photodioac tubes have been ut-ilized in the vi'sVibei range in con-

Aunctioh with the wed,0e interfoerece filters.. 'MayA±n sensitivity is at

5400A.

The printe disadvanitpge of the ohotodi-:de tubes. is that serisit.Jvity isL

rather loV. when used with the wedge interferenrce filters.. Therefore, the

mininumn signftl detectable above noise level, corresponds to ýa blackbod-y

te-mverature of a pprximately. 2300oK.

For high sensitivi-tv Qv-nlia t ions such. as, teasurerzent of narrow line

--A.) intensitiezs in conljunction urwIn the grating spectrographs, photo-

multinlier tubes are used. These 'tubes offer the advantage of extremely

high cen itvtbut ire subject to (ricrop~honic pickrup. For this reason,

thc.Vco~utioiertubes are not in more general use in the laboratory.

SYT4CALRMPTIQIF,

Accu'rate measuremsent of absolute 1,'ght in~ten~sities requires an. accur-

ate systetm calibrationt. Defore a systetr. calitratic-± can be under&taken,.

116



NORTH' AMTRICAN AVIATIOWN INC / L'tS ANIOGES DIVISJON

suitable, intensity'tandards must. be chosen.
As ai p standa-d, a tungsten ribbon bul) calibrated by th,

National Bureau ,of Standards was chosen. Because it vas necessary to pre-

serve this, standard, several tungsten ribbon. bulbs.were. calibrated against

the primary stgan4drd to serve as expendible ;secondary staA .rd.. At the

time of calibration of theseo isecondary standards., an optical pyrometer was

also c•ibrated for :use aS a cross check on the decay rates of the secon-

dary standards. 7Thus, aO the sedon-ry stan'dards are used, they may be

continuously recalibrated with the optical pyrometer. In actual operation,

however, recalibration wtas not necessary until the filatedt approached burn-

out.. It was assumed that the yrometer calibratioh did not decay because

the calibration had remained unchanted during a tvo year period of use

prior to use in the laser laboratory. A second calibration of the pyro-

meter in. the laser laboratory after six months operation has confirned this

assumption.

To eliminate random errors in calibration, the radiant intensity of

tVo secondary standard bulbs was calculated at several operating tempera-

tures by use of the tungsten. emissivity tables prepared by tne National

Bureau of Standards and the blackbody radiation tables. Cross check with

the original calgbration gave no siLnificant errors, therefore, the tables

were ass umed correct for the two bulbs in question.

Becruse randon errors could occur during system calibration, the

system was calibrated at several bulb temperatures between 2,2,00 K and

3,ooOK to give statistically significant calibration curves. 'Me, actual

response curves were found to be linear with intensity as was originally
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absswed., Figure 32, shows: the normaliz'ed calibration curves plotte4 for

one, of the wedge, interference f ilters and 929, photo~tubes current~ly in u4e

in the laboratory.. AL similar calibration procedure was, used On all sensors

'currently in, usoý.*

Calibration of film response as shown in Figures 33, 3i4, .35,

3,6 and 37, Qsed -.n* tne gratinig c _trcz±-aphs is, ierf ormed during each

sho.t. by rneasuritz the radiant.t intensity at tbre r four $,elec ted spectral

regions wi th int1-erf erence. f ilters plus 329 phc7, t.;bes. With, this data

isotiheems may be plotted on the mic~rcphotometer readouts to assist in

determination, of f ilm' response'.

Brigh.tness temperatureit~ found by use *of the present calibration tech-

niques are Acclirate to I per c-ent below- LOOO*k with the error increasing to,

±2 1/4% at 60000 K.. qigher termperatuires -will require- a higher temperature

standard sourcee for accurate calibration.

DEtWELQFEý,F14' OF IGNITIjON' ýY8TEM

The, ignition of metal -oxiditer' mixtures, requires that some of the

metal be' raised to its boiling, point before autocombutti-on. can' begin.

Be~camuse it was d-esired, to mipasuare the temperature of ther chemickl reaction,

and nrot the i,ý7itioh temrarerature, a sec~cnd requi.r'ewcnt: was that. the igni-

tion energy must be much less than the available reaction energy. Third,

sensing -and recording pqruipmnet to be, used required synchronization of

th~e flash with the recording period~. Therefore, some form of electrical

ignition with a Very short delay was necessary.

The firstr attempts. at controlled ignition were performed, with Pryrofuze

triggered by a, battery., Ignition, was erratic, cften' occurring several

second 'atr the ectiaimus.Furthermnoreý rapid firing in
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10000 4ASIDH
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Figure 33. Pe rcent Light Transmiss6ion Through 103F Film
Versus Phototube NS a 2- Output Voltage
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Figure 36. Percent, Light Transmission Th~ru 10 3- F Filma
Versusi Phototube No.. 2:Output VdItage
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sequencei was: lMOst impossibUe

A- second approach wasý to use, an e.,:qlodiqg' wir~e txtggered. b-y a high

vo~t~e ~pa'ito dichage. Ignition occurred almost instAntaebIeu-sly,6

'ý,t again, rapid ±'iringg waLs almo-t impbosibl,.

Fakdschar-es were tried n(ext, bout ~itg nwserti.ap ft

eate o4f a low ctrrer" -e~t- Yo.e , 'A~ firirý coulld be easIly

ac o -1.2-,ed if tho- t:natc -er--ior co-2Ad be arectel.&

-oi~rase, c-urret:v dnt.3 a :vitor d~i- cha vEa8 u01ed. >ni,-ý

tion was rn-i forma and, ±nz-tarýý&aneoiuýs in aLl fItures tried. Th~e wir~fe elc -

trodes, used. initially were easi1, jarred' from a7lignmnerxz and we-re -varltbrzed.

\-cry quch: nerfr 1%DJ two or three firin~gs coulId, be, made. before,

the, electrodes had to be replaced..

To solve, t',.e electooe norobl'emn a ztarch was made for more rgid el-

trodes. Aiutomobtie s:parlx 7l, rycuaW .T2 týasze of herlvý was

filld wth ~ re irto porvideý ,a-flat sulr'ace for theý pytI~ i

powder.

Control of the'-a. ~ 2~Fe circu.-it was "-'rst tried by using

a imercur7.hy r ron. Ir',a In~r.:e leza'-, 'vytcc ;t alwzuys present

acrs thto elect r -des _Wh'-. -ueintin h tIyrat ron

waa rez,-tcei with a h-*L'. p.l~,Puydtd1 ole rela'y whIACI pro-

v lded c.2t .uain vi the .I~r~c nt~il actuation.

Thc finali. stn 'z.: AIs -i. beltavior is shown in

Figuxe 38..
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ýbatber desl~gn, is perhaps the imost idtiortA.t, variable affecting tedr-,

rnerat-ure mneasurement of 1.1teh~ fas-hes... ýCons.equently, very carefu.1

thpueght hasý been glie~n to the s-'e o':- f s>eciaj chatnbers, to inSure ac cu~rate

C nzc c)f th e, ezs Ic onisit ue r 1y

a~~~~~ ta e ~>e lcuei ntd. 37n, cc-,nemsl

a erilstheical'rf-*ýcl~a2lip fc~'~nmea.m f lat c'neet 1ze s, fýn. provides, fo6r-

,iia leossiure and so. e wl-il~e allowing co'zolete acces , h

flame. T'he prine- dilýýadvrita~e is thtrapic. cool iný,- oc~curs~ at the outer

s vr fa ce or the firel'aai% whdeh crodt.cee t one o~f Line . esland scatter-

mg, herby ivig ez't~ii~ '.~r S o-ewhat tswer than t'rhe true tern-

ecratiore. A sýtornid dlzavnt,;e ~gilsu "irebcal~l si~ze is -uncont-rolled4 and,

v ariles ýýea~tly -tbeezeen. shnots

TO ale-viths zzeo t'ne ,rsv ýociall..d wit~h tu'e flat het, he

a ýosPh~erlc ortiotn1.:'rl~vc des-iined. "'his design- C-ont-roixs the

sie fd S3a%-eL ()f the f& I.ctgrrwrd t hrol4gh a short

c etqo 'iý,pd v~th a -2. ~A~ t --ts 1 asce. 2.-~n are cutde

na .a-c of t~n flca, -,)-n were the size is3 relativel., on

stant, 4))r ouhso.P?.rao.~ch~c~eis tliat larg:e edd;' cucrrf--nts

ar. -.2" In~~~.U -ccri. . which ci rciula~te a l~ar6e &.nOua~t

of`ls. . irc'd of' view..... a.cice~~ of' cz4ito _ht becoaes

a, serious problem.

T1he fllna'. a-troshfrf- e-.:a-e tei~n resLuted w&-en the, onnidiýrectioa

chabet was modified to lortect" the sca'.teripg t:he. An adapter was
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desirnqd to: fit the umn~idirectional. chpnber which oud highly, collimate

the, tlam'e and send, It throU.ghý ant a '~emx Wdin~ -ole to bring- the fla-m

to one atmnoslrbere nressure. 3311"httI: daownstread, ~a 1/2 inch window vaU

placed Thr a4 view of the center ctf ,:e flze Ith tb.ýs adapterp, eddy

curmrents doveIoned dovr.-s7.rCoa' fro-.- lie window, t.1-r; correcting the smoke

.~.oi r~*~. .~' !'ve iP-Oer cent

W-r-e oc1'serý-m Se%:een :`:cP. _'Ve -nscud 'e attributed.:il

zo. t~r ~os n 1ý1ie zxr. 72re f'. or t 'e lf nal QeS Tno the

aý_Msf~ncrzrc~ soll~d ox~fici-zer cha~eber.*

..mo.:ies w-ith!, -,rescur~:~ o.:..;:pTr laced thIeze z.,trfn. ent requirements

on chanbe'r desigh;:

I. Cas mzr ',; e co~ --l+e" sea~ledt.

2.Cham.'er ýac ,Iet ohi 7ves.ueOxmn

3 w2.L 0~ fm ~~cklai

ha: r m us, t have voiiuzo_,ý t,.. preveitu excessive,

preissure buildvp.

oecuir :.c w ý a wfnd5w ca:ýaKle of with-'

f~.unnr o:t.i rcs;~ f chamber.,

c,. t; W4 'J- . . or .~nAbe off with-

3y, "00 -.oit capacitor

-cncr4 .ared on these

ic2',%,ire-ents Its qshcown 4. 0:~t. -t.er no'ernite ressure studies

were -of~ din, a :,o(1ý4f~e .4 e P *yCjjvdsus

±nSec~tion III,
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INTERIOR VIEW

Figure, 39. AtmosphericChambn er
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,A &jnaric preassUrizat ion chakraer was designeod to allow, zeasurewentm

atexreel &g pressuires > 10+ psi).I esig riterilawe:

1. Provide for coritaint*.nt U-p t o 1'65ýP psi.

2. Ele~ctrica~l ignition. at charge..

3.Tranistareht window for iwig

T~c" ar e ! i~ s -4r; igare 1.Oyera-toh, 6f this,6 c,.iafber hrts

,rrsemhted tw-) maor dL'ffic'ialtieo. First,, ctlit-"fte ofI the 6rltcal syeteM

,4it-h theL vitw' Port was &r-lmst impossible. Secor.,d, the winaow a~tmost

Incvariab ly trutured, and t-#e scatt.+-ered frraý-ents4 Prepsented. a sertiousý

Fersonnel hez,4rd unij.ess adequate. shileld-ing. Vat used~.

Miesd two, de~fects were corrected in. the construto ofte'oiIe

d*yrannic prsstur~ztion, chrmber sh-vi in Pis-ur~e, 42
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ASSEMBLED

Figure 41.. Dynamlc Pres0surization Chamber
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Figu4re 42, Modifiled' Dynamic Pressurizatoion Chamber
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SUL~kTAff Tk~tf)TA

The spectra presented on the following pages have been 'obtin.ed, bY

taking densitometer readouts of the spectrographic films on, which the

orilginal sp7ectra were recorded. Most of these readoutzshave isotherma'

ftAred in' as described in Section III. Three brightness temperatures vs.

wavelengtii plots (Fijres 43, 2,4, and' 45). re included for ccitparison With

the denlsintometer readouts. These plot.s vere obtained by reduction, of

intensity measurements made with the spectrophotometer device described

in Appendix I.

The majority of the spectra consist of aluninum-potnssium perchlorate

reactions containing various- additives. A few spectr.a of zirconium,

thorium, lanthanium, and hafnium powders. reacted with potassium perchlorate,

are included here because they contain data of interest to tne additives

study. The importance of there spectra is discussed in Section III.

l3J
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