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8TATEMSKT
The aKhor attended a postgreduaie com* * Soodymi)*» IfohfHSily In

diecRtical phyrics, aad ineaded vedaHst d o t ooonet on analytical atomic abmptfoa
and optical endnian gwctronopy and final year hcBom oomiet, at the Polyteciinic of
North London. Part ofthe woAw u preseeied by die roihor In a lectnre &t die Second
WiMitfai National Atoodc Spectroaoopy Synyoafann. Leeds, IJnty 1984 (tubeequeady
pobUdied in the Analyst [73]) and a fisdier lectme was given at O u Diichaifes and
Their Applicationi, OrfiBBi, Sqiwnbcr 1985174]. A poster induding part of the woik
was presented by Dr. E3J4. Steen at die 21it OoUoquiain Spectroscopium
Imenationale, Oaimish - ParteaUidiea. September 1985. Copies of die abstraca and
Analystpaper are indnded at the end of this diesis.
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CHAPmMtl
omtoDucnoN

I/A H(XLLOW CATHODE DISCHARGES

The wericdeacdbedw u put ofan cxleniive atndy of llie ditchufe prooeues
widdn hollow cathode km|M (H.CLh) canied out at the Potylechiiic of Nixtfa London.
Shioe itt IfaBtm e by Paachen [1] ower Mveoqr yeaia iifo die hollow cadude diaduage
(H.CD.) haabeen eogiloyed aa a aoiaoe of inieaae gieclnl line endaaioa with cuncntt
that may liae np to 1A. However HCL .'a are moat oonmonly naed at aouioea of
nanow line enalaalon of analytic dementi in modem atomic abeogitiooapeclroacopy. A
epical commercial lan” conaiata of a cathode, made wholly or paidy of theekmem in
gaeadootwldcfahu a ctindrical hollow> 10mmde”and-3nmbore.Infiontof diia
iaa amdl, often ling-ahaped anode made of an chemically atabtemetal The electrodea
are endoaed in an envelope with a gm m window, filled with an inen casder gaa,
nanally neonoraqpn, to a preaaore between~ ai and ~ 20 tom. Typically, diachaige
conenta naed are ~ 10to 20 mA. The giectram of the emiaaionialidi in *ectial Unet of
both cathode matetid and caoler fu .

btheeariy 197DBitwmahownbyaanmberofwoifeera(eK.Sdi«ibd[2],Fiper
and Webb OD thatthe necathe glowregionofa K C dtefaacfBiae”edally finoorabie
onetor dmeadtadon ofnpparlaatr levda of metd lornin hdinm « meld vaponr
mbtnrea. la 1974 Camagetd M demooanaaed laaer oadUadan of *eend endaaion by
ipntiered cathode maladd and a namberofH.C laaar ayaiema have been developed [S].
The open-ended cathodea need in laaer”pilfatiem are ofaimilar bore to thoae need in
apectroacepybptarenanaHycoiialdmWy Inngrr>10cmandaieopemedatM |hg
caoentdenaMaa >100BaAAS5m*.withcooliagofthecad>ode, Hdinmorneoncanicr
gaate nanafiy aaed at aomawhat higher preaaara *>10 - SOtorn.

1/E REVIEW OPPREVIOUBINVESNGATK»«
1/B.IDlichargailaveariiatad
Sinoe dw inbodnetioaof dmH.CX, b e aatare ofthe dbehaage haareceived
mtberofhacharaciaiiadcahave been daddated. The Q<u
Ihidaldbd aevlewaby Pillow M andby OBod [71. Laaape wMi
HLChmade iddi a gpmhare f matBlele ofvaaiom gwanaelae have bean aaadtodand the
ahipaafbaaBddaaincabDdiaiaftedMltrriiiiBidbahavevaalad.Qahedeaconalating
ofinupimltipiiaaa, mhotlaavrldiryllnihlrdcaviiieibodi open-ended anddoaad at
oneand.mdcap-bw»<nwMwfc«<*<'»*«— WM Theeaaanddbaairiiacadwde
gMBIiNy hawhieh aiaglan of apace la paniaQy aadoaad ao 1



ofthe cathode in idtfioD to the n*athe glow. The smaller dhnensk« of the cafliode
cavity isosaaDy - 02 - 4 cm; leaeaidi itndiea have tended to be canled oat with laifer
cathode btilows ~ 10 mm dian the smaller commercial s»ctroeoolik aoaeces. 'lhe
cathode inner stafsce areaisuaually inthciange~ 1—SOcm  The anode s often
positloiied so as to allow litfle or no positive column. At suitahie canler gas pressme the
«imntentfaely cf negative gjpiv within the caihnde cavity. A number
of pare gases and g u mixtiiies have been studied, mbfdy inert gases in the pressnie
range "0.1-100 torr.Cunentranges in most studies [eg. 11.2Q] have not exceeded
~ 200 tnA with cunent densities usually < 10 mA/em*. However more recent
investigations by workers interested in laser giplications (2S, 5] have been for higher
conentt densities in therange ~ 10-200mA/cm” widi water ootM cadiodes.

1/B.2 Electrical Properties
A distinctive electrical proper” ofdie RC D . soon recognised w u die
iriariwK *wa ifanilar plane csthode disf-hiige. with
a gjvMiiniiniBnwicevnlinge and rediiced voltage fora liven

carrent Oundierscfaulze [8], vri» used a cathode oooaisdng of two paralld water cooled
blocks about 1 cm gMot, showed that when both bloda were oonnecaedto actu one
cathode the dark giaoe was rednoed compared to the case of one cathode and the dgith of
dark ~aoe was essentially ind”endeat ofpressare. The currentfor a given voltage was
increased by an amount that d*ended on gas pressure. Lkde and VVon Bngd P | obtained
sindlarlesuksn d dMwed thatalmost die endre applied vobage fan oocuned across this
narrow daik vaoe. Ckibotam [l(q dwwed that the'ampUficatlon fintor', ie. die lado of
the current fora given volH” compared to a plane cathode, was a ftmedon of die
prodnaofgaspressurep and pirnsabandon a and varied iVprosimatdy as™ a )" .
The dgiendenoe on the produaofp and a is conslsMnt with the sfanilsrlgf principle
known for pfame cathode discharges in which properdes depend on the product of
ptesaute and a characseriatie Hnear dfanenaioo.

ThedisBibadoa of cunentdensi” over the inner snrfKie of lamps with cylindrical
H.C*shas been invesdgased by Loitve, SesUger and Woliar [11] and also by Howorka
Md PitM [1% who fBond that current densiqr was qailBaw a” disadbaled at lower

t(-K)OniA)fDrai i(-250BBA)and
kiniipstiestns. rianintilrnslrr imirrttn rniirr-TT--*—r~* * A * o AT
wasfcm[12,131 have faun» evidence of marired variation of currentdensl» over the

Thil~r 1 L. . riarmtfirmrhsrarttilttirfi-*—rxg
cathode depth were also anadtod by Lamps atal [11] who plotied nanits in tarms of



me* cane«density j. TTieV/l ehmeiHisdcs becamepropwlvely flitter liordegper
cadwde cevitiM uttO the volti” is lelaiively iaseuiiive to duufes in cane« sad equal
10abo« 200V. Sfanihrbdiavkwr h* be* observed by «<imeroaswoikeii eg. Dopel
[14], Masha [IS, IS] * d White [17], who alw «Ned a *bang>'ulow canent Typical
malniewwce voltages observed have be* in the range» SO-500V dqteadiiig* the
Dteisuie and type atgas and cathode siae. The redneed caihnde fall mml wihiifiHd
of die H.CD. relative to a jdaiur diachaige have ben a snl*e« of considerable
diacassi* by little and V * Engd [9], and by W an* [18], and have be* attiiboted to
©) enhanoedelectrenemistkmfiem the cathode aliaingfiembanibaidmat by
iJiotona and metaatab |« more effectivdy retained by dte concave geometry of
theRCD.
(b) * increasedioniatimefllicieocy due to the osdllaioty motion of high energy
electrons.

1/BJ Klectron Dnaitics and Diatfibutio *

The namber density and energy dittribatioo cfelectrons within RC D .'i have
be* stndied « loner energies by means of arnaU probes, notably by Kagu and different
w - worioen [19 « 23], and Howodm and Fahl [1#, and high« enagtes havebe*
studied by Okhmaiovaki [24] naingu dectrostttio analys«. These measaremats have
be* madettcone«denshia<~ 10m A/a?.Moreteoendy vu Vddhninaandde
Hoog [2S] have used Saak broadening of U * pnfika reoonled with saturated
hbaoipttonmeciroaeopy to derive electron nanaber deniltieax Ugh« cane« denaMea -
10-100 mA/em?. Kagn « al [20] found dectron deasitiMto beinthemge -1 - Sa
10*Mar*, abo« live thaw tho* of die poddve ootamn and madcedly differem in energy
(Baaribnti* . The electron ana”pxUatribntiM in the positive oolnmnwtt very nearly
MaxwdM* and peaked « abo« 6 eV. Thlsdiattiboiim may reasonably be ascribed *
eleettM tempereaae. In oontraitd» dectr* energy dbtributh» inthe H.CD. is
mariDe’ya * ¢ MaxweU* widi a duap peak « abo«~03 eV b« a great«proporti*
ofIld”™ en«gy ™ 20eV)dectronadi* the posidvB ootamn, withn appreciable
pnpakHi* having nearly the fla cathode M energy. Such adiattibottoncana«be .
ascrliedaaniq* tempoMareandh* be* described by Howoriotand Fihl [12] in
Mmsofthreepot~s of daonoM ofdUMng mew ana”nr, a group of dmnaHaed
dectro™ « lowenergy » OiSeV, a groep of kMennedhieenaqy eleeaoM withmen
energy » 4 eV b « wide enetgy range, wfekh have sdfeied few ooUaions, and a groiv
ofH|)iia*gyelecmw iw Mchhaveaiiflowd*coMd*adn*IBnvlagthec«hode.A
dndhra™gament, tavolviag d n a groupsofabenoM ofdUItre« aveage «Mgy, hw
be* wad by Pringle and ftaviaP S] to nrplaln the wngyJlaartbinloiiofoiectro™ fat the

10



plfltv cathode neplive flow. The diffiERoce in electron eacrgy disiiibO kn oooopwedto
the podtivB cabmn it aeea as ftooateqneBoe of the proodmigr of negative ~ow to the
cathode to that electiant cmitied from the cathode are aoodented by the cathode M and
htjeciedat Ugh enetgy into the negative glow legkML

Ekctton number densitiesigioned by van Vddhuben and de Hoog athVier
canntdenaty (10-100 mA/cm?) ate inthetange-1-9x10** m-*.

The ladial tittiibation of election nmnber dentiQr in cyUndiical ILCD.'t have
been itndied with probes by Howoika and PBU [12] and Kagan etal [23] andmadted
vsriatiooi in radial electron density distribution with gas premne have been found. At
lowptetsmcs the dectioo density is concentrated in die oentie of the cavigr, is mom
nnilbnn at intennediate pressuie and is concentrated in an anmilare*k » nearthe
cathode at Ugh piessuie. The election density in die cadiode daik giace remains veor
low.

Electric field itiengifas widdn the H.C glow have been found in probe
ifffffwwmiiit« [10,12) to he small compared to those in the negative datk~aoe and
mely exceed 400 VAn. TUs indicates diat die plasma.is near macrosooFic neotraliqr.

MhA lea DsnUtlcB and Sputtering

The “ecks and energy thstribotk» of ions impinging on the cathode hawe been
jnvesdgste;, with mass spectrometers far the planarand RCdisdiarges, usually fee
Kgon carrier gas. For a planar cadiode normal iJowdbdiarge both A* andA** have
been detected, though pnJdominandyA*. The muJority of A* ions had less than halfthe
voltage frn energy dxmgh a unsd ptopotiion had up to the maxhnnm Chandri and
OI"hmt[27], and Bodarenko [29D. Similar results have been obtained by Bodarenko
to the ahaormal planar cathode ~ow. However Bodarenko [29] ftrand the energy
astittntion of loos atriUng the cadwde in an R C D . msskedfy dUfetent from that in the
piVMrcase with a large proportion ofions with nearly the M fid | energy. A wassdll
fimnd to be the denrinant argon ion species.

Howorka. LindUger and PaU [30] measured the number densigr and radial
distribotioo ofargon ionsinan RCD . at low eorrem (-2 - 4 mA) uaing a mass

aimMm 10" m” anddetectedanammlariadial

densigr dbliibation varying widi peeaaam and cniienL

SpecuUelation by atonasofoadnde material in the negative ¥ arises becanse
ionborhbmdeaentofte cafrode, resets atomswiefaare cndied in the negmive glow.
Theremoval of aarfhoe atoms by bontbardment by ions and accelerated atonas is known

W ataretUP |, 3 S5]and othars andreviewed by OuadierachUM [35S1 and by

11



Wetloa [34]. HiB gmiteriiif cffldeacy of kmt h u beta foond 10rite ngiidly above 30

eVaadappB)aclieaacoaiaattathilbgaaeqDf~200eV[35].'nielirgeproportoaof

ioas with hilh eaoiy attiUiig the cathode ia the RCD. eamrea ¢ U |h g>mEriiigme.
Oafaodeniatiaring can leadtorignifloaiit BombertleaiMea of cadiodeatoaa in the

H.CD. which have been meawied by de Hoog. McNeil, CoUini and Penaoa [S] in a

UlhcninsttdeaaityNe*Cn KCfauerdiachaifB and found to be~ 2x10** or*

with ationg dg>eadeaoe on cmrealL

1/BJ Yiaual Obaenratiaoa

The cfaenfea in the radial dit&ibutioo o felectroo density we accompanied by
cliangea in viciUe ~ow diatribution and the intenaity of giectial emiaak». Lonpe et al
[11] rgxxted die reanlta of detailed vianal obaervationofa H.CD. inan ineatfu - metal
vgxwr ndxtnre. They noted outward movementofthe onuge and btkfc red glow,
gnadhig at UMwr cuneata. Meaaniemeata of the redial diatribution of inteaaity of
giectiBIl Unea were made pbotogrgihically by Lompe et al and ahowed variadona in radial
ihatxibntian which depended on the giectial line. Kagui etal [21,22] alao rgxxt afanilar
itanlta and Oinand Webb [3Q found ooogNntrie behaviour for Zn* mriaaino in laaer
iaveadgationa; reoeady Howard [37] re the Polytecfanic canried out a more ayatemadc
jnveadgatioocontiatent with eariicr weak.

1/C ORIGIN OF THE WORK

Mnaha[IS] atndied the relartonahip between the inieaiity ( 1) of aotne neon linet
and diadiarfe current (i) foran R C L. with a nxdybdeanm oadwde oouaiating of two
patalldpiaiBaaiidpuliliahedhiawaiteinthefonnoflog-logpiota,aaaniningan
iBienalgr/cuncBt(yi)nJatinnahipofthefonn lo”~P. He obtained very approodmaiely
atndgte Hnea of differing gmUenta ~ 1, aome oooaideiably leaa than 1, but anggeated no
phyaicalrBaaoBa for a ftactional power law rdationriiipa between hnenaity and caneat

(IfoleaaotherwiaeataiBd, an RC X.'a refereed to anbaetpiendy had mOdateel
cathodea and were filled with aeon aa the carrier gaa).

Howard [3738] hiveaiigattid the Mrrlatinnritlp ofadeciedNe | ~ectial linea
Mt wkgiliuios aviodsot lawe a1
10, < X20and IS Xso atai*) at varioua aeon preaanrea. Iheae meaanremenia were for
60r7 daaipointain ire cartentnage 3 to 20 mA. The reanha were fined to aa equation,
pmpoaad in a paper by Howard, FOlow, Steeraand Ward [38], derived from a modri in

ikBpopviBiftOBof tfIBBppCf ~ OfthBftGODACttVMIISCBBDA90  IBBBIIQrof
179 9pOCtRII K9 9999 dotBIBIfaBAd "9 ifcBb919B09d 99969 Of 91B|9 * 99 ABCRIACD

Howw*9HO CERHEBOVRI6wwDvol $9IOh UM

12









CHAPTEB2
H(HXOW CATHODE LAMP SYSTEM

2/A FOIVERSUPPLY
AoomronedcantmD.Cwqyly (KSM.HVI 2200) wuuied to power die

currentwucomrollednidier dun fU|ndyvolanB.u die VAcharacteriidc of H.CL.'t
IR typically very flat and the lamp voltitB it ahnoMooutant for a wide lange of langi
carrent- Rg. aee die V/1diaracterittic thown in Fig 23 - The  .U. could provide a

cunent diat the unit could itably ngiply wu - 0.1 mA dgiending on load conditioot. A
loodresittanoe(R|"), 10 or 20 kQdependiiig on maxiiiinm current, wat included in die
drenitto impiove ttability at low ennentt. The cunent contnd knob could be driven by
an dectric motor fltied by die author to provide a aieadily increating or decreaiing
carrentwhen required.

Ihe cathode wat earthed and the anode potendal measured with a caUbrated digital
multimeter (Keitfaley, 109). The lamp current was measured with an Avometer
positionedin the dicnit at near earth potential for reasons of safety, u extreme caution is
neoeasaiy rriiea dealing with an opto 1.3kVoontitdled currentaonree-tee Fig. 1-.

The cuirent flowing to eaidi through R] andRj andthe DM M, causing a small

difference between the Avometerreading and die tine lamp current, was very small and
less dian the error in reatfing the meter.

2/B EXPERIMENTAL H.CX. SYSTEM
2B. 1 Ondine of System

Aneqgwiimental RCL. system bdlt by a previous worker in the groigi
C Howard [37], which allowed the flU gas pressure and electrode configuration to be
altered, w u developed and modified by die author for use in the work. In dds RC X,
system, demnunthhle lamp deemodes were endoaed fat an eigierimentaldiandier-see
Fig. 3 - whidi was connected to a vacuum/igw aiqipiy gratem, so duu after evacuation
the chamber oonld be filled with g u to the desired pressure.

2/B.2 VariiamWiOasSnppiySydais.

1U s tystem vacimm pump was a chfAitionfeotaiy pump combination Edwards,
DIFFSTAK 63/130 (Bff£ pump whh Santovae 3 pump oil. Edwards 2520 rotaty pomp)
with a UgnidnimQten odd tnp (Edwards, NCr 63)onthedifRitionpompanda
molnmiar sieve foreUnetrap geoEIB in a VO.RTS trap) between pumping stages.
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w a» of«e VMM wilhihe«j»rimeniilch M »

Ae& ™lhe hnv«eageitioiii (A) itodlel UHV. «ifalw iled vicro
«mponentt WM uied in d» M|h vicmmi iecti<» ofd» v*«emind 15im ««per
tubhnwid>I»MedjointtfcrdielowvaMttnM»i»ft

A64nini1D. 4-wv crea (V a XF64) «Dmiedthé mEtawnlU of die
eMNieriineoinl chMber end diU WM conneciBd 10d » dttWoB poa’i cold inp vh t
340imU). 6 -My OM (VO. XXF38) » whk*m |u «iiply.loogUn*ane and
pte«»~felMd.iMeM «>000aeMd.MFIg.3-.AllIMIg«.,e(Ed*
linr 1(HIOtt-atmogiherfc) moBiiowl thé praenre Ind» low vMaian lectioB ofthe
iy*t«” «nkioiatioo fw e (VO. VIO 21 end TCS 6 cootixdp « U nnife 10+ - 1(~
ton)tfaeMghvicuunipim«.p«nd«<aMihmncei)ncitmceg«ine(R«>fnrffn .
D"O .«n,e0-10M )the,«M M ordM imp.Conne2!;b""
todiehi*hv«»nniecdoowwrfcoafl«lta,rtypewith«»”
« to tfaeBM<ionpn»ehendendpeflniq)plywfaidiwMinriH«i«.,f,yp,rift
«toniniiini p iireti (Leyfaold» Hetieut. 88151013). Bdlowi lenied U.H.V. velvet
widi viion eettin* (V a VW) 38A) w w need in thé W|h vncunin eecdoo.

ra p» M| enpiiHedfrm t ilM botdeofleeewchride neonviat «iM lo

OBnte, BVN 010 HI) widi * vhoo O* Ita* eed IOM M vhew iMd been nied. hoMvor
tul!' wu fonnd» hm nn«iiuciov vacnumpertnnnince end w ii wpinced by the
« ih a” enaU. mettivrtiUekik
theci»p«rimenttichaniberwaiaitiite(_iwithaietter(SABS171/HI/16.1(V30r0
*Ficwric«VU«iiinm powder tinierol IN»
inc*«iti® to«l«l«c»»tofd»needkvtive,oth”

. tfaemiem. .

lytiemwere;. KW iW

*«ric««toofvtii(eT,.ieeP1*.3-eothatd»belloMW Mn«encloaed

in thé ogiedmentti aecdoo when thé valve wat doaed.

00 i>ni*wedbti«.o«lieaiin*anddieadditlooofdiemo<»”
monitor all tunw.”.ire limiiedvacinnncompoiienia and taiaiinmiftM»,
btidn*aothatno-coolvoti“exliiedonwhidihan»M «a«v.M .«-i____

00 H*F>«««trfaviM.etibeM MndMoo”
wfaeaeal

Ov) Rgilanmientofthe needle valve withtte all, mari

dMoibedabove.

(»)
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dieeventofpowerM ae.
When the fynem w u Am need by die amboribe uUmaiBp m iae ifter bake e outwu
Mr. die sealed pieeiae liaenie wu ~ 10-” lon/i and inipmiQreaBcawen
dPtPfitfd in dveoxd—M o/ fflvHlamp - Me2/B.dind 4/C-. AIM the
mf..tMir«ricnciiitniilinwBweimiewaiieihieedta < 10* M r and the sealed pressoB
liseiateio ~ 10*Mr~andtheiniparigrcfliBcaweredfaniiiaied.

2/BJ Vacanm Control Syaten
The vaconm oootiol systemwas oontroDed fiom a oential panel ciiadt eddcii

cnenit was designed to protectdie syMon apinst

0) Lou ofmainspowa.
00 RemmofmainBpowerate systemiba down-mdesiiablebecanw ofthe

burst of gas. which ooenrs when a magnetic abrrdease valve opens.
0d) Lon ofcooling water for the difibtion pnng).
0v) Overileatingofthediflhsionpamp.
(V) Thelowvacuum baddngpressae rising above 10* Mr.

The rrisylfttir'r_**»/\*/\*'**** kkkkkkkkk__ Kk NKxxxnnn I***i**detlikMpnmp
«KiiHivestni»»; mmMixj |psiiiirei«ted>Mid«ietofcoiitacttindieHrsniasnneoontriJ
panel « See Figs. 2 and 4 .

2/B.4 Loaktasdag
Leak testingw u canied o a to dieck the overall UJLV. seal of die tyatem to

atmogihere and w u vitally necessary when the seal ofthe alnmiidnm gadM Klein
flange connecting the Baradon gauge head to die 6 - wqr GRVBM ed dnrii« coolinga te
bake ¢ out - see Hg. 3 *. Thistype of flange w u foundto be proneto M ure ifaa
cooled very sloedy and care w u shbaequendy taken to ensure very slow cooling of the
overall system and Klein flanges in pardcular. after bake e out

Ffobe gu leak tesdng w u engdoyed [39]. Probe g u from a regulated sqpply wu
allowed to eaogie tfarough a fine drawn " a u noxzle and the jet produced, moved dowfy
overthevidni9 of suvected leaks. wUle the ionisation gauge leaiBng w u moniMed
and the chandler pumped. Whenthejet covered a leak, probe g u entered the gtstem and
w u roistered on the hmiaiion gangs by eitheran increau or decreau in leaiBiig
d”~endiiig on the probe g u used. Two probe gasu were tried, butane and helinm. the
formerleistering u an increau in ionisalioo gauge reading and the latM u a decrease.
The ionisation gauge w u foundto be leu sensitive to hdium. ba hdinm w u preftoed

lon grounds of safety u itis not inflammable.
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2/BJ) DtpaE”orUAV .SwtieaartkaSTilM i
TheUHV. seelloBof dw «yiiem needed K»obe hiked CKienslvely whUe pumptog

in Older 10deges d» eyiiem befceem gw weetoeroAiced. To do dib the ei»erimeinil
chBnber could be endoeed in anown end other putt beaed wtih decerieal «pe. When
finteocooniaed. the lowestnUmaiepreMiBe, after bakinf,adiievable wee -2 x 10 ”
OTaMwiiih the dimMlon pomp wasneed as adriewing <2 x I&*loir[401.
ftadienixxe inrorlty eflbds in laonp eoaisrioB w e« detected - see 2/B.6 and It
wM lealfaed that the heating ammsemeals o fthe parts of the Synem ootaide the oven
wecninadeiinBle.

M>f»H««<»«g«Tww«doMd<PectiotheaneD were added sad cawfU lywistiped
Bound an the parts ofdie U JiV . secdoii ofthe system notwitUn die Owen. The oven
healer and InSvldnal headii tipes and coeds were provided with eepeaie variable power
seppHes and themocooplesplaoed on an cddcal components. Chtomd - alunid
Aennocoqiles wero used and thermo » em f-h measured widi a (Hgbal naddmeier
(DALM.)towiddn+a i mV, snowing temperature to be determined to wldiin
+ 2J*C The thermocouples were Insalsted dectricsUy from die metal of the system
with ddn mica dieets and |ood diermil contactwas ensured with xinc oodde grease.
Tempetatuie limited cun ponents were the Baratton gauge head. bakeaMe to 15 (y ¢ (with
lead removed), and the vhoo acadng UJLV. valves bakeable to The needle
vahe initiany used was only baheabie to 12irC but the aUnietal. variable leak valve
nsedsnbaeqneadywubalEeableto20(rC

There chmigesto the bake » out heathig and the hmodnctian o f tempetaane
mooiioiing on Hmliedcompooenis, allowed the whole U JIV . aectkm of* e system to
be uniftundy heatedto 140M A baknable lead was made ter the ionization gauge
YA lodkw tfaehi” vacuum presaure to be monitored «taring baking of tee systtm.

The tecttten the bquhl nitiogon cold nap on die diffaaion pump needed leaning It
leastevery 12 hours, proved inoonvenleatduring baking, which retpdied severald ~ if
tee ayaiem bed beenreturnedto atm o”ieric presame. Dry niiiogen was naed insiead of
attom tee tystem when bringing it up to atmorpheric prearere in order to letexse
contamination.

The getterwas activated at 900*C ter 10 min. by sqiplying cunenttoits
imenial heater, while cooling of tee "\rstem after bake - out The getter wasreplaced after

about 8 acdvarions.

2/B.6
Ashas been aheady aiated, dm eftects ofimpuriiles « see 2/BJ « were iidiiaQy

Atf» <> «ti"*«««dirionapeetmofteeesileriinentailirnp by the anteor. There imptaiilrr
wete the products of outgresii« identified ftom tedr tpecaaasprinc”y 00 andto a
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mocil le«erextent OH and H [41]. Spectraofthe lang>aninioa onderiignire gw
ccodMoes, phtnogtiplieil irlth medfaim qoHtz end |1ms qfectrogrs*« (Hflger), - see
Hg, 32 - exMbhpeomliientinolecuhr bendsdnelD CO and CO* [41]. The modiflcidoos
to the vecanmiyaleai canted out by the antherremoved tiieae to tality efliBcts.

2/B.7 Vacmim Fertonaamcfc

Therotary pomp eaafly maintained the low vactmmbaddagpreaanie below 10"
torr, aarequired fcr the dttfcalcn panipi,bntthe loweat cttimate pteaauie of UJLV.
lectioa achievabte with the lyftem as initially baUtwas only -10"” lorr. The diffutk»
pump waa quoted by the mam”Ktiiier [40] u being cqiabte 0of2 X1(H ttxrwidiavitoii
seal between cold trap and pomp and 2 X 10* loiT with an indinm wire aealL. The pump
ah’*eed was giioied u 90 l/iiuhen used with the Ugnid nitrogen cold tiq).

lhereorientattencfvalveT]j and improved ayatem bake-outudeaciibed above,

reduced die nldmaie preasnre after bake - ootlo2Jx10 * torr. The change fitomviioa
seal to todfam who seal between cold thg> and diiftiaton pump, at firstonly reduced die
oldmatepresanreloUxI&* toarbut afterrepbeementofthe needle valve widi die all
» metal variabte leak valve « tee Hg. 3 « die loweat nldmate preaanre achieved was
~2x10 * ttxr. The sealed pressure rise rate waaalap reduced by two decadeafiom
10™lo 10*ton/iandwilhUilV. <10* torr, between lanqirefills with neon,
rontindy obtainahle. all impgrity effects in lamp etnistion were ehminaird,

2/BJ Eipatfaaaial Lamp
2/BJ(a) Oidline
Tbo configutadoot ofexperimental were atmfiedu d win be retened to

asoonfigunttena A and B - diagrama shownin Hgt. Sand 6 reflectivelyIn both
oenfigunttiont a CBliiiditeal mUd Steel hollow cathode o f IS mm bore and 50 mm deqi
wat uaed, mounted in a 4 - wqr cross cogNximental chamber. The cathode and
experimental chamberwaDawere connected and maintained at earth potential and lamp
votts™ Hi|lpttod 10ft 17 m«n tUsiiwl» wiiiV»—  rfiij mfwV fli—<iw | thi<w
ahteiding was necraatfr to preventttnydbdnuget between the anode and the cadiode
exterior, mnunringor diamherwalla. The lamp dectrodea were vacuum ftmiaoed by
Ctihndean Lid. bcfctemonniiiigln thecliairther in order to remove abeoibedgaa. AH
|'t««rfilM innmikhnWmemiM w titelitnt|tiM i» pp« WOIBprovided with gBtletetue
.holes. Lamp configuration A. the firstatudted in the wodc,waadfiaigned by Howard
[37] far emlsaton measurements only. configntationB was designed by the authorto
allow abeofitfao menatueineiiitto be canted outas wdL
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2/B.8(b) Lanp oonl*iintiaa A.
Inlanp coofiguiatkm A - ice Hg. 5 - die btilow caflMde, closed at one end. wis

mounted horizonodly, mpported at die cloeed end by a Heel rod which aaewed into die
centre 0f a plain flange covering ooe dde pert of die diamber 4 - way crosa. This flange
alao admined dK electrial igipty for anode and getter via oenBldc innlaied feeddvoogha
in die flange. The light welgiit anode waa «TPOited by a diln itainle# «eel rod,
ihielded widi ~ aa tube, jdned dfaecdy to one of the electrical feedthrooiitt in die

ficny . Tti««inHBTing waa coaxial with die cylindrical holtow cathode and agjiarated
fiomitby ~ 5 nxn. A 63 mmdiamelergaaitt viewport, camecied to die oppoehe aide
portoftfae 4 - way ooaa allowed light emitted by die hollow cathode ~ow and hawing
pasaed throu” the anodering, to leave die dumber. An outer liaaa aleeve and annular
mira di«r«pgveniedatiaydiadiaigea between anode and chamber walli; the odicr
aurface o f die hollow cathode waa giaaa ahidded.

2/B.8(c) Lamp coBfigamtioti B
In langj configoratioo B - aee Pig. 6 - the hdlow cadiode. dda time open at both

TUM;, waa mounted horizontally aupported by three aieel rods wtubK-ted to a non -
atandaid flange (made to Older by VO) on the chamber aide port. The lang>configuration
and flange were designed so that die flange could:-

Q)  Sigtport the cathode mounting.

fli) Adndtelectrical agiplyagiarBiBly to two anodes, one at eidier end (rf the
hdlow cathode.

OH)  Allow a be«n oflight to enter die agierimeatal dumber dBOOJ>* mm
quartz viewport mounted on the central axis of die flange, pasa through the
open ended hollow cathode and out o f the main viewport, for abscapdon
measurements.

Ov) AllowanR C L. withvariaMelidlow cathode dquh to be studied by
igtladng the 19 mmviewportwHha linear motko feedthroui”joined toa

deaiance fit “ptunger" in the cadiode cylinder.
Electrical tqiply to the getterwas via a feeddnougji in the flange covenng the top

port (rfthe diamber.
The electrode atiucture and mounting were built in the Pofytechnic physics
In rtilikwnetnred” three steel rods screwed imo an annulus whidi supported
the fiom a oo'the cathode cjdinder midwqr between the ends. This
arrangement allowed die cathode to be dumged without affecting die rest of die atiucture.
Theanode lings rt each end of the cathode were joined with abort lengths of platinnm
wire to thin ttrflrylt"” "* * A *x***xe xqcglfBedihmuahs in die aupiKirt flange.

1 An gjatf seegt— rfitriMWng fi imndm de iiniciure and tm untinz
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was used IOprevent sosy disdiii*es ind a ddn micadisc wiMi holes fior moanring rods
ihkkkd the egiport flange. A mica dieetonly covering d* animlar. verdcel flmge
lafiee iras notfijuiri» be adequile, IS the sodnless ited tube HTPctiing die 19 mm
second viewportended 10act 11 in extension ofdie hoDow cidiodc and oootiin cadiode
~ow if notdndded. A very ddn, rdfixm dwetofndcawasused 10dm the ptobe beam
ofli~ wtidihad 10pass dnou” it, suffaed tilde atienuaiion.

2/C SEALEDH.CL.S
Two seded H.CX.*s (Ctthodeen. 3QNY/Fe), of die w e manufiKinred fioruse in

oimmodal aiomic al»<*ptioo “eciroinem , we« studied. Tlie two similar lamps,
by die manoCactnrg.wieee filled widi neon atdiffaeiiiiM W uas.

C12at 10+ 1unrand 22639 at 15+ 1ton. Both had cjdindrical mild steel hdlow

cathodes of 3 mm bote and 10 mm dgith, however the anodes tfiffned; 22639 had a lii«
WWi the caifaale and C12 an anode vdiich was a carved rectanpilar plate.

mpy.ftwtetvtmi>rtieiawere diielded with cexanaic and annular micasheets  vented

stray disdiarge to the cathode exterior.
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CHAPTERS
experimental METHODS

3/AOUTLINEOF EXPERIMENTAL METHODS
SpccBilioMoei weieitiidkilwMiaminihef ofcgieriinmaluieiliodt.
0) PhoKaneixic

Photometric study of H.CL.NC | g>ectnl Uaes. to wfaidi the greater put ofthe

woric was devoted. wed «twiuinn mfuwwneiui were made ia

ogwriments of four types.

Emitskm-

(@) Pabiy-Perotinteribrometer scans of gwctral lines.
Measurementofthew iaiion ofMectial line intensity widi lannis
cment Cl/i measurements).

Absotptioo-

(c) Balny-PerotiutafeioBBeter scans of probe beam ~ecttal Hoe
profiles.

(d) Measurementoftotal tiansmittediniensiQr of giectnl lines o fthe
probe beam.

00 PImrinal
Recording of VAcharacteristics.
0h) ~ectrogiapfaic

PIMogtaphic reconfing of rmitsinn tpectrt with prism

specuogtaph to identiiy f**«**» impurities (see 2/B.0)

0v)>"\soal

Visual ingiectioa ofdischaige ~ow both ifiiecdy and tfaroui™

directvision giectroscope.

3/B PHOTOMETRIC MEASUREMENTS
(GENERAL DESCRIPTION)

3/B.l Introdnctloa

tube (PM .T .)trere used to isolate and delect vectrallhies and optical bench used to
ynyorffim iy ient«, »<titMnn«i «mallernpdeal benches being uaetL as neoesssof faicich
f PAnlt« rf gaperimenit werelemcded onan X - Y fhitt

with the P.M.T. ouMt cuntrolling the Y - Jeflflfjion of the reooid ef and eidier
iiiigtftwnanniiTiirm din[mkmvVBnr lamp cument contm IHiig the X - dcflendinn.
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3/BJ TkeMonochroaiator
The nxmochroniaior used to isola» g>ec6il Hues for study WMa concave grating
spectrometerwith B igk mounting ind in - plane configurstioii, built previoosty in the
Ftiytedmic - see Rg. 7 The Im radiiis grating w u ruled with 600 lineiAnin over an
area 90nm x50 mm and Waned for use in fim OKte. The P1d.T. mounted in a housing
behind die exit st could be dianged and a lube of suitable ¢eciral reqwose dwten. The
Tight «ngiiHijwitinwaaniMie ofh i* quality fused silica to ensure die monochromator
could be used in the ultiavidct giectral region. IMIh a critical sHtwiddi <tf 15 pm the
wavelengdi passband was - 0.05 nm, howeverexceptin those cases in which dose
lying cectral lines occurred, a slit widdi <f50 pm widi passband ~ 0.15 nmw u used,
as this provided sufBcientwavdengdi iadatioo and aflowed greater Hgiit transmission.
Thegraiingtable was free to rotate abouta vertical axis (AX) - seeRg. 8 - for
wavekaglfa aelecticn and to irxvd on a trade towards and awqr from die exit sUtfor
focussing. These modoiu were controlled via mechanical Hnkagea, and care was
necessary to avoid iMcklash". Focussingw u controlled manually and taUe rotation
driven dectricaUy or set by hand. The rotation setting and focus setting indicated by
counterand whed markings, were wavekngdi calibrated widi a setof Phillips lamps of
difletentdements (Hg, Zn, Cd, and Ne). The cosrect focus w u obtained by rgieaied
reacannning of choaen spectral lines and die beat focris setting was diatwhich gave
maxinonmpeak h e i”™ on a chartreoofder.
mpiy wwwTohmirws» mgiiiBTTiTiMnttfirarinnM Klwijiiaimentwhenfirateocounteied.
Thesewere gready ftdliiattd by the enckjymentofa low power He- Ne laser to define
the optical axis, u the narrow U ¥ intensity beam w u easy to fidlow duoogh die
instrunienL The mooochiotiiaicx-had three principal faults which required rectificatioo:
0) Thetight, angled prism was too small so the grating could not be folly
illuminated ( a smaller grating had been rg;>laced previously ). This
reduced the bght through - pot and prevented the foil resolving power
being realised.
01) Asthe gradngwu rotated the pointat which bght fed on the esdt slit
moved up or dowtL
(Hi) fight iMfcrngefonmnmalde die moooditomator and stray lightwithin it,
were unacceptably Ugh.
The existing prismw ur”~bced with a larger one (“ectxoail) ofentrance fooe
25.4 mm X25 4 trim, which transmitled about two and a half timestt nandi lightand
allowed die (tan nnnfoer o f getting lines so be ilinnrinated. A new ptlam mounlinfw u
designed by die andiorand builtin die Phyrics workshop. Hie motmtinf was designed
fcrtiwrittm neaie of ai“nstmetitcoiidiined with rigid positive locaiton.
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CWelU olwemdoeefdiep*hefalsKkTheen dHOughtheimeumentdwweddm
d» movementofdieopticalaxisidadve IDthe eadtlUiw * aosed by mhorieoedeo of
the gntttaf OBthe gtuto* «Me- aeeH*. ST lie p«iag fccewi» notBomiil 10the
y«im «MeandtheraUnfM ie« Aew e the axisofttble loisdon AX MeelAims,
choeen by eialandener,placed underooeedgeofthe gmiiig hddiBS beftiB liwas
dered » de tthie,coDOCleddie db ofdie giadng fiee and rotation o fthe stating in the
plane ofthe holderoontded dieikew enor of the nilingi. iMdi these adhw®eott made
the optical axis lemaiiied at die ceniie of dieeidtdk asthe «bkwasioiaeed.

The moBodnuinaior bon andjoin lo die PJd.T. boosingweee Iy » sealed with

mattblack ore anddodi,and Imenialsmy Hgtereduced by sobably poeidoned mad

w kfcrtM ~.mwHiitrjtinM riiefainnm ieiitfnncdooedsadsfaciorilyasa

gwcealHnc isolator.

3/83 PhotodetodorandBecordtogSyiten«

~“emdUnes stodied liy in the wavdengdi range 330 - 750 nm. The
pbotomnldplernibe cfaoeen (EMI, 9S58B) had peak gnantomefficiency of - 20 Yoat
400 nmftffing to -15% at 330 nmand- 2%%at 750 nm[42], and snowed die M
wavelengdi iai»e o f im erest 10 be stodied. The PJd.T. was powered by a s«biH»d high
vdiage D.C sindy, fiTioen- EMI. PM28B) and tobopoenlial monitoredwith a
calibmcd digital nmldmeier. Tube volts used were in die range -3 0 0 - lIOOV.

The P>LT. ompmsignal current passing through a high resistance (R) developed
a potential tfiflference wM di, when angiliSed, controlled d * Y - deflection ofa
RKAMNKImodel BN-133AX - Y chartrecoeder. The X - deflectioo ofthe recorder
wasconiroaedbyK C X .cinrenta)w beB inakiiigldm easiiim enttaaddieFsbry-
Pterotinlerferocaeter housing pressure when recording yectral line profiles.

Two ditBiientsystems were used t0oam pliiy the PJIT. signal-see Pigs. 10 and
11-.When reccrdii< the profilesof~ectrd linesendtled by lamps and the variaiion of
gwetral line intensities with disdiatge conditioBs,a D.C oonpled vdve ampnflerw n
used-see Pig. 10-. The anrU fier whidi had been buntpreviously in the Physics
taboratory ~edfically for photometric work, incosporaied a choice 0f6 valuesof R
(1to 110MQX in paraUel with achoice of7 valuesofsmoothingcvadtorC (-0,
0.01 to 0B iiP). The value of R selected determined the sinplifier gain. The choice
ofvalnesof C and R. which fixed the time oonsttatRC.dgieoded on the slpial to
noise ratio encountered.

The second am plifiersystem -H g 11 - was used when maUiig absorption
measurementto fexcited atom numberdensides in H.C. diacha®gefc In orderto

(fiacrindnaic between the imenatiyofd e probe beam and the tightem htod by die
twrff, itv. pmhe beamwas modulated at 33J3 Ht by arotating meflisnical
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choreer. ind Bphaie sensliive am plifier (Brooaokal. 401) w edin place Ofthe D.C
<xxs>led vilve a0Glilkr. T lie chopperilso Iniem iw d llgl* MHng <» L plw tod I
iUuminaiedby a small lightbulIN providing & lefaence signal to the phase seniithie
loclifier whichonly anqdifiBd dm congonentofdie PM T . signal wfaldihid 1 fixed
phase leladve to dieM fHtiioc dgnal The phase angle could be varied with &ooDirol 0o

die aovlifier. ReiiiiorR w u external 10the an¢U fierand value fixed ai2 M U, and s«I™

amplifierwithno cs*dior in paiallelw idiieiiilor R. Both anglifien used were subject
to baseline driftand provided balanoe coottoU to «tiusibeielineo<6et

By vaiyingdie P Jri.T. potential V ind am plifier gain, & Hiiiable oo guik vd could
be obtained fora wide range ofintensities. The variarioo o f P.M .T.regxxiie witii tube

potential VV was measured in aseriesofsiq*. Starting with a M yi lightflux and low

tube potential, the lightintensity wasreduced until die signal level was halved, then V
increased until die output was restored to die original teveL. Byrqieating dris proce« the

fullrange the PJri.T. couldbe covered. A log/log plotofthe revonse CUNVEis shown

inHg. 12, whichiswellrqgaesented, widiin experimental error, by astralj#ttlineof
gradkot-9.5, whidiindicated that die resK jnse was proportional to V* widin~9.5.

This is typicalof P.M .T.'s, widi the value ofn increasing with the numberofdynodes.

The 9558B has eleven dynodes.

3/B.4 Basle ArransemesitofO ptical Syalem
Setting IT of the optical system was fleilitated by the use of a low power He - Ne

laser to define the optical axis. The mooodnoinatorand 1.5 m main optical bench
(P.TJ.) were stTported by aqwrate heavy oak tables resting on a concrete floor and
after initial setting- q i of die bench, remained in die same positicodroiyiootdie

photometric eajieriments. )
Placing suiiablc shims underit, die 1.5 m optical bench w u made paiallel to the

optical axis defined by die laser beam, to within 1 mm in its emirelcngfIL Components,
siTpoeted by benchsaddles, were positioned with dieir centres on die optical axis and

orientated noimalto the axisly ensuringdut lightfrom die laserreflected ataunponent
faces, returned down the axis.

LensLi andL j, and pinholeqw ture A j -see Pig. 10 - letmuned in die same
position on dmmain optical bench, in the Sflierentarrangenieiits used in the photosnetric
«gieriments. L, andL, Wereidentical piano-convex, fined silica lens, 0 f350 mm
fA t Ungth «Ah The two lenses, convex surihceslhciiigeadiother,
were 0.6 m giertwithpinhtiesw ture A ,atdie focalpointofL, and L ,wldiits focal

pointatthe centreofthe monochromatorentrance sBi1
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An Imase of die Mghl lomee 10 be malyied WWfonned on the pinhok vottHB Ag
which eoed w & near point louroe et the Ibcel pointoflensL ,. Rays pwdng
~ertmeAg mdiniwtg>ied by ko» L ,,inwdledp«ilW to theoptical aria between| ,

«Mii.*«MIwegBcoBvenedioaninianeatilieoeai»eoflfacmooocb«)BM»or«mMoe«lit-
Anim v«tnre Al between L, and L j Bmiied the «BamelBrof the parallel beam between

tbeknaea.
The inieiferoaieter hooting, containing the Palny - Perot etaloo, ww placed

between L i and Lt for inietferometiic experiment» and tenwved when not letpiiied.

PUten, when need, weroalaopoaitioned between Lg and

3/B” Prawnft Scanning Py « PWet Werforometer

3/BJ (a) The Interferometer
A pteatme acanning Ftbiy - Perot interfieromeier devdoped by a previooa wotfcer

in the group AJteed [43] ww adapted toleooed Ne | Recital line profile» in thiawotk.
Aachem»ticdiagramofthelnwfcroaieter»y»temns»edi»»liowninHg.10.TheFabiy-
Pbrot eieloo (cooatnictBdat”  Unicam Onnbridfe) ww moonied in anairti”®

hooting, the huenal pnatwe ofwhich could be laiaed by allowing ntoogen ftom a
legnlaied Ugh protanre cylinder to enter the hooting and redneed again oowrollably by
allowing the gw to eaace toatmo”hero throo” a needk valve. The prewore within the
hooting ww tented by a Schaevitz P7444x»2 prewure tranadneer, the oogmt o f which
oooarfled die X - deflectioo ofan X - Y diart rocotdervia an o tfw ampHller. the oOwt
MnpittWmhtMewddiatporionofthetiaoadPcerootpotcope”ioodingtoattnogiiieric
preaame. The Y - deflection of the X - Y recoider ww cootioikd by the ami”liled
PJILT. ootpm. By railing the preaame in the hooting by aboot one atmoaphere and then
allowing it to fidl, the reftnedve index ofthe gw between the étalon pltiw could be
varied and die étalon paafiiand be made toacan a giectral line iaolaied by the
mdmfithmmatnr md the Hoe profik pioded on the X - Y recoeder. Dhect recoiding of the
hooting pteaaiae removed the need for an aocorately oonmdkd rate of change of
prettme. A thm rale of change of peettwe ww necetwor *0entore equal tempetalwe
Mid protame at an pointt widdn the étalon hooting and to pnvent powibk wanning
errordne to the X ¢ Y recorder legponw dma and the PAIT. ampUfler dme oonttaat
Typical vecttal line acana took aevetal ndnoiea, and tlower acanniag rttw were
neceaaaiy with weak ¢ecnal Bnw requiring long P U T . time conatanta to amooth

tignal noire.
I Theetakn,"Bteaaoppotted by a ttedtkeve, were pretted together agafauta
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gnertrsw *r by tiroiw ofdueebdl beirtogs,w wtlbwd,theod «

vi* lever «m tby dHoetatfiptii»». 11» «rion in d» fcrfv to P

ftnm oottlde d» ptcsene houiing in whieh dieeldon nes moonled. By veying d»

e, #loelBd»lcrfii*toFd»deFW ofpm lleliciofd»oow dlbce8ofdieiil»6sch
be ndtiMiBd. The eadoo htnMtof w ti «ppofiBd oo the 1J m opdcil bendi by *
moaiiii* on tiro bench iKidlee whic* provioed poddve loctdon bot iltowed d»
orientadan end poridon ofd» cah » lo beataed.

Thepilles, ofgnoledflalne» X/15ai»daii»ldlayercoeliiif ofdiin»ier3sinai
widi a peek leflectiviiy of93* 1*700 nm nidi 140 nm bMidwiddi [43]. The ptaie» nwe
ofaverase ddckne« 10nnn widi opposi» lhoei dighdy gwralld » eneme6 at
mwained H |hi lelleced at de nncoaied fiees "watod o<r die opdcal aids. The gpartz
jj.«»gn)*nM Hw«i6Bnmdiidtoopt ai)ondingioaftee~cccalian|e<rf833in"*.

3/BJ(b) AdrotoMidand Ficaie
The cemies ofde optical <x*npooeniseeie ali»»d ond e opdcal aids dellned by

de laa» beamand odentaed eod «t d e fanaget Oli*ertiBB A j, ftinned on d e back of
de apertine diiV*«** *«ai»e ofieflecdon, nere coénddeo» widi d e aperture and bence

de ooo”onentanCeoes nere nofinal I0d e naia.
neM «y-PaotiiiiBfaMmeerIniinnientlbficdonandtowiddi(iwMlly

egneaaedimenmorfineiroF- .~ )aiBparticolariyieMiiiveloeno«inde

ofientadoni

above mediod aerved aia 1

peeDdien belkne opdndMtion m a oblained by leraovinikm L i, lepladng apertee Ag
nidia aaiiie iaoiope Uanp and viewiiifd e circolar fauerfaenoe fitimea prodnced by
de eialoiL Thepoddon ofd e obaenei’i eye waamoved overde amftce of 6 e eukm
nd de Koaionhide kafqgnii«ia4aa»dondide (hamoerofd» «niBciidei

« wriiMMirniieniiidgiiwdent oferopoddon.

The melhodt «tnna nlilayed wat:-
0 «*"MfarfaS“ * IM \ ; el A AR
) %i «norU «70J nni) eraaleoortled igeaeily and etrion oaiemadon and
py n»iikm m«m«irnn ipanhuiiw rf ihe anecnal »h«e**<m
00 Ainode-iM blliarflfc-Helaiuub» liMil aiiTnnailyftenad»W »iond

Phyiical Laboraaday waa naed aaa looB» of ne» ideaDy nionodnoinidc

632.8 MnlObelecoeded. Thelaier beam waadilhied widia fioond liaaa

&&»a** frvnirod on roertnre A ,. enaoringdel d e ftill ettlon area
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ww EmiiiialBd. H e luer emiirice proAk WMr~enedly leoonled and
edOooodeoiaiioB wd penJMlen adBosied fer ndnlimim widthand nm iniro

peak hdffat of the profile.
VtohdiUhttieropdm laaiioBiediiiiqoeafiiiBaaeof >33 could be obtatoed after
very c*eftd acSoatn**«howeverdro to Knitod dme «erafluianeroandleo ~era”
ofetakto paialleHain, routtoely mearoienieBti were made WwW a fineiae of- 30 (veituro

A,dlameerof .1mmand diameierof30 mm). The huinmieiii function and
»impendenceoalmnfauiM Ju panBnelen aro diaciiiaedfnny in Chap»

3/C PHOTOMETRIC MEASUREMENTS
(PARTICULAR EXPERIMENT DETAILYS)

3/C.l EmiaiioB Experimenta
3/CI (a) Interferoineter Scene of Emleelon Line Profike.
The optical lyaaemi inti* diflereotphotometric eaerimean inchidod die lame

PJd.T., monochromator and ananfemeotoflena L j and L2 and ~jertnre A j. The
lyatenia differed in whedw die inierférooaeier houaing WWMin poddon between L j and
L j. for acanning apecoalHnea or not, and die ayeieroniaed to form die imape of de

analytical aouroe.
The eynem need for imeiferonieoic lecoeding ofthe profile of * « tral Hnei

emittod by the experinienial R C L . in confliuratloo Ata ahown in Pig. 10. The imaie
of the cathode glow, lednced by mainificedon of Vj, formed at pinhole gierinie A j waa

produced by a bi - convex ftaaed ailicalena L, via two planeminoa M, and M,
ammged M a periacope. By adjuadng the otientadoo of mfaror M ,, the poaidon ofthe

cathode image could be varied in onfcrto iadato light ftom difcrentratona of the iJow.

When anadler, lampa were analyaed plane uUiron Mi and M2were not
Tiw. tiw y n f the Mureewaa formed direedy with magnification of 1 by a dumef
fff.AHMgiiMvwi«»w!rlena.'nreairanfrmentwaathe«m eaad>atdiow ninP1g.9fiir

I/l meaaurementa but widi die inwfcroineter houaing in place between L, and L ,.

3A11 1b) I/1.McaaarcaMnla
he eyatem uaed to meaanre the variation of eniittiao, gwctral line inientigr with

hm” cunent, waa ahnilar to diet need for Fhbry - Perotacana o fendarion anee bol whh
vif fb w pwMMva hnnaiiig removed and lamp currentoonttoBint the X -d rfiBcrion of
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iheX-Yi«ooider,toiieadoiettk»hoa«to*preif«».A $tathecM eoilheW *y-
PtaotiM iis iltftily dM btntoptical enmiemeiiiswoe aied formeumtineott CBWiled
hni» enddieeqgierimeniillamp. A <Hajnmiofthe lyilem usedfcrw led Isnpsls

ihown ta PIf.9, tigimie« V » of A
noipB>vkled,Milieperiiooi)eBim|eniBntw**Ihei«inetfitatihownInPI*. 10 fcr

Filxy-PerotKans.

Od the mooKtaantlothad been eet 10iiotaie ibe ~ectrtl HneofInweitrod
imiabte gain ewlitoe «»itim choeen, ibe heap carieot w ii ilowdyim ped end t OBve
of *»ctiaHnienilv eptaittanp caneotplotted by the X - Y lecofder. Q atenti were
in thelanfe - 0 - 20mA and- 0- 50 mA ft» aeided lampa and ei*eriiiienttl lamp
le*wcdvely, and were ramped in both Increaring and decmaiing am ent tftiBCiiaia.
Itoamemenia could not be DMt fton tree mro amentbut ftom a maall miniimim
current, fliatthe ooniKdledcanm PJS.U.rould itaWy aupidy. ThU minimnm cuoent,

above by ~ 0,wasin fact~ 0.1 mA dqtending on load cooditiona, and ia
diacusaed fiBifaer in aecdon 2/A on die lamp power aqiply.

TAyjptii ftEn«t innnéieiaiioa were m ote fltvourable than tfaoeeenuuuitmed during
Fabry - Ptrot acana, aa,athilh «etdudon only a very limited w tveknith r*ion ia

detected atany one time.

3/C2 Abeorptloa Experimenta
3/C.2(a) Abeorptloo Miaennnftiti by Fabry - Perot Sennaof Probe Beam
Spectral Line ProClaB

Adiagrmofdieaytlem iathow ninFlg. 11; the experimentallamp, in
oonfiguiation B, had an open - ended hollow cathode mountedina dtamber between

two viewporta, w hk* allowed a probe bem to paa axially through the H.C diachaiie.
Theejqwimeotal lanv iadeacribed fully in 2.8 anda diagrm of lamp conflgutalk» B
ahowninHg.6.

A neori,ndoowave excited, electrodeleea diacharge lamp waa uted M
the aouice Ofthe probe beata Tuaw e ofprinianr aouioe w u choaen aa Uwaa the moat
intenae neon aouroe available and high prhnary aomoe intenaiQr waa importantbecanae
ofthe low level 0fPJd.T. aignalin dieae ea®erimenta. Thiaw u becanae only a aman
fiactk» ofthe total aotace em iaik» paaaed through the optical ayitem due to ha maan
Kjudan ~ and becanaeofthe U glireaotatk» ofthe Fabry - Perothderitrooaeieronly a
aman wavelength range w u detected by the PJA.T. The BJ)I* coniiated of a ftiaed
aUlcaenvdope. cootaiidng noon at ~ 1loir,one endofwhich waahtaened in an
Evenaontype ndcrowave cavity, which had been deaigned at the Polytechnic (EMS,
215L). The tunable caviv w u watercooled and drtven by a 145 O Tx microwave
generator (BMS,hOCROIRIM 200 MX2), via a reflected power meter and coaxial
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ntnm AftertoMMkaofdieditth M »wiihaTBtto coiltem taow ive
eaehedB DI . iw nm fcrailenthalfm hoerbefatuw.10illow oooditlonil0
ariiliae. NBerowave senenaorpowerwas*i at50W and the cawiqgr liming screws
adynned fbrodnimnB ictlecied power (" 13 W ).
hihe optical mnagementused-see Pis 11 -anim ageofdieBDJ«w M foniied
byknivL , CBptabole ijw liata4, wudiwaaat*c focalpointoftea L4.The paraDd

prObebeam BOprodoced,leflecied by plane minora M j, M jand M j paaaed axially
tfann” the eagietimeaHaboOowcathode diadiaite to be converged to an image on
pinhole A ,. Plobe beamwidth waa comroBed by Ma qwtnrea A, anda 4.
ThePU*y -perotayatem w u the aame @dthatnaed for eniiaaion Kiteprofile
nieaamemema. eact™Mt that dwPJd.T. ootpotw u amplified by @ phaae aenaiiive
atudite inaieadofa D.C coupledamplifier- aee3/B3 forfartherdetailaThe probe
beamwaam oddaied at3333 H r by alotatiiig "dtopper"whidialaoimenupted Hfht
tn«iithhiya plininiBodepro»iiBa«aiefcreaoerignalforthe phaaeaeaaitive am plifier
(P3JM).Hie P3JL onlyan”ified thatparto fthePJd .T.oagwtsignaldunging with
fixed phaaem alive 10the probe beam, heooe die Steadyej"e rimenial H.CL. eoniaiion
was not«tMlifiod andonly die probe beam ipcciitlHne peofilearecorded. A mothiladng

ftognency o £3333a waaneed,10avoid ~orionaam plificatioo o fdie 50 Ha mains

fieqgaency orits hannonics.

gp,* m ..«.cowninMlinindieMB | levdsofimerestwerecfaoaeaaoddie
preflka Ofthese gioctnd Hnea o fdie probe beam were»corded, miliany widid »
expoimeatalianqio ff.then with die diadurgenmning.

itddaw ~ foe aonroe gieclitlline profika.widino abeorptioo by du H.C
(HaditBiB. could becongured w ifo foe profile o ffoeae qieclral lines after passage o ffoe
same anBoe endaaion fOﬂinghfoe H.C dischaige. S0 foat foe abaorpdon ooeffidenis
could be calctilated «id henoe the numberdensiQfoftheNe | lowerlevelsdeduced-
Details o fthe theory and o fthe analysia are described in secdon 6/A
Abaciption measurementawere canied outat1,2 and5aw H.C1~” fill gas pressures

aad lamp canenlsof1>2,5>10,20 and SOm A.
The pKibebeamfilleddie M diameter of the hollow cathode so dut average

afaaorpdonwas obaerved and any spatialvviadon loat.Spatially leaolved meaaacmeais
acteuiicantoow probe beam were notfonnd possible at foe smaO apertntealeqoired.
leadted hitte unacceptablypoorsignalainoiserada Measurements o ftotal foie
abeorptlon.wtohontW ay - Perotacarming,intended to observe qudalvariation were

cteiled outand are described in the neat mbaection.
Ameasomnem 'te*on a nuiribero fapectnllines was preceded and followed by
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laseremisik« - ice 3/B” (b) - to delBCtiiqr viritoioiL TliU wis done U die cdcaladon
of abeoitiiig Hera nmnber density leiiiilied that the UP. be known 10that cectril Unes,
cometed fo theeffectofthe intafcrameler, ooDld be syniiiesiaed.

Meiimementi for a ghiee ipectial Hneand H .C L fin gu paeneie atafied with a
lecoftHng of the probe beam nwectral profile with the H .c L. switched - off. Ihen wi*

*e luig> imminf atcimentvaluesofad, 1.0,2J0.5.0.10.0.20.0 and 50.0 mA then
decreasing tinoogh the same cunent values and finally with the H .C L . switched - off

«ptn  Intilt« nmy sgiiodiicabUiQr of the lesnlta oould be chednHI, and any showing
excessive driftigieated. Usually the psofllea were iqaoducable within a IBWpercent

Intennitient pulses of exterealinlerfsrenoe badly degreded seine profile
measurements W«ch had to be repeated with extia scans. The phase aensiiive anpUfier
sysiero, used in die Fabiy - Perot abaosption «qwimenli, was found to be mndi tnore
suscqitiWetodiUw e inwfa««» D .C cotcled angtflfler systeni used in the

The inteifcwooe could not be rHininated with simple mainsflto a and

<vnikMwhle time was wasted with die extra meaauwiHcntt.

3/C2(b) MeeauresiiHdaof ToinITrniiimftiedliileitalty of Probe Beam
Spectral Line

In Older to masure the total tpectial line intensity tranamitted by dieH .c L, the
system described above ior P*biy - Perot scanning abaoiptioo measuTBinenti - see Pig.
11 - was modified. The étalon pressure hooaing was removed andH .C L . lamp cuirent
controlled the X - deflection of die X - Y reooeder instend o f étalon houring pressure.

T hft"i»««iiyr f ri» ~eciial line isolated by the monochronaator was wconled with die
H .C L. switched off, then the lamp was switched on and the lamp cuirent lamped
slowly ftom ~ 0 to 50 mA in die same way thatH.CJL Wemlsrioo measuiements were
made - see 3/C.I (b) -.

Measurements were made with aprobé beam wUdi ftally filled theH .C diameter
for concarison with results fiom the Pabiy - Perot ecanniiig abaoipdoo «geriments
described in the previous subaecdoo (3/C2 (a)) and widi a natrow probe beam for
¢ndally tendved measurements of abeoipiion. Spatially rendved measmements of total
cectral abaoiptioo were possible, vritereu ¢adal lesolutloo could notbe achiovod in
M ay « ta o t acanniiig abaoiption meaauiements, because, as the total intensity ofa
"»coal Hnewas detected. Instead of die nanow wavelengdi range oansmtoed by the
étalon, the PALT. signal level was much greater widioos the étalon. Oonaegpendy signal
to noise ratios were mneh more ftwounble without the Mgh dispersion ofdie étalon and
allowcri meafaremeots to be made widi the small aperones neoessanr to produce a
nanow prealkl be«n (~ 3 mm diameter); a very aneaHphthole (< 1 mm diameiei) was
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usedfir V«»”» AglOensmea  d”ieeofprobebeen peaDeHm end Msqw tee

thm HmitvHham widA - MBH f. 11.

The total am«ﬂ_rk*” *«r *—A—k“*k"*»” TM AK P /{6 FK FN\KNFIFFNNKINKNOK/N Whekivk k NO N\ N\
r>Avt«iw»edft>e«ptriiHenialtroik.conae(iuenflynieaiurenieattwerowitriciedlo
Nel 640.2mnfiandienDniberofqwectnllinetatndiedintfaeacanningabaoipik»
expaimenta. FanfaenDaro an enor was made in the design of die gtadally reaolved
atiinertkw f»r** "««*»"dlythetimedieenorw M ieoociitedtfaenieaiaien>enttconld
notbeiepeatedwM itheenorineaperiinHiialinediodooPBCied.

When tneaiarint the ~latial variation of total abaoipdon latBameterofthe
hidlow cathode, eidier the probe beam or the cathode can inp rin ¢~ be moved. The

author choee » move the probe beam became die eogterimenial ananjementcoold be le*

g>more quiddy fi* itniciural reasons. In die experimental method need, aputure A*
w u placed tt different poaitioas across the fan probe beam width to confine die beam to
differentregions of H.C glow.

It would have been much better to move the cadiode sndke” gwtnre Adfixed,
and so keqi constantdie an”es atvridch nys ofthe probe beam passed through the
optical system. The heavy ogierimental lamp vpantns could hsnre been Jacked up snd
down ortiavened laterally on a stmdy catriage. Sdiematlc lay «sgrems wdddi mnstnte
the proUem with the mediod used are rilown in Hg. 13. the idealixed case ofparallel

rays, parallel to the cathode axis is shown in Fig. 13(a). Ahhooghdilferentrgrs(l to S
in diapam) take diffexentpadu tfaroogh the subsequentopdcs, this mqgr be oonected fin

by adinsting the PJd.T. potential so that the deflection on die X - Y reooeder, with the
H.C.I-, twitched o ft was the same fin each position of qwtnre A 4. However, if one
includes a degree of beam divergence (adth solid anjde deterndned by the ftxal length of
L4and diameter of gierture A j) and giatallelitm of probe beam and cathode axis due to
setting « g> error, the problem U giparent - see Fig 13 (b)-. Fendltofrqts isolated by

in dififaent positions ofplane X X do not take similar, patalld paths throuih ibe
H.C. prodndng asymmetric results.

Fig. 13(c) shows the situation ifthe cathode is traversed laterally relative to a
sin” nsrow pencil ofrays. The effea of beam dhrergenoe will be small, and
atssundng the cathode ttawel is accurate, rqr paths relative to the cadxide winbe stricdy
sdfparalld.

\Mth the method used, the asynanetry ofray padis made it difficnltto analyse the
results Bid deduce infiamstion about the radial variation ofthe densiqr of die mftastaMe
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Probe
beam

Plane traversed
by aperture

2) Ideal case-no probe beam divergence or aparallelism
of probe beam and hollon cathode axis

® Situation with probe beam divergence and aporallelism
of beam and cathode oxis

TDirection of cothode movement

© Positions of roy3 relative to cathode QS_the cathode
Is troversed- same aparallelism of beam lod™ cathode

axis os ()

FI6.13 EXAGGERATED SCHEMATIC DIAGRAMS DF
RAY PATHS THROUGH HOLLOW CATHODE



3/D RECORDING OF V/ICHAKACTEBISTICS
Vi cfamcteritiict of the RCU** wm imxded for iliBfDOowing reuons:-

(@) atkm cuoemithe» SiBchanges Indie I/l carves md other obeerved
liw itwvTijitiwewCTBlinlcBdchanfBainVVAchaiactaiaict.

(b) the VAdwacteiistic is aensithre to gai parity. wUdiwaipanicalarty
impoftant in eariy itagei ofthe wuxk.

(c) labaeqgpeiidy the maintenance voltage was roudnelymaniKxed.

A lyttem for tneamring the variation of H.C L. mafaitmanoe voltage with lamp

current (VA d»ar»cteii*tic) wai inccxporated into the powtr wpply circuit- Rg. 1ihowi
adiagram of die drcnit uaed ». The design and perfonnanoe of the H.CL. power sigt*y

it described in sobsecdoo 2/A. When reooRling VA dtaracterisdcs die lamp cooentw u
slowly rangwd and the VVAcharacteristic recorded on the X - Y chart VBOonter. Ih e lamp
cunentw u made to control die X - deflectioo of the X « Y recorder by passing die

cmrmtthrmiih a tv« (Bj) ndiidi provided a mitable potential JUfetenoe
(~ V) to drive die recorder's X -axis inpot

The anode voltage controlled the Y - deflection of die recorder via a potential
dividerCR) and R j) and an cfbetampliiler. The potential divider rednoed the voltage to
alevel (~ V) suitable to drive the recorders Y -axis iiy ut The of&etamplifierwas
used, ofthe very flat natnie of H.CXk VAduncterisdct, to subtiact a portion
of the vcdtage signal ooereqonding to 150V of anode potemial

The VAscales, vrdtage 150to 250 V and corrent (prto 20 or 50 mA). were

calibrated againstthe DAIM. and Avometer, a4*Mting the vafawsof R ,. Raand
anqtlifkr of&et, with the H.CL. rqdaoed by a 20 kQ resistor. The X  axis ii*iit
terminals were provided with Zenerdiodes cotmected to earth to protect die recorder
tnpit « miiHiw In the event of an ancMental open circuitin whidi case die P.S.U. would
deliverthe fiill L5kV.

3/E VISUAL INSPECTION OF GLOW
TheR C ~ow ofthe 15 mm bore et*eiimental lan9 in both oonflgntatioas used,

were ingtected visually and viewed through a direct vision “tectroaoope. >"sual
in~ection of die liow provided usefttlinfonnaiion as the sodden changesin liow

brightness at low currents could be detected. Purtber, the developmentofan annnlar
~Aow ttmctiite at UMM pressure tod cnnent could be obaeived ¢ aee section 4A>. Visual

in“wcdon was also very uaefhl when eHminadng stray (Bachatges in the etqterimental

lan9 inconflgnndionB (aee:”.S(c)). Poaidvecoliimn.stngrdischatges could be
«i"fM niitviniaiiyhpt aha could he detected bvtfaeir effect on the \V Achaacterislic. The
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CHATTER4
RESULTS

4/A PHOTOMETRIC MEASUREMENTS

4/A .1 Spectral Liaca Stiidied
ThewoA wm primarily oooceraedwIdiNe | cecmdlineaalibooghtom ereaite

were obtained forNe H ~lectnIBnetandoneFe | special Hne. A oooglete Hitofthe
cectral Hnea itudied iaprovided in Table 1, riiowiiig triiid i vectral Hniei Wereinchided

fiyfftviyitniach of dre four typea of phommetric experiment

Pmi«dnn (a)lU«y-PmtKani
(b)Mmeaiuretneais

Abfofption  (c) Fabry-Perot icane of probe beam

AnNe | energy levridiagnmi andtableof levde B4, 45] areprovidedin PIf 14 and

TaUe2, . .
The choioe of *rectial Bneiinidied WaSrestricted in both wavdengih and imenaity

bythe rangeofthe PALT. ¢ectial reqwiae, drePM.T. daik cunent and the levdrf
noise. When die Pihry - Perotétalon w u need, its di“waloo redaoed the detected
intensity and eo farther reatricred the choice of ipectiaLlineawbfch could be oaefally

ftodiccL L. - . .
Imerfcrence by dose laying ipectial lines of ipoaered cathode material and, a>a

lesserextenit. Ne H , also eliminated someNe | “Yectral lines from possible stody.

ThepromhrentNel spectral Hesin the "red region of the spectrum, fooauing
foralargem ~M Q 'V «tial eneyo'endtiad. arise Item iiom ic timsidons between the

3p,3p* group of energy leveU and the 3s, 3s' grog> of levels. Conseqoendyan die

results obtained ftom Pibry - Perot scanning experiments and dre nuioriV fic
yi measurements were for grectral Hireswith iransidons between dreae grotcs of energy

The3s,3s' group of four energy levels includes the two metastable states
3s[ V2Eand3s'[V2lo;*® *°™ « ***@*@*** ““ @®fNe | excited state. Spectral
lines with transitions terminaling fatb oth m etastabie and non - m etastable eneygylevds

werestndied. n
\W ihin the constraints described above, the basU on which Ne | cectralH nes

were chosen forstudy were : ¢

Hwiedm<«aniwllirents o ) o
@ B«i»y.PMn«acmt-a wide adectionof roectial lines withample trsnsitkins

betweenthe3s, 3s' and 3p,3p'groups ofenergy levels.
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Ytctrufil X Emission Absorption
Inml  17i Fobry-Ptrot Pobry-Porot  Totol
Fe1 3634
Ncir 3713
NcH 3378
Nel 3600
U 3634
. 4704
" 534-3
5ai
5852
588-2
6143 ¥ y y
630-5 y
640-2 y y Yy
659-9 y
667-8
671-7
692-9 -
703-2 y
724-5
743-8
748-9
626-6 -y
54-5
6334
665-2
6164
618.2

705.9
621.7

‘<‘<'~<‘<\<‘<

TABLE 1 SPECTRAL LINES STUDIED IN EXPTS.






20

X , Level Energy i((gi Level Energy
Inml £ G a ievi
360i) 2a29 1&85
363-4 3P, 4pIW, 2a26 16.85

470-4 5oy 5dm+ 202 2pw 3plH ia38

534-3 4di 4drtC 20.70 2pb 3pin ia38
S4ai  2p.3p'tty 18.97 1s*. 3s»i 16-67
585-2  Zp« (el 18797 1s. 3s"l4i: 16-85
58a2 2Pi 3fkl, 1873 3slitt 16-62
614.3 2p. 3pc%) 1864 1s, 3sPit 16-62
630-5 2fk 3piH 1864 1s* 3slji: 16-67
64a2  ,p| Bptfl, 1as6 iv 3sll:t ia62
659-9 2p 3|5in ial3 1st 3s(K 16-85
6678 2|V 18-70 1s; 3/1« 16-85
671-7  2pf ia67 1s. 3°HIt 1685
692-9 3ply\ ia64 1s, 3irtC iass
7032  2p. 3pl*l 1838 Ist 3«Ht 1662
724-5 2p¢ 3pin  18-38 Isi, 16-67
743-8 2p. 3plu ia38 1s3  3¢llcC 16-72

748-9 g4, 3dut 20-04 2. 3P4, 1838
6266 2pr WA, 18-69 1s 1 3"HC 16-72

TABLE 2
ISOME Ne! SPECTRAL UNES & ENERGY LEVaS



(b) IAmeM omentt - wide otllie iiwc4i'il Hnw with 3pi 3p'—3ii St*
M gtwy M ICfyv ICVCIt*

AbMipdoB Bxpedmeaa o
© IW*y. Ptroticm ofprobebcM - twoMlecw| Bn« wt* tmuhiooi fisomtbe

3p,3p’ N O
lad oce each fiv the two BOB*nieiiftibIB leveli.
Toalebioi|itioBeag>eriinBaB-coBfined.becMieofleckoftimeto

Nel 640.2nmwidiatianiitknfiainakvelofthe3p,3p’ grog? (SptVjls)

@

A/A2
4/AJ(e) Pabry-PerotSouisofEiiielonaiies

ReconBnf oftheproAkeorNe | ~>ec«i«lIHiieieintaedbyH.Cdiedi«ie#
provedintereeitof uUrovededielf-ievenriofiecitdHiieiB” tiwiidiooi
ennbiatiiig in die metastaMe iw e 3s[% 6 .ThU w If-levenal WM fintobeerved widi
a acatodH .C L. iM tm ifiknred by Cidiod c« aikl aobaogiientywMid » eAw toeoial
lang at dUfaent fiU gaa proaauiea (1,2,3, and 5 ion) and ta the two laog

cuufiguradoBa itndied. ) )
The aelf- rovernllim Boiedta Ne 16143 mn, wu obeerved in aUcectral Unea

with <.«.t<a«.«»«c«Ht>infaidtf»/jTg.wiihdieeaoeiitioBofNel SS83nm.No
giecoalUneewidi itaiMittoiuiood>ereneilyl®vetawereobeBvod»ahowtfiif effcct

Aneaancle oflUaei&cth ihown ta Pif 15 (a) cootatataf Pabiy - Perotacanaof
Ne 16403 nm andNe 15853 nm eadned by ihe ejceaimeolBllanca (ooBflf. A) at

1totn itif tinninarinita 3a[V21$ ahowamBritedaelf-
tevenalwhereaadielaiierwifliirBnalitonienntaattafta 3a'l /2]?*bowanoai*nof
revenalL Nel 6403nmwaatoandlohatveihefreateatde*iteofaelf-revaialofan

die qwctral Itaea atndied.

ntay-PtrotacanaoTNel 6403nmemiltedbyaaealedlICL.atdiifcieiit
valnea of lamp cuntota» ahownta H* 16 wiViiaynem gain a*huied ta mal» die
prrfUea of ¢pro«taieiely dw aanie heigta. Aad» lan¢ cuneni la tacroeaed die degrw of
aelf- leveaaal « d ovetalU Une wiVidi tacreaaea alao. Hda ta cooalaaeot with die behawtoor
~iffWMVkitniMtie«erknpiwiaelf* Wvenilendadf-al)eogidoBrfiBeoiiaBceindiadnn

of apAteted oadiode atoma [43,46].

Setf-nvenaloTNe | certndUneawnafcondiobeveay aenaidvetadie
pyj,"rfimwexdx rm(toeedlwroiiraaaain faiiddioroBilide8aaaitat<i6die
fpfremtril v\ Tearsnaneceaaarybefaw e/ «>dncn)ieleaulttoo™ddbe (") lallledmaee
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FIG.15 Nel EMISSION LINE PRORLES
EXPERIMENTAL LAMP (CONFia A)
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1 Torr, S0mA -Smin. aft«r

fill with
640.2 nm frtsh gas

1 hour lattr

-10 T 10 o vinumbtr<r- olnf<
Fiai7 Nel EMISSION LINE PROFILES AFFECTED
BY CONTAMINATION OF FILL GAS

FI&16 Nel 640-2nm EMISSION LINE PROFILES
- AT THREE LAMP CURRENTS,

1 SEALED Ha.



Plg. 17 -. to toct, thed*ree of idf-»vend WM Med Madieck offlU-
gas parity.

The effectofiiiTurides on Ne | ~ecindltoe profiles is describedto the aectk»
oatoapartttos7/E.

4/A.2(b) Id nwasaranants
BN iriM rftyptealiMulisobtatoedftomineasuicineiitsoftfaevariattonofNe |

Ajecmitotensity with hnip canenta» riwwn to Hgs. 18to 21. Results preseroed are
for theeaperimtntal H.CL. to oooflforeiloo A and fin |M pressuresof 1,2,3 and 5
tofT and a sealed HLCL..;eiaBH)lesofresultstor Ne 11 andFe | «ecttal Itoes are
provided to Hg. 22 fcr coroparison. Results obtatoed fct the experimental RCX» to
configmaitoo A and B were veiy sfanflar and only those tor lamp oonfigufatton A are
presented. )

A sB " hyswesls effect WMobeereed when tneasurements were made with the
lanp ourentlampedto both tocreastog and decreasing cunent directions. IU s effect
disgjpeared after protonged lunntog of (Bsctouge “ d results presented are far increastog
current, after lunBtog the lamp to establish steady coodltioa.

The toim ofthe Wcurves was fbundto dgpend on fill gre porigr and results
presented here « e ft* cooditioos of majifannmneon purity. Hie efliBcton Id curves of

Amvtne«uaminaiiontoillallY encountered with the expetimentallsnye
(tff it ttiamtaed to section 7/B on toapudty*"fects.

Tieprinc” featuresofdie Nel W curvesobtain” under high puriQroooditioii,
may be sunxnerired:

0) The inieosity | shows a generally tocreastog Bend with tocreasing lamp

cunentL
01) The I/lcwves of Mectrelltoes with atomic Bansltioosftoni high enagy levels

(Le. 3dand hbove) curve over tending to sattrete with increasing cunent-Bg.

) Nel 360.0nm,Hg. 18.
0U) Incurves of ~ecttnl lines corie"ionding to MomicBansitloos between die

3s, 3s" and the3p,3p’ groi” ofenergy levels, with the excquton of
3p'[V~ Ip. are approidmslely linear with an igrwardcuTvanire
-Eg.Ne 1 58821101 Fig. 18.

ov) Id curves of B?ecirri lines with transittoos ftom 3p’ (V2Io (whichis

of sigoiflcaiidy higher energy than the rest of die 3p,3p"' group) are similar to
those fcr the rest of the group but offtet at low current-Eg. Me | S8S.2niii,

Pig. 19.
(v) ArW|h«mgM pressure M curves for spectral lines with BanslttoM between the

55



IFIG.18 1/t CURVES OF Nel LINES
' EXPERIMENTAL LAMP (CONFia A)



FIG.19 I/<- CURVES OF Nel LINES
EXPERIMENTAL LAMP (CONFIG.A)

S 1



06.20 1A CURVES OF Nel LINES
EXPERIMENTAL LAMP (CONFIG. A)

Si



FI6.21 1/i CURVES OF Nel LINES
EXPERIMENTAL LAMP (CONFIG. A)



F1G22 I/i CURVES OF Nel & Fel LINES
SEALED Ha.
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Fie.23 Nel LINE PROFILES RECORDED IN

FABRY-PEROT ABSORPTION EXPERIMENTS
il



FIG.24 Nel LINE PROFILES RECORDED IN
FABRY-PERDT ABSORPTIDN EXPERIMENTS

Ut



nG.2S NelLINE PROFILES RECORDED IN
FABRY-PERDT ABSORPTION EXPERIMENTS
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3», 3i' and 3p, 3p' poaptoflevcU develop a "hung>" at about
6 mA - Me Fig. 21.

IncontraatioieaultsfocNe I ¢ectial lines, Y1curves for Nen ~jectral lines
are in gcnenl straight lines passing thiouiJi the origin. W curves for Fe | g>ectnl lines
of sputttred cathode material howevttexWbh strong curvature. They ate tangential to

the current axis near the origin and riM steqtly at higher currents - see Hg. 22.

4/A.2(c) Fabry-Perot Scanning AbaorptfooMeasarements
Typical probe beam, grectral line profiles, recorded with the H.CL. switched off

and with it running are shown in Rgs. 23 to 23.
Some general features of them results ate:-
Q) The profilesof Nel 640J and 614JnmH>cctial lines wi* transitions

terminatiiig in the metastaUe state 3s [V j g show evidencerf strong

absorption by die H.C discharge - see Rgs. 23 and 25.
(;1) Spectral lines with transitions terminating in odier energy levds of die 3s, 3s'

group exhibh (eg. Ne I 585.2 nm) less jnonounced absorption - see Rg. 23.
aii)  The spectral profiles for H.CL. fill gu pressuresof 1,2 and 3 torr are similar,
indicating that die degree of absorption (and hence die population of absorbing

atoms) varies litde with fill gas pressure.
Gv) Profilft"vv»riivtadribitaptooouncedsaturationofdied”teerfabsotption

with increasing H.CJL current
(v) TTicprofileof dieNe | 640.2 nm spectral line emitted by die primary source

was broadenedand hasaslight ~ near die peak indicating dial some self-

absorption by 3s[Va]S nietastable excited neon atorns occurred within die

miciowave excited E.D.L. - sec Rg. 25 -.

4/A.2 (d) Total Absorption Measurements
The measurementt of probe beam total absorption of Ne | 640.2 nm, carried out
were of two types

@) full aperture
(b) limited aperture measurements intended to adiieve iatialresttiutioo.

Forreasons described in the jBjgierimental section 3/C. 2(b) the latter measurements were

unreliable and will not be presented,
The former measurements 0ftoad absorption were made with the same optical

Krangement U the Fabry - Perot scanning absorption measurements and are useful for

ocxnparison with these results.
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Spectral abacnbance (ffvea by log whbere I(i) ii the total Hoc intenaQr),
1(i)
is usually assumed to be propoitional to die number density of absoibing atoms.
Measurements ofMlectral absoibance are mudi easier to both recced eaperimeatally and

analyse, measurements erfabeoqnira coefficient Consequently, investigations of
the variation of excited atom number densities are often made via measurements of
spectral absorbance, tbough absolute number densities cannotreadily be calculated from
abstxptance.

Typical results of the total absorption experiments are provided in Hg. 26. In
these figures the detected intensity of the probe beam Ne | 640.2 nm spectral line is

shown as the experimental lamp current was increased from the minimum value that
would sustain a stable disdiarge to 50 mA. The detected intensity with eigierimeotal

lang) switched off, ndiich provided the reference  m 0) intensity level with no
absorptim, is indicated.

Notable features ctfthese results are:-
@ Slow change in transmiited probe beam spectral intensity with langicuirent

(b) y4?ralminimntn in transmitted spectral intensity in low currenticgkui at 5 torr.

4/B y/i CHARACTERISTICS
The vdtage/current characteristics of die esgicrimental H.CJL in configuration A

with fill gas pressures of 1,2,3 and 5 torr are shown in Rgs. 27 and 28 and that <rfa
sealed langi in Rg. 29 (Note that these gngihs have an e"MUided vdtage scale with die
origin not shown). The V/I characteristics of the experimental H.C L. in configurations
A and B were very «»nil«’and only those for configuration A are presented.

Hysteresis effects were noted as in the Rmeaaurenoents and results were not
reproducible until the lamp had warmed - up and stabilired.

Rincqgial features of the resultsare: -
@) Thepronounced flatness of the Vfidiatactetistics. The mainterumoe voltage

typically dianges by no more than a few percent over the main zone of the
chaiacteristic 0.e. current above ~ 5 mA), »addlethe lamp current increases many

times.
(b) The maintenance voltage and VVAcharaceristic form vary litde with diffoent fill

gas pressures.
(c) However the VA characteisitics develop a small bung)’in the low current region
as fiU gas ynessure is increased - see Rg. 28.

65



F16.25 VARIATION OF PROBE BEAM SPECTRAL
INTENSITY WITH EXPERIMENTAL

LAMP CURRENT
u



Fia27 V/< CHARACTERISTICS OF EXPERIMENTAL

LAMP (CONFIG. A)
67



FIG.28 V/i CHARACTERISTICS OF EXPERIMENTAL
LAMP (CONFIG. A)

(>8



FI&29 V// CHARACTERISTICS OF SEALED Ha.
SHOWING HYSTERESIS EFFECT

FI6.30 1I/( CURVE OF Nel LINE AFFECTED BY
CONTAMINATION OF FILL GAS



4/C SPECTROGRAPHIC EXPERIMENTS

Copies of spectrograms of die experimental H.CJL. emission made widi quartz
and prism spectrographs are shown in Hgs. 31 and 32. Spectrogr™hs shown in
Rg.31 wererecorded when the H.CL. fill gas was contaminated and Rg. 32 under
conditions of maximum gas purity.

Molecular bands may be seen in die spectrogram of the contaminated lang). By
congrarison widi standard molecular spectra [41] the bands were identified as being
predominantly due CO and CO* and to a lesser extent OH and R No Oj or Nj bands
were dftfctrd. inHiraning that the contamination was due to outgassing and not a real

leak.
An additional notaUe difference between die medium quartz g>ectrograms

recorded nndf«-‘clean" high purity conditicHis and contaminated gas conditions is die
strong quenching of Fe grectral lines <fsputtered cathode atoms, most noticeaWy in the
ultraviolet spectral region, by gas impurities. The effects ~ fill gas impurities is
discussed further in section 7/E .

4/D VISUAL INSPECTION OF GLOW
The R C glow in the experimental lanp was visually inspected over die fiill
curnentrange (0 - 50 mA) and with fill gas pressures of 1,2,3 and 5 toer. Some gmeral
features of the glow appearance and its variation with discharge conditions were noted: -
@) In die low current range of a few mA the colour, brightness and distribution of
the glow changed rapidly as lamp current was increased.
(b) In the higher current range above about 5 mA die ippearance of die glow was
very stable, showing litde change as lamp current was increased.
(c) At low current the glow was confined to a central cylinder of reddish colour,
which suddenly brightened in «dour and intensity as current was increased, and
grew to fill die cathode hollow exeqx for a narrow dark giace near the cathode

walL

(d) This rapid change was accompanied by a jump in the Iri curve and a'bump'in
the V/i characteristic - see Rg 28.

(e) With the RC .L filled to low neon pressures of 1and 2 torr, the glow in the
stable current range was uniform up to the dark space.

(0 Atfill gas pressure of 3and 5 torr die glow had an annular bright region near
the cathode and the central region was less bright and reddened in «dour. This

was more noticeable at 5 tmr than at 3 tonr.

70









CHAPTERS
THE INSTRUMENT FUNCTION OF THE FABRY -PEROT

INTERFEROMETER

5/A INTRODUCTION

Recofxfing of the instrument function (LF.) of the Fabiy - Perot interferometer
was necessary for optimization of the etak» adjustment (see 3/B.S (b)) and was required
for the synthesis of spectral profiles corrected for instrumental broadening (see 6/A).

The LF. ofa Fabry - Perot interferometer dg>ends sensitively on a number of
parameters and is subject to considerable variation with even quite small changes in some
cithem. A study was made of the intetferometer LF. and its dependence on the different

parameters investigated.

S/IB THEORY
S/B. 1 Instrument Functk» Definition
Any g>ectrometer may be aiudysed into three main elements: -
(i)  Adispersing element, combtiting wavefronts of differing phase retarded by optical
d~th A whichmay be varied by means  a control parameter i/
fii)  An optical inoaging system ofoveralltnuismittai>ce.( including the dig>ersing
element) 't'(o" ).
fiii) A detectorof sensitiviiy D(0~)
(where <r represents wavenumberin m* )
The recorded g>ectral profile is a gngih of the variation of detector output witii
changing values of die control parameters over some interval.
If the spectrometer is illuminated with radiation, with a distribution ci intensity
with wavenumber 1(<r) ,then the recorded profile value Y (y) isgiven by

Y (y) =Ji(<r) T(<T)D(<r)G(<r ,).N)d«r -(5.1)

where G( o',V ) is the Green's Function describing the relationship between the
dispersion and tte control parameter space.

If the optical retardation varies linearly with changing control parameter and the
Green's function is invariant over the range of the spectral distribution and V issuitatdy
scaled in wavenumber units then eq. 5.1 may be expressed as the convolution integral

Y (0-') «=/l(0-)g(0-"-<r)do- -(5.2)

where g(o'"-0") » X"(0")D(0")G (0", V)
is die instrument function d the spectrometer, and or ' is die scaled control parameter.
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If the sotnce illumination is monochromatic radiation of wavenumber (Tq, dien

I(O') isanimpulsive distribution

where <X ii/Ko-ldtr , isthesourceluminanceand ~((r -o-q) isthe

Dirac S - function.

Then Y(0” ) lo- «0-» g(<r'-0-0)

and hence the instrument function g(o” -<ro) s the profilerecoded wi* unit

source luminance.

5/B. 2 Theory of the Fabry-Perot Instrument Function
5/B.2(a) History of theory

The theory  the Fabry - Perot IJ*. has received considerable attention fijoma
number of workers [see 47], notably by Jacquinot and various co - workers [48]. The
salient features of the theory of the LF. rf the ideal and practical case may be outlined as

follows.

S/B.2(b) ldeal Case
In the ideal Fabry - Perot the digtersing element s an etaltm consisting oftwo

plane parallel partially reflecting surfaces of infinite extent 1f one surface of the étalon is
iUuminated by sparaUel beam of monochromatic radiatiootrfwavenumber <T  and
intensity I, incident at angle of incidence i .

Tten die intensity of light transmitted by the étalon F(<r) given by the Airy
function

-(5.3)
° (I+A/T)N(I+fsin2")£'/2 )
where f= A
TH'er
A= 2it<rA , the phase diange due to optical path retardation

2tncosi
andR,AandT are the surface intensity reflectance, absorptance and transmittance

respectively, t is the separation of the étalon surfaces and n is the refiactive index of the
intersurface medium.

Ifthe surfine reflectance is high, the Airy fimetion is a "comb" of evenly spaced
sharp peaks which occur when <rA assumes integer values N and - 2k N,
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where N isthe crierrf interfere«*. TV width of tbe peaks at halfm ax”
. is most cooveniendy expressed in terms of the finesse F d e ~ as the redo between
the inter-Olderspacing A 'f «2*  andthewidth

F -

11 N

(1-R)
It should VV noted thatin this ideal case, the finesse depends only on die surface

jtflectance. and may V more correedy termed the reflectance finesse
If the critical retardation is fixed, the étalon transmits radiation of narrow ranges rf
wavenumber centred about successive, evenly spaced values
OF Dot 2% eee®" jr ywhere  j=1,2,...
P - (5.5)
satisfying <rA = N
The difference in wavenumber between successive orders of interference <r - <rj
is termed die flee spectral range, and conventionaUy denoted (somewhat confusingly) by
A ¢ .Fromeq.5.5itfollowsthat/i(r isgivenby

A<r - -i-
A
Conversely, for a fixed wavenuinber of inoochromatic mumination. if the optical

retardation is varied the étalon wiU transmit radiation for narrow ranges of optical
retardation centred on successive, evenly spaced values A ., Ajtj

where j=1.2.3.... satisfying eq (5.3). with
A>i - Aj = A

When the étalon is used as the digiersing dement of an interferometer, the
radiation to VV spectrum analysed is limited to a wavenumber range less than Aor.and

the optical retardation is varied via a suita\We control parameter. The optical path

retardation A = 2tncosi may V varied by changing any of the three variables t. n
ori. and in the pressure scanning interferorneter the reftactive index n of the gaseous

intersurface me(lium is varied by changing the gas pressure which is the control

If the control parameter V .is scaled so that the difference in value of the scaled
parameter <r’.between successive orders of interference is A o- . tiienthelJ. isan

Airy function
(«mej - A(»")

(I +A/T)M(I+fsin*(Jt<r’A ))
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ofwidth  w A -

and nuudmum value

TT+a7tF

5/B. 2(c) Practical Case
In a practical Fahiy - Perot interfcrooieter the situation is con¢gUcated by a number

of «Atirirmiii factors so diat the instrument fiinctioo dqraits significantly from die Airy
fiincdoo of d» ideal case and die finesse achieved in practice is less than that calculated

fiom die reflectance (rf die étalon surface.

In the singlest and commonly used practical arrangement (also that engloyed in
die wOTK), a pinhde rgerture at die focal point ci a collimating lens on the optical axis,
notiiial to the étalon, lirints angles of incidence to a smaU range around zero (an annular

apenan is possible in princ”le, butrarely used in practice). Consequently die radiation
falling on the étalon is notincidentat a fixed angle (i - O ) but a small range of angles

determined by the diameter of die apeiture and die focal length of die lens.
Also the étalon surfaces are not perfectly flat or parallel, hence the surface

Sfpar«tinn is not fixed but varies slighdy over different regions d die étalon.
Furdieriiioie die surfaces are not of infinate extent but lirnited to a finite area, either by

the size <fétalon Ormote usually by a circular gietture placed on axis, near it
Ifthe situation is considered in which die finesse is limited to a value, the giertute

finesse Fa . much less dian that calculated from die reflectance, only by die range of
angles of incidence. Then the I.F. is rectangular and the icerture finesse
given by Fr o= -iS -
n N |

where O is the soUd angle subtended at the centre of the collimating lens by the pinhae
aperture.

Considetin” the case where the finesse is lirnited to a value Fp mudi less than the
calculated refledance finesse, only by the range of values of étalon surface separation.
Then, if the range of values of surface separationandt is i t,the finesse Fj, is given

by , where m (5.11).

The formofdiel.F. ® (o0 ") dependson the nature of the source of

variation of surfece sqgiaration. Three sources of variation can be identified.
(i)  local departures rf the étalon surfaces from plane, due to small, randomly
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Oi) Non-local deptrtures of the ealon surfaces 6oni plane due to figuring

exror, e.g. a slight curvature ofthe surfaces. )
ciii)  y"wnallelismof the étalon surfaces due to initial setting error or teogerature

_variations. . o o
Consider each source of variation <rfsurface sqtaration in turn, assuming it to be

* e only source trfvariation present Randomly distributed defects can be ejcected to

give rise to a Gaussian form for :2 > «r"), figuring error a form depending on the
wmire of the figuring erim and aparallelism a non - syinmetrical fonn corresponding to

die LF. of a circular section of a wedge of small angle of inclination.
If congarable contributions to die variation of the surface separation are made by

the three sources, then X> («" >wifl be the convolution of functions representing

the effect «rfeach sgiaratc source. . .
Sirriilariy. in a practical interferonneter all of the above effectt wiU contribute to the

observed LF. which wUl be the convolution of functions representing each of them, so
that a<y’) = A -2) i®" )

and the observed finesse F will defend on the finesse factors Fr.F~ and Fd inamanner
dependanton the formof 7F « t’) and 2 ) «T'). TTiisis excluding the
possible effects of aperture dif&action and finite etakm area.

To evaluate such a convolution for the general'case is very difficult, though
calculations relating the observed finesse F to Fr , Fa andFo have been carried out by
various workers for some simpte cases [see 47 and 48]. TTieauthor feels that aUthat can
be stated with a measure of certainty about the general case is; -

(i)  Fislessthanthe smallestofF j, Fa andFp
Oi) Fis ptobaHy greater than that calculated fiom
1 - 1 + 1 + 4-

F Fg Fa Fp
fiii)  if one of die three separate finesse parameters Fq (say) is much less than
die pther two then
'F - Fd

and g(<r') =

5/C Empirical Investigation

Becau” ofthe involved nature of a fiiU theoretical description of the LF. of the
Fabry - Perot interferometer Uis not possible to calculate what die LF. of a given device

wiU be. exceptin some linnting cases. The LF. of the interferotneter used in the work

was measured experimentally, and its dependence on some variable parameters of the
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was measured experimentally, and its dependence on some variable parameters of the
instrument investigated.

The Fabry - Perot étalon, used with a 6mm g>acer, had quoted flatness of A /I
with reflective coatings ovtx regions of 35 tnm diameter and measured reflectance

93% [43] at a wavelength of 700 mm with 140 nm bandwidth. The I.F. wasrecoded at

a wavelength 0f 632.8 nm by scanning diffused émission of a mode - stabiliied He - Ne
laser which acted as a near ideal monochromatic source. Details <fthe praciical

interferometer arrangement and how the LF. was recorded may be found in Section
3/B.5; Rg. 10 shows a schematic diagram of tire interferometer.
ente&eespectralrange”io- .reflectance finesse F* and "limiting" finesse due

to surface defects F p. calculated for the instrument fitom die above values, were:
AN =833 m*
F, - 433
and Fp =70
The finesse measured in practice, could vary widely, fiom as Uttle as 10 to as much as
40, depending on the values of several variable instruments parametas, namely:
(i)  The diameter of the pinhole jgrertureAj.

fii)  Thediameter ofthe iris iqgwtureAi limiting the effective étalon area.
Qi) The orientation of the étalon, relative to the optical axis of the imagmg

system

(iv) Thedegree of igrarallelism of tire étalon sutfeces

11« values of these pararnetos had to be set empirically when adjusting the
interferometer for use. and the effect of varying them was examined in order to assist the
setting of optimal values. Exarrgrles of experimental recodings of the I.F. showing tiie
effect on the observed function of varying each of instrunaent pararrieters in turn, are
provided in Rgs. 33 to 37.

An immediately noticeable feature of these I.F. recordings is the sensitivity of the
observed I.F. to,imall change in étalon orientation and degree 0i parallelism. Hg. 34
shows the effect of changing étalon orientation and Rg. 33 changing depee <f
paralklisin. Tlie marked change in the profile shown in the figures correspond to sniall
changes of position of the adjustment screws contntiling the two instrument parameters.
The sensitivity to changes in étalon «ientation is fiirtiier illustrated in Rg. 38 where
merely tightening the nut locking tiie adjustment screw can be seen to have a significant

effecton the | .F., and allowance had to be made for tiiis.
In addition. UU evident that as the étalon orientation or degree of parallelism
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departs further from optimum adjustment, the L F. notonly reduces in peak height and
increases in width, butalso becomes progressively more asymmetric.

The LF. is however, much less sensitive to changes in the diameter of the pinhtAe
aperture A j, and die diameter rf the iristgerture A i limiting the effective étalon area.
Increasing die diameter ofeitherigeiture dearly increased the U "t flux ttansrmtw| and

consequentiy the peak heightofthe IP.; however die width and s h ~ ofthe LF.

changed much less signifrcantly.
When a series ofpinhde giertures were used, the diameter increasing by about

0.1 mm between each igertute, the instrumental width was unchanged until apertures
larger then about- 1.2 mm. whereafter die LF. slowly broadened with the profile
remaining symmetrical. Fig. 36 shows two recordings of die LF. with diameter of
aperture Aj of 0.78 amd 1.50 mm. detector gain having been adjusted to give similar
iiMghK  The étalon adjustment was near optimal and the effeclive etakm diameter

limited to 10mm.
The effect on the observed LF. of increasing die effective étalon area by varying
the diameter of *xatute A j, depended on the degree of aparallelism <rfthe étalon

surfaces. Increasing the aperture diameters generally increased the widdi of the IF ..
however the rate of increase was greater the more parallel the étalon surfaces. The

profile also tended to become asymmetric with large apertures if the degree of parallelism
waspoOT.

This dependence may be seen by coocaring Fig. 33 and 37. Fig. 37 shows
recordings of die IF. with aperture Ai diameters of5 mm and 30 mm with near
optimum adjustment of paralleUsm and Fig. 35 shows similarrecordings but with poorer
parallelism adjustment (detector gain adjusted).

5/D Comparison of Empirical LF. Results With Theory
The first question to consider is how well the measured values of finesse
calculated fitom F = (5.12)

can be explained in terms of the finesse factors related to reflectance, flatness and

aperture, given by
-(5.13)
E- -
" 1-R
-(5.11)

-(5.10)
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fa OTderto do this an estimate of the likely error* in values of finesse mutt be made.

The measured values of finesse given by eq. 5.12 will be considered first .The
fiee spectralrange A C a>uW be determined, by measuring the spacer fakkneM,
much more accurately than the wid* ofthe recorded I.F. S<r, hence *e carorin *e

observed finesse was dominated in ]
wid* £cr could bedetenninedto - + 8%, so that the finesse could also be

determined to about - * 8 %, equivalentto ~ + 3 in value.
The likely em»s fa the values calculated fwF~ Fp andFy”* .givenbyegs.
5.13,5.11 & 5.10WU1 be amsidered next It should be noted that the expression

n-jR .ovine the value of F» , is very sensitive to smaU etOTS fa R if the value of
1-R

R is close to unity, as itis in a Fabry - Perot étalon. If R =0.93, then achange of+ 1%
in the value of R results in a change of ~z 15 % fa the calculated value of F*

corresponding to a change fa valuetrf ~+6. .
Accurate detoeninatioos < freflectance are difficult to achieve; the reflectance rfthe

était» surfaces used fa dre wrak had been measured on giccialired coinmercial

equipment, some time before, by a previous woricer [43] A  could notbe readily
repeated. Any smaU error in these measurements OTchanges due to ageing, would cause

a considerable error in the calculated reflectance finesse. Hence die value of reflectan«

o0f43.3, calchiiat«vl for die étalon, should be considered an estimate o f uncertam

accuracy.
The likely error fa die value calculated for the aperture finesse Fj* given byeq.

5.10 on the error fa the value of solid angle |1 subtended by the pinhole
Alerture. The distance between the gietture and ctJlimating lens could be measured to

~+ 1 % and the mean “lerture diameter to - + 2 %, giving an error estimate fw F/
of ~+5%0T-+2invalue.

As the Fp (- 70) calculated from die manufacturers quoted value of
flatness( X /150) was much greater than the reflectance finesse, errors in its value
had litde significant effect

To diteedy coacare measured values oi finesse with calculated values,

configurations of the instrument mutt be considered where die finesse is dominated by
one parameiCT only and is hence iilproximaicly equal to the finesse factor corresponding

to that parameter. Widi weU optimized étalon orientation and paraUelism, and small
effective étalon area limiting the effects erfany residual “laraUelism. die finesse will be

determined by the relative magnitude of FA and F /. Flatness finesse F” is much larger
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dun F* and has little effect.
The diameter ofpinhole ~eftore Aj which givesavalue of *«ture finesse

=43, equal to the calculated reflective finesse, is 1.1 mm. If a pmhde dumeter less

dun 1 inmis used, that the finesse can be esqgtected to be gtpiownaately equal to Fr .

The observed finesse in these cneumstances was - 45, in remarkably good agreement
widi calculated value of reflectance finesse of 43. given die uncertainty in the calculated
value.

If igierture diameters largerdun ~ 1.1 mmare used dun the finesse may be
expected to be liipioximately equal to F j. This is in leasooa\We agreennent with that
which was observed in practice, where hroadening <fthe LF. was noted if iqurtines
largerdun - 1.2mm were used. However the finesse measured, when pinhole
diameters larger than 1.2 mm were used, tended to be larger dun the calculated value of
Ry* by an amount more dun would be e”iccied fiom du estimated errors. Forexangle,
the recording of LF. shown in Fig. 36 for a diameter of 1JO mm has a corresponding

measured finesse of -33+ 3, but the calculated aperture finesse was -23+ 1. As
dieoty indicates that the overall finesse is always less dun the smallest separate finesse
factor, this observation was initially puzzling.

analysis rrfray paths however, suggests a posable explanation. Aperture
limitation after du étalon, causes a greater proportion rrfrays with largea n ~ of

incidence at the étalon not » reach the detector than with snaall angles of incidence make
a greater contribution to the detected intensity. As a result, the finesse is not degraded as
much as would have occured with no aperture limitatioo after the étalon.

The dependence of the observed LF. on the degree of etak» aparaDelism is fully
consistent with theory, and the fact that the variation of du LF. with effective étalon
aperture also dqundedon the depee of étalon aparallelism may be readily ¢~ lained
The range ofvalues of étalon surface squration, caused by quraUelism of du surfaces,
increases with increasing effective étalon diameter. As aresult, the width and shqu of
du LF. is more influenced by aparallelism the larger the effective étalon qurture.

The sensitivity of the shqu and width <rfthe trirserved LF. to small errors in

étalon orientation has not been addressed in the theoretical treatment (outlined above), as
ftr asdu author is aware. Analysis ofray paths however again suggests a possible

exjdanation. When the plane of the étalon is inclined at some angle to the optical axis,

rays suffering successive reflection between the étalon surfaces will be progressively
disjdaced further fiom the axis, and fiiully rruhe no contribution to the detected

intensity, because of the Kmited effective qurturc. The loss of these higher Older terms
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LF. of «tors in étalon orientation and paialleUsm. producing both broadening and
asymmetry, would seem to confirm this.

5/E Choice of Instrument Parameters Used

The choice <finstniment parameters used in practice, depends in parton the
performance desired in a given application. The resolving power, Ught transmittance and
wavenumber invariance of the LF. are interdependent factors, the relative importance of
which can vary considerably. As the finesse, which determines resolving power for a
given fiee spectral range, is very sensitive to the orientation and degree of parallelism of
the étalon, the adjustrnent of the parameters have to be weU optimized to achieve high
resolution. However increases in finesse gained by reducing either aperture A, or Az
must necessarily entaU loss of Ught transmission, a serious problem when dealing with
low levels of intensity.

Invariance of the LF. over a range of wavenumber values was a desirable feature
because the LF. could only be measured at one wavelength, that of the mode stable He -
Ne laser available, but knowledge of the LF. was required over a range of wavelength
values, in order to correct observed spectral profiles for instnimental broadeningJ f the
finesse was dominated by reflectance, then because F~ is very sensitive to small change

in R, any sUght variation of reflectance with wavelength (a smaU "ripple" for exan”le)
would cause the LF. to vary rapidly with changing wavelength making profile
corrections irrcossiblc. Rnesse contributions corregxmding to other parameters can be
expected to vary more slowly with changing wavelengths.

The diameter of pinhole aperture Aj was setat 1.16 mm for routine

measurements. This value was chosen from the sequence of apertures, as it was sUghtiy

less than the value at which broadening of the 1J. was observed so that Ught
transmitted was the maximum possible with no loss of finesse. In addition the aperture

was sufficiently smaU so that the Ught accepted by the instrument was limited to a smaU
region of the source image.
The maximum diameter of the effective étalon aperture A, was limited by tiie

diameter of the coated regions of the étalon plates to 35 mm. The value used for routine
measurements was 30 mm, setby the diameter (rftile iris aperture A j.The bestchoice

of value of diametrt A, was not straight - forward however. The desirable features of

high resdution and high Ught transmission are naturaUy conflicting but tiie situatitm was

further congUeated by the effect of smaU errors in the adjustment of étalon paraUelism.
a j—e— Amissjon was
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further compUcated by the effect of smaU errors in the adjustment of étalon parallehsm.

Optmrizatioo of étalon adjustment by the methods of scanning User emission was
verytimcconsuniingandoptinriiationofpaiaUelismpartiaiUrlyso. Onceetalon
orientation had been set. the adjustment was stable; thU was not the case however, with
the adjustment of étalon paraUeUsm. Because of the extreme sensitivity of the LF to
small changes in the degtee of paraUelism of the étalon surfaces and die limitations of the
Unkages. vU which the tension of the leaf springs and so die paraUelism of the étalon
surfaces [sec section 3/B.5 for detaUs] were controUed. the optimization of paraUelism
adjustment was a slow process. In addition.die adjustment of paraUelism once set. was
not stable but tended to drift out of optimal adjustment with time, particularly when
fluctuaticHis in ambient tcn”ierature occurred. The most likely reason for dtis drift in
paraUelism adjustment, was differences in the temperature coefficients of the stiffiiess of
the three leaf springs causing uneven changes in the tensions of the springs. But
whatever the true source of this drift, it was a serious problem, as reoptimization of
paraUelism to<* a long time and the mode - stabte laser was avaiUWe for a limited
period. Reducing the effective aperture of the étalon, reduced the effect of smaU errors m
paraUcUsm. so increasing the period for which interferometer could be used before the
étalon parallelism had to be reoptimized.

An additional consequence of the tendency (rfthe pataUclism adjustment to drift
was that the I.F. had to be recOTded beftwe and after arun of measurements to ensure
that it had not changed appreciably due to paraUelism drift. This was important when
carrying out the Fabry - Perot scanning absorption experiments where cotrecoon of
spectral profiles for instrumental broadening was required.

Use of tile maximum possible effective aperture diameter of 35 mm was found to
produce unacceptable sensitivity of the I.F. to paraUdism drift and use of apertures of
diameter less than - 25 mm caused problems <finsufficient Ught transmission with
weaker spectral lines. The effective tgiertute diameter of 30 mm was chosen as an uneasy
compromise between the factors.

Fig. 39 shows a typical recording of the LF.. over two orders of interference,
with the above aperture diameters and optimized étalon adjustment The measured
finesse for tfiis recording is - 30 typical of values obtained during routine experiments.
Rg. 40 shows a typical recording of the I.F. over one order of interference exhibiting
residual asymmetry due to a smaU error of étalon adjustmentThe finesse for this
recording is however - 30. If the measured finesse feU bdow - 25. paralleUsm
adjustment of the étalon was reoptimized.

As the value <ffinesse for routine measurements was significantly less than the
calculated reflectance finesse and so dominated by setting errors. smaU changes of
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CHAPTER6
ANALYSIS

6/A FABRY -PEROT ABSORPTION MEASUREMENTS OF
EXCITED STATE NUMBER DENSITIES

6/A.1 Theory of Method

Mc*ods usuaUy used [5.49] to detcmrine number densities of excited atoms are
based on one of the roedwds described by MilcheU a«i Zemansky. AU of these methods

contain various assumptions as to the fonn and stabflity of spectral line profiles and are
jBooe to systematic oior. The me&od used in tiiis woric. developed from tiiat engjloyed

by Janett and Frankin. and Gibbs and Hull [51.52] to measure atomic number densities

in «xo» metal vt*wurs, avoids these uncertainties by detennining number densities of
absorbing atoms from measurements of die absorption iHofiles. The abSOTptirm line

profiles are calculated from Fabry - Perotinterferometric measurements of primary
source and transmitted spectral line premies.

The observed primary source and transmitted line profiles(  O")and!,,(0")
respectively) are given by:
V<r)- JF((T-)g(o--<r’)do-' «j-1)
V(o-)= Jf(rr)expl-k(<r')I]g(o--0-")do’ (6-2)
and die apparent absrxption coefficient (k*(cr)) by
KA((T)- TEIn[1L(<1)/V(0-)] 63)
where f(0"”) is the primary source line profile

g(o-") the interferometer instrument function
k(o") the true absogition coefficient

k~(<r”) the apparent absorption coefficient

1 die absorption path length

and the wavenumber.

Tr?e number density of abstwhing atoms (N ) is given by :
N - 8nit,c Jk(<ndo-
it "2
where gi s the statistical weight <fthe igiper energy level
gj the statistical weight (rfthe lowerenergy level
the central wavelength of the giectral line

Ajj the transition probability
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and ¢ the jpeed of light N
In orfer to suberimtc in thisexpre«oo to deicnmne N. the tnie mbfofptioo pio”

wo-)mustbeobt«nedfitxnthcob*ervedpeofilerconec«dfbrtheef£fe«orn
intcrfeiometer instniment function. Hiis iwpiiies solutioni of uttegnl equations 6.1 and

6.2 which can only be obtained after coosidetaWe da» processing.
A prcliimnaiy gngthical analysis was earned out on some <f*e results in which

effect of the instrun«« fimetioo was ignored, and the absorting atom m

using die igiparent absorption coefBaent given by eg. 6.3incq.”. m
Justified as the instnnnentfimction is namiwcompBedtotheobm rvedp”
hence the true and apparent absorption coeffiden» are approximately

»

JKJ.  Graphical Anpalysia N .
( I>noting the estlmgte of N. calculated ftom daa uncorrected ft» the interferorn”

instnunent function, by ,dien
N. = ¢x iVo-XkJ- (65)
where CX- 8xgaC
Ki M2

Tl.e apparent absorptk« coefficient was calculated ftomrawim #
rtknn fifteen evenly spaced points « « « the spectral profik and a greph of
plotted against wavenumber, a was found that points near the "wings ° f* * * j« »
lines, where intensity values were small, gave rise to divergences and were not plotted.

(divergences are discussed in detail in section 6(A-3 (a))
The area under the curve was found by counting squares of graph paperand N,

calculatedusingthisgrigAicalestimateof ik,«r)do- «uivalues ofatomic tr«isition

probability obtained ftom data published by the National Bureau of Standards [53). Hus
was a laborious process and was only carried outon a lirnited number of the results.

Rg 41 shows a typical graph of apparent absorptioo coefficient against
wavenumber plotted for Ne |1 640.2 nm (2 tore neon pressure) and Rg 42 a graph of the
estimated number density of neon atoms in metastableexdted state 3s [V, g . «g«in«
iMip current (calculated ftom Ne | 640a nm. 1toreneon pressure). Table 3 gives the
cstiniated nurnber density ( - + 15 » ) of atoms in metastable state 3s [V S

(calculated ftom Ne | 640.2 nm results) at a fixed lamp currentof20mA. for 1.2 and

5 torr neon ?ressure. . . o
The strong saturation of the rnetastabte atom populatioo with irkKreasmg 1 »
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FIG41 PLOT OF APPARENT ABSORPTION COEF-
FICIENT AGAINST WAVENUMBER

FIG 42 PLOT OF NUMBER DENSITY OF METASTABIf
STATE  3sP/af AGAINST LAMP CURRENT
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NUMBER DENSITY OF ATOMS IN 3sW» AT
20mA & THREE PRESSURES, GRAPHICAL

ANALYSIS  (x~15%)

NUMBER DENSITY OF ATOMS IN STATES OF

3s,3s' GROUP AT 2 TORR & 20 mA,
GRAPHICAL ANALYSIS (+~15 %)
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current ami its lack of sensitivity to ffll gas pressure U ~)paienL The gngAically

estimated number density of atoms in state 3s [*212 cakailatetl from Ne | 640"nmis

- 2 X10” m** fora wide range of discharge conditkms.
Whwiihe number density (at 20 mA) of atoms in this state is estimated from

lesultsforNe | 614.3nm.avalueof-4 x I0” m’ isobtained, which isiwsonablc
agreement bearing in mindtile poor accuracy to which atomic transition probabilmes ate

known and the rough and ready nature of this grgihical treatment of the analysis.

The number density of neon atoms in the tiiree other exdied stales in the 3s, 3s'
group were also gngihically estimated and tiie values obtained (20 mA, 2 torr neon
pressure) shown in Table 4. The estimated number densities are of tiie same order of

magnitude as that of 3s but smaller by factors between 2 and 10.

6/A3 Computer Aided Analysis (Method)
6/A.3(a) Methods Review

An analysis (rftiie results, taking into account the effects of the instrument
function, was carried out with the aid of a digital con?)uter (DEC, DEC -10). In order to
do tiiU it was necessary to devise algorithrms which would provide ajiMOxinete
solutions to int”ral equations

l,(0-) - if(<J” )g(«r-<r’)do" (6D

and - Jf(<r)expl-k(<r')l]lg(<r-o")do"’ (6.2)
fiom data eagicrimentally determined and inevitably containing errors. Dirert methods of
/Afining solutions generally encounrerdifBculty as timy are numerically unstable and
produce qwrious value divergences in the presence of experimental errors in tiveinput

data.
Both equations 6.1 and 6.2 involve convolution integrals and two ditect methods

(rfnbraining solution » titistype of int”ial equation were examined ;

@) Fourier TYansform method. [54] Denoting the Fourier transfrom of I,((T'),
f(o-)andg(0-) by T(s). F(s)and G(s)where s is a generalised congilcx
filoqucocy tbe transfonn is defined as i

F(s) » Jf(0)exp(-j2*str)ds (6.6)
if y<r) - if(<r')g(<r-<r’)do"
then by theconvolutiontheoremT-FO andhence F-T/G 6.7)
Fourier'Dansforms F(s) and 0 ( ) can be obtained by using a Fast Fourier
Transform (F.F.T.) algorithm on the measured values ofI,,(o -y and g( <T),
and values of f( <r) found by applying the transform to the value of F(s)
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from equation (6.7).
(b) Seri]gd ﬁerUCt inversioo

If*e functions f ((T) and g ((T) are reiTOScnted by sequences of discrete values
{f} and(g)
{9)-(9))-j=0.10ceec n

conesponding to samples of the function taken at even closely spaced intervals

of width w.
Then die convolution of f(0’)andg (0"),/f(0"")g(0'-0" )dO" ,

is giproximated by sequence of discrete values
{h)-{hk).k=0.1....... m+n where

hc = w X fjgfc.i
i
which is termed die serial product  sequence {fl and (g) and may be wntien

in the shoithand form (h) » (f) * (9) (6.9).

Obtaining a solution to eq. 6.1 corresponds in diis discrete lepresoitation to
calculating die sequence (f) given values of the sequences (h) and {g}. This may be
achieved by a stepwise process, first calculating f,, (= h”*/go) then the neat term fj

and so on dirough the sequence [55].
Both of these solution methods are numerically unstable because they invo\We

evaluation of eapressioiis of the form x/ y. where x and y may assume smaU values.
When Xand y do assume smaU values, in the presence of data eriOTS. then the value of

X/'y is dominated by the effect (rfthe ertoes and divergences may occur. The same type

of problem was encountered in the graphical analysis, where divergent points in the
wings of die spectral lines were simply ignored (- sec secQoo 6/A.2)

To overctmte these divergence difficulties, a procedure was developed which
provided approximate solutions to the equations by iterative refinement Use was made
of numerical analysis subroutines fiom NAG Ubrary wherever possible, with GINO and
GINOGRAF library subroutines used for grgihical ougiut All source coding was
written in FORTRAN 77. Code listings of those program sections markedby X x

on die flowcharts (Figs. 44.45. and 59) are included in Appendix B of the thesis

6/A.3 (b) The Iterative Procedure . . ] .
he procedure breaks naturally into two sqparaie parts; first obtain an adequ«e

approximation » f(<r) from equation 6.1, then use thU to generate an ~ipioximation to
k(<T)from equation 6.2. The strategy adopted in developing the procedure, suggested
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by D. Stacey [S6], may be outlined as foUowa:

Parti
1) Find a function, with sufficient parameten, that can rq>resentf(<r) to a good

degree of approximation udien suitable values of the parameters are chosen.
2) Guess an initial set of parameters, convolve the function with tile instrument

function g( (T) then compare the result with the observed profile 1,,(<T).

3) Vary the parameters until the two profiles agree as closely as possible.
Parti
4) Find a function witii sufficient parameters whidi can rqxesentk(o") to a good
degree of thiproximation vdien suitaUe values of the parameters are chosen.
(5) Take approximation to f( or) found from the first part, guess initial parameters

of the absorption coefficient and igiply the absorption feature to the
i"proximation to f( O').

(6) Convolve witfi the instrument ftmctiong( O') and compare result with the
observed transmitted profile

()] Vary the parameters of the absoiption coefficient until the pre”ks agree as

closely as possible.

6/A.3(c) DaUFit
Before any manipulation (rftile data could be carried out it was first necessary to

translate the raw graphical line profiles into numerical form stored in the computer
mfitvwy To do this a peripheral digitizer fHypadlwM used which could detennine the
(x,y) co-ordinates of chosen points to an accuracy of +0.1 mm and transmit them to
the computer for sttwage, fiom a V.D.U. tenninal. A program was written which opened
amemory file of user chosen name and directed datainto it The program allowed the
first line for the file to contain information typed in by the user and was used to hetid a
specification of the raw experimental data, wavelength profile type etc.

M th the graph paper tenporarily fixed to the digitization surface, two points
/Wining the chosen origin and baseline were digitized and tiien a large number of points
across the line profile. For reasons discussed below more points were digitized, where
the profiles changed rapidly such as near peaks, and near the ends of the interval
digitized.

Rg. 43 shows a flowchart of the first sttges of data processing carried out after
[tigiriTiirinn of a spectral line profile. The processing was broken into relatively small
steps with data stored in files between execution of separate programs. Although this
required extra file storage qrace and execution time reading and writing files it allowed
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greater contnd of the process and made testing and debugging easier.

After initial digitization ofa linepn e, the coofxlinates of points relative to the
chosen origin and baseline were caloulated. The program corrected for the slight
~>aiallelism of the graph and digitizer axes due to posidoning error and allowed for
manual conection of baseline drift if desired. Also any points of the ooirected set with x
- ordinate not in strictly non - decreasing order were eliminated, as such points were
unacceptable to the cubic spline fitting subroutine EQ2BAF (tescribed below and could
easily be generated by mistake, paiticulariy when digitizing rapidly changing curves such
as the intereferometer LF.

Curve fitting to the profile data, carried out next, was often easier if the data was
scaled, with the y - coordinate replaced by In( 1-fy ). This is generally true of sharply
peaked curves such as the instrument function [see 57] and usually a scaled and an
unsealed version of the data were stored.

Curve filing to the data points was necessary so that airays of exactly evenly
spaced san”le values could be obtained, and digitization errors smoodied. Least squares
fits to Chebkhef polynomial series and cubic splines were tried, and cubic splines found
to give better results.

The fitting program called the NAO subroutine EO2BAF [59] which confuted a
weighted least - squares approximatiem to the data points with spline knots chosen by the
user. After return fixxn EO2BAF the cubic spline was evaluated widi NAG subroutine
E02BBF [60] and the fitted curve and data points plotted on line with a graphics
V.D.U., or aplot file created for subsequent ougput on a Benson plotter. The plotwu
examined by the user and new knots chosen as necessary. The process was repeated
until a sarisfactory fit was obtained and the knot position and the gpline coefficients
stored in a file. The cubic splines were represented in the fonn of normalized B - splines
ofdegree 3 [see 62,63]. The data points had equal absolute enor probabilities and
hence equal weights of 1 were used for unsealed data, however scaling of the data by
y—2In( 1+y ) required the weights to be adjustedto I/ (1 +y) [see 61,57].

Algorithms which least squares fit polynomials to data can generate unwanted
oscillations of value, particularly towards the ends of the x - interval digitized [61,57].
Toreduce this tendency to oscillation, extra data points, near the ends of the x - interval
and in regions of abrupt change, were digitized. The scaling of the data referred to above
also helped reduce unwanted oscillations when fitting rapidly changing functions. The
number and position of the knots are also important factors and knots were chosen so
that the underlaying function being represented was separated into sections of different
curvature [57].
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6/A.3(d) Source Profile Synthesis Procedure
The £« »*»rinn, by itersdve refinement, of an *>i»Dximate solution of equation 6.1

for the source profile f(<r). given Ae observed enassion profile 1, (0-) and die LF.

g(cr), will be refered to as source prtrfile synthesis and the g>proximate sedution profile
S0 refeted to as the synthesized source profile. The convolution of die
synthesized source profile wiA the LF. will be tefered to as the synAesized emission

prOfIIe'Once an acoq)table tqwesentatioo of Ae experimentally observed emissioo profiles
had been found, Ae next step A obtaining an approximate sdutioo to equation 6.1 was
to choose the functional form used to rqrresent the source profile. A function derived
fiom a model of the primary source discharge could be used or a more generalized

representation such as the polynomial splines used to rgjtesent Ae observed profiles.
A function derived fiom a model has the disadvantage that an adequate model of

Ae primary source discharge is required to start wiA. The source profile dgjends on

spectral broadening and radiative transfer processes within Ae discharge, about vAich, it
is difficult to have adequate information. The effect rfself - abswption m regions of m -
homogeneous temperature creates particular uncertamty.

A furtha disadvantage is Ae loss of generality implied by model dgiendence.
Solutions of mtegral equations of the convolution type similar to equation (6.1) are often
required m a number of important applications and it was desirable to develop a method
which could be qgiplied generally to equations of this type.

The "»in advantage of a model derived function is that unwanted oscillatioos,
which can occur wiA more generalized functions such as polynomials, can more easily
be avoided.

The most straight forward approach, and Ac one adgited, was to use the same
type of generalized riresentation of Ae source profile u that used when curve fitting die
observed emission profile. In fact cubic giline fitting of Ae observed line profile wm
chosen m preference to a single Chebyshef polynomial fit, because a cubic spline
representation of the profile was found to be less prone to unwanted oscillation m the
source proflie synAesis.

The other important choice which had to be nnade before the source profile
synAesis algorithm could be designed was the method of approximating Ae convolution
mtegral. Three possible methods were considoed
@) Fast Fourier TYansform (F.F.T.)

(b) Serial product
(c) Other int~ral approximation
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The F.F.T. method it somewhat cong>licated, requning three Fourier tcansfionns
for each evaluation of the convolution integral The princ” advantage of die method it
thatit it potentially the fastest for sequences with large numbers of elements. Ifa
iifgiyiw» hat N elements, then the number of calculations required to obtain its discrete

Fourier transform by F.F.T.is-N logjN [55], hence the time taken to obtain an
tgiproximation to the convolution ci two functions, represented by sequences of N
elements, is roughly proportiotud to N log2N. The number of calculations required to
form the serial product of these sequences is-N * and other methods of approximating
the integral wil, at least, require numbers ci calculations proportional to N®. N logj N

grows mote slowly tiilan N* with increasing N, and the F.F.T. method is the only
congmtational feasible mediod if N is very large.

The "Min advantage of die serial product method is that it is straight forward and
an algoridim forming the serial product of two arbitrary sequences of numbers given by
e<”6.8 can easily be constructed.

The serial product mediod approximates die convolution integral by a summation
and some other type of integral approximation could be used. However a sqgiarate
appmritTMtinn of the integral would be necessary for each point at which die value of the
convolution integral was desired. It would probably requite more calculations, and
consequendy ccngiutation time, and would be mote corrgilicated to ingilement

The serial product methcxl was chosen and exeoition of the source pnrfile
synthesis program not found to be excessively slow as tong u it invcdved sequences not
larger dian about ISOelements.

ti/A.3 (e) Source Profile Synthesis Program

The ftowdhart d the program which synthesized a source profile as an
approximate scdution to equation 6.1 is shown in Rg. 44. The main program segment in
particular has been simplified for reasons of clarity, and details, such as user contrd
over the choice of the files opened and minimization parameters, have been omitted.

The program used the NAG subroutine EO4FCF, a congirdiensive algorithm for
gnding an unconstrained minimum of a sum of squares of M residual functimsin N
variables (M i N), with no derivatives required [58]. EO4FCF calls two subroutines
supplied by die user, LSQFUN which calculates the values of the residual functions
AX)ii* 1.2,..Jil atagiven point X in the giace of N variables, and LSQMON

which nKxiitors the minimization process. After an initial starting point 2*"is supplied,
the routine generates a sequence ofpoints X® «X "\ e intended to converge to the
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local minimum of F(X)» L (fj)* ,im1,2, ..M.
In this ~iplication a point X was a given set of cul” spline coefficients and die
residual functions fj, the difference between elements of an array rgnesenting the

observed emission profile and elements of an array rq?resenting die synthesized
>mi<l<am profile. The knot positions were notincluded in the variable set as this would
have imposed constraints on the values of this subset of die variables, precluding the use
<fan unconstrained mmimizatioa algorithm such as EO4FCF, gready ~implicating die

protdem. Constraint on the knot positions arises because the NAG routine EO2BBF,
usedto evaluate the cubic ~line, requires diat the knots be in stricdy non - decreasing

order and be confined to the base interval. Failure to satisfy this condition causes
immediate termination of program execution.

After initiating execution of die program, the user supplied die names of the two
files holding the knot positions and spline coefficients derived fiom fitting of the U .
and observed emisaon profile. The user also suRilied the number of points to be
evaluated across the observed profile and a faemr controlling die accuracy to which a
solution was required.

The main segment then calculated arrays ARRI and ARRP, icpiesenting the LF.
and the observed profile respectively, fiom the cubic spline fits as sequences of discrete
values of equal sample width. A small calibration correction was necesssary for the
Hiffrmiw» in wavelengdu” the laser spectral line (632.8 nm) and the giectral line in
question. The values r f the elements (rfarray ARRI were normalized so that their sum
was always equal to unity, and the array ARRP packed with strings of leadmg and
trailing zeroes at each end. The two amys were held in a commem memory block so that
values could be transfeted to the subroutine LSQFUN, called by E04FCF, which
calculated the residual functions f{.

The routine EO4FCF requires values to be assigned to number of parameters
which «xitrol the minimization process, in addition to the number of residuals and
acceptable solution accuracy [see 58]. These parameters were set to suitable values
within the .main program segment, however it was found convenient to have residual
number and solution accuracy under user contnd for reasons discussed below.

After a file, of user supplied name, had been opened to hold the monitor output of
subroutine LSQMON, control was transfered to NAG routine EO4FCF with the giline
coefficients <tfthe observed line profik as the starting p«nt of the niiniinization.

EO04FCF in turn nniiwt subroutine LSQFUN to calculate the residual function for
different sets of spline coefficientt. LSQFUN calculated an array of profile values with
die current set of spline coefficients, packed die array with strings of leading and trailing
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zeroes, ftwined the serial product with the anay ARRI, repnssenting the I.F., obtained
6om the common block and calculated die difference between resulting array and the

anay ARRP representing the observed profile, also obtained from comnacm.
The serial product of two sequences of numbers, is a sequence containing one

element less than the sum of the numbers of elements in the initial sequence [55].
Consequendy the serial product of ARRI and die current ARRP, calculated from the
spline coefficients suppUed by EiWCT, contains mc«e elements than die array ARRP
representing the observed profile. Hence when calculating the difference between the

array values rgnesenting the observed profile, and serial product of ARRI and the
current ARRP, alarge number of elements had to be ignored. The packing of the current

and observed ARRP with strinp of zeroes at the array ends WM dwie to prevent
possible loss of significant residual contributions from die sequence ends, fifteen zeroes
at each end were found to be sufficient to ensure that the residual were very small near
the ends of the sequance of residuals, hence lost elements of small value.

The sum of the elements of the serial product of two sequences of numbers, is die
product of die sums of die elements in the two initial sequences. The normalization of the
dements of ARRI so that they summed to unity, ensured that the sum of elements of the

array i“nesenting the current pixrfile, and hence die area under die profile it represented,
remained unchanged by the formation of the serial prod»” with ARRL

During the process of minimizing L (fj)* , EO4FCF provided useful
infixmation on its progress and this information was handled by monitor subroutined
LSQMON. The fiequency with which LSQMON was called was determined by the
value of an integer parameter on entry to EO4FCP, and as the monitor information was
found very useful this parameter was set so that LSQMON was called once every
iteration.

The information available was extensive and some coiigiaction was necessary to
save space and main», the infonnation more easily intelligible. The information available
fiom EO4FCF and diat file stored by LSQMCMf was :

(@) CO-ordinates ofthe current ptxntXi Le. die current seto ffline coefficients)

- file Mored widi no reduction.

(b) the currentvalues of the residuals f| - F~Zifi)*  stored
(c) an approximation to the Jacobian Matrix i X *gradientvector g|*
a X, iX|

and g”g - stored
singular values r f die current giproxiination to the Jacobian matrix- strxed

the grade of the Jacobian M atrix- stored
number of iterations performed by EQ4FCF so far - stored
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(9) The number of times LSQFUN has been called- stored

On exit fipom EO4FCF, returning to the main segment it was in”otiant to check the
valueof the interger parameter IPAIL which indicated the exit status. On successful exit
IFAIL « 0, however if EPAILwWO some form of failure had occuired [see S8]. The
most common non - zero exit value of IFAIL was 3, indicating that no accgitable
solution had to be found. This could hig>pen if the parameter XTOL, which spedfies the
accuracy to which the solution was sought, was set too small.

Ifan exit with IFAIL - 3 occurred, then control was returned to the point in the
main segment at which the user determined the accuracy of acceptable solutions and
EO04FCF re - entered. It was found convenient to fix the value at XTOL by die user
specifying die value of a scale factor XTOLSF, so that XTOL m XTOLSF £ , where

£ isthe smallest positive real number such that 1.0 + £ > 1.0. The value of £ is
machine dg>endent and was obtained with NAG routine X02AAF. Values of XTOLSF

were-10.
Exit from EO4FCF with a non - zero value of IFAIL odier than 3, resulted in

termination of program execution. The program was restarted after suitaUe changes in
the light of the exit value  IFAIL and the other routine parameters.
On exit fiomEO4FCF with IFAIL > 0, indicating that an acceptable local

minimum of £(f{)” had been found, subroutine parameters provided the solution

point X*) (Le. the set of spline coefficients of the synthesized source profile) and
information describing the nature of the sdution. The user supplied die names fnrtwo
files; the solution set of tpUnc coefficients and associated knots were stmed in one file
and the solution description sttned in the other.

The solution descriptim, congilementing die information provided by the last oall

of LSQMON by E(VUKT before exit, included a complete list of the residuals f for the

solution obtained.

A plot of the synthesized source pra” and observed emission profile data points
could be produced if desired. In addition die user could reunn execution to die pointin
the main segment at which the number of residuals and accgxable solution accuracy
were determined, or restart the program altogether. Hg 49 shows an example of a typical
plot ofa syndiesised source profile and observed emission profile with a plot of the
residual values below.

The quality of solution fit could be judged from the magnitudes of the residual
values (i.e. the differences between the syndiesized emission profile and the observed
emission profile) in congiatison to the estimated eig;)erimental error (— .S mm
deflection). These residual values showed an oscillatory pattern and diis is a general
feature of any ptdynomial representation. The magnitude of these osdllations, and hence

104



die quality of fit. was found to depead cm a number of factors.

Inpanicular:
@) the number ofresiduals calculated
(b) whether scaled data was used or not

(c) the accuracy of accqitablesdutioas determined by the value of XTOLSF
(d) the number and posidons of die knots of the cubic spline rgneaentadon.

Optimum values <fthese parameters were determined by trial and error. Choice of
the optimum number of residuals calculated WM a coogiromise between the quality of fit
obtained uid program execution time. The number of residuals calculated had to be
sufficiently high so that die serial product of discrete array rsesentation cf the profiles
was a good giproximation to their convolution. The execution time of the program was
dominated by die time taken to calculate the serial product of the sequences of discrete
values, including the total of 30 extra zeroes added to the beginning and end of the
sequences to ingirove numerical stability. It was found that the number of unpadred
residuais had to be greater than about SOand less than about 12, and 80 residuals was
chosen as a reasonable value.

Scaling of the profiles had a relatively small effect on die values of residuals
obtained, usually moving the position of value oscillations without greatly dunging the
iniiTimiim values. As a result unsealed rgiresentations of the recorded and synthesised
source priiles were usedi scaling in the representation of die LF. was always used as
described in section 6/A.3 (c).

The accuracy of accgitable solutioiu determined by the value of XTOLSF also had
arelatively small effea on the residual values obtained. Setting of this parameter to too
»mii a value (found to be about ~ 20) resulted in an exit fiom NAO routine with IFAIL
m3 indicating that an accqitable solution had not been found. However, the synthesized
source profiles in these cases were found to be similar to the acceptable solutions
obtained by increasing of this scale factor and in practice it was set at 20 and IFAIL m 3
solutions accepted.

With suitable choices of (a), (b) and (c), which once determined usually did not
have to be changed, die mostimpntant factor was (d), die knot set used. I1fan acceptaUe
fit could not be obtained widi the initially chosoi set of knots, dien a new set was
chosen, and the observed profile fitted again and the synthesis program rerun. This
process was rgieated until an accqitable fit was obtained. Facility at choosing knot sets
increased with practice and an tgipngitiate set could usually be obtained on the first or
second atiengit
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6/A.3 (f) AbiorpUon Profile Synthcsif Procedure

Once a source profile has been synthesized, with acceptably small residuals, as an
approximate solution to equation 6.1, it is possible to progress to the syndiesis of an
absorption profile as an approximate solution to equation 6.2.

As in die synthesis of the source prc”e, die functional fonn of the profile to be
synthesized has to be decided. As before, an initial choice has to be made between a

representation, such as the cubic splines used in the case of the source
profile, and a function derived from a model.

TTie advantages and disadvantages of the two igiproaches are similar to those
already described for the source profile case (see 6/A.3 (d)), however a model denved
function was chosen to represent the absorption profile. There were several reasons for
this different choice of functional form,

(@) Absorption profiles can be more readily modelled than emission line prrfiles.
Unaffected by self - absorption, they can generaUy be well represented by
Gaussian or Voigt profiles.

(b) Solutions to integral equations of the form of eq. 6.2 are not required as often
as solutions to convolution integral equations like eq. 6.1, hence the
desirability of a general method of approximate solution was not as great

(c) Polynomial spline functions had been used to represent the synthesized source
profile and some oscillations of value had inevitably occurred. As die syntiiesis
of the absorption profile depended on the source profile, these value
oscillations could "seed" large oscillations in the absorption profile synthesized
ifrgiresented in a similar manner.

(d) The ease witfi which Xand y shifts of the profile, corresponding to an”lifier
drift effects and shift of the absorption profile relative to the emission line
profile, could be incorporated in a model derived function.

Having dffidf to use a model function r*nesentation of the absorption profile, the
exact function form must be d«ermined. A Gaussian profile has the great advantage over
a Voigt profile that an explicit analytic function is available for its calculation. A Voigt
profile can only be obtained fiom an approximation to the convrtiution integral of
Gaussian and Lorentzian functions.

A Gaussian function representation would clearly be easier to implement, and
importantly, Gaussian function values could be obtained much faster during program
execution than Voigt profile values generated by an approximation algoriflim. Such an
algorithm would have to igiproximate the convolution integral each time a profile was
required or interpolated from an extensive pre - odculated table of values. In either case it
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would require substantial nutnbeis of calculations. As * e subroutine which calculate die
residuals is called many times by EO4FCF during die minimization, slow evaluation of
the absotption profile would entail a substantial increase in overall execution time.

A heuristic ~>pioa<di was taken based on the size ofthe residual values obtained,
starting with a Gaussian type function and modifying its form if necessary to obtain a
satisfactory set of residuals. It should be noted diat a true theoretical expression is not
required, merely one dial widi suitable values of its parameter can ~iproximate the
profile closely enough to obtain residual values of the order of experimental error.

6/A.3(g) Absorption Profile Synthesis Program

The flowchart <fthe program which synthesized an absorption profile as an
approximate solution to eq. 6.2 is shown in Rg. 45. The program structure is similar to
diat used in the program to synthesize the source profile (compare Rg. 44) and as before
the <Tiain segment flowchart has been simplified, and control details omitted, for clarity.

The user provided the names of three files in which were stored the cubic spline
coefficients and associated knots rqrresenting the instrument function, syndiesized

profile and observed transmitted profile, respectively. When the user had
spfcififH the number of points to calculated across the syndiesized profile, three arrays
trf numbers representing these profiles were computed and held in a common memory
block.

The program main segment set suitable values for most of the parameters of
E04FCF and when the user had specified the scale factor controlling the accuracy of
acoFrtabV s»i»tinns and the name <fa file to openned to hold the minimization monitor
output of LSQMON, program control was transferred to EO4FCT.

The coordinate of the point in the space of variables, in this case corrrespond
to parameters specifying the Gaussian absorption profile and three x - y shifts, i.e. :

@) the absorption profile peak heigfit

(b) the profile width

(c) relative shift of absorption and emission giectral lines.
(d) shiftin X- direction due to an”lifier drift

(e) shiftin y-direction due to amplifier drift

The values at the starting point of die minimization, for the absorption prt”le peak
height and vridth were estimates derived from the preliminary gr~ihical analysis (see
CMA.2) and the three shift components set to zero.

After entry, NAG routine EO4FCF sought to minimize P(20 = I(fi)*. where

the residual functions f, were die difterences between corresponding elements r f two

arrays, one representing the observed transmitted profile and the other the synthesized
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transmitted profile. The values off, were calculated by calls to subroutine LSQFN and
tiitw. subroutine used to monitor the minimiration process in the source profile synthesis
described in 6/A.3 (e).

On entry to suteoutine LSQFN from EO4FCF at a given variable point «
array ARRABS was computed representing the term exp[- k( <T) 1], 1- 0.05 m, where
k( <r), the absorption coefficient was a Gausssian function depending on the firat three
<vynrr.m<t«of X® Corresponding to peak height, width and wavenumber shift The
ranges of function arguments had to be limited to prevent floating point underflow
arors. The numberof elements of ARRABS was the same as the number of elements as
the array ARRE representing the synthesized source profile, held in die common
memory block.

The component by component product of the two arrays ARRT, was formed
rgjtesenting die transmitted profile f( <T) exp[ - k( <r) 1], and array ARRT packed widi
leading and trailing zeroes (see 6/A.3 ().

The serial productof ARRT (packed with zeroes) was formed with the array
ARRI representing the instrument function, the values of which were obtained fiom the
common memory block. As in the synthesis of the source profile the elements of ARRI
had to be normalized so that they summed to unity.

Shifts in the Xand y directions, controlled by the 4th and 5di component of
corresponding to amplifier drift, were introduced, and the difierence in element values
cotnrmrd. betvroen the resulting array and ARRO rqrtesenting the observed transmitted

profile obtained from the common memory block. These residual values f, were then
transfered and control returned to EO4FCF.

On exit fiom E04FCF, returning to the main program segment, the value <fthe
integer parameter IFAIL, indicating the exit status,was examined in the same manner as
in die synthesis of the source profile and the program restarted if necessary at a suitable
pointin the execution.

Exit fiom EO4FCF with IFAIL » 0, indicated that an acceptable local minimum of
I (f, hadbeen found and the coordinates of the final point (i.e. the optimal
absorption and shift parameten) and stdution description stored in files, named by the

user as in die source profile synthesis.
Pfri/tiiai values of the orderof the experirrwntal error-1.5 mm (deflection) could

be obtained and Rg. 52 shows a plot of a typical set of residuals at an acceptable

solution point
The integration of the synthesized absorption coefficient required in Eq. 6.4 in
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onto to ryiniintr thc absorbing atom number density was tg>proximated by means of the
tng>eziumrule t"pUed to a large number of points over the base interval (200 points was
found to be sufficient). This numerical method was used in preference to one based on
analytic integration, as no modification was necessary if the assumed functional form <f
thc absorption coefficient was changed, and thc method did not depend on die feasibility
of analytical integration.

Thc dependence of thc values of number density on the qualities of fit at
the two stages of solution synthesis and parameters such as thc number of residuals is
discussed in sections 6/A.4 (c) and (d) describing the characteristics of thc analysis
output

61KA Computer Aided Analysis (Output)
6/A.4 (a) Correction of Recorded Profiles for Effect of LF.

Before discussing thc emission profiles, corrected for instrumental btoadeiung,
obtained by the synthesis method described above, it is worth enquiring what may be
expected from general considerations.

Eq. 6.1 relating thc observed emission profile h( <T) ( denoted by r(<r) on p 90),
the true source profile f ( <r) and the instrument function g (<r),

h(o-)= Jf(<r')g(<r-<r")do" (6-D
may be written nxne compactly as
h=f*g (6.10)

with h, fand g representing the complete fimetions h(tr), f(O') and g( or)

respectively, and * convolution. How may we expect thc form ofh, f and g to be

related?
These questions may be divided into two components:
@) What shapes of function are likely forfand g 7
(b) How is thc shape of thc function h likely to be related to functions f and g of
these shapes?

Qeariy, as f represents die physical intensity distribution of a spectral emission
line, its values are strictly non - negative, finite, and have a finite integral so that,
f(<r)i0O forall <r and Jf(a)da is weU defined. Furthermme f is localized so tha
anintaval [a,b] may be defined outside which, values of f(<T) arc negligible,
ie. f(<r)“0Oifo'<aor<r>hb.

Thc simplest form that f can have is that of a single peaked function with "wings"
decreasing asymptotically to zero such as that shown in Rg. 46 (a), or it may have a
more complex structure, with a number of peaks separated by troughs, such as that
shown in Rg. 46 (b).
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TYPICAL SOURCE PROFILE
WITH SINGLE PEAK

TYPICAL SOURCE PROFILE
WITH THREE PEAKS AND
TWO TROUGHS

TYPICAL INSTRUMENT FUNCTION
WITH SINGLE PEAK NARROW
RELATIVE TO SOURCE
PROFILE

FIGS.46(Q),(b)&(c) TYPICAL FORMS OF
SOURCE PROFILE AND
INSTRUMENT FUNCTION



Functions g and h however, rqaescnt distributions of values of deflecaon on an
instrument output device, in this case an instnuncnt ougnit device, in this case an X - Y

recorder, and ate only strictly non - negative if the baseline is conectly adjusted to
compensate fOTany amplifiCT drift, and dtis wil be assumed.

The inswmwnt function of areasonably well adjusted Fabry - Perot interferometer
is a "comb" of impulse - like peaks of constant separation A . tr, the ftee spectral range
(see sectiem 5/B.2). If Ae ftee spectral range is much greater than the width of the
spectral ling, ie. A or » b-a, Aen no overlap between different orders will occur and
we may confine our attention to a single order. FurAer, if much useful information is to
be obtained about Ae spectral line of interest the instniment function must be
significantly narrower Aan this spectral line, in which case g is a localized, narrow
function wiA a single peak, such as Aat Aown in Rg. 46 (c). Significant values of
g(<r) are limited to an interval and the mtegral of g is well defined. As die units of
mtensity measurement ate arbitrary, depending on overall gain, the shape rf the LF..
raAer than the magnitude of values, is of mterest, and it will be assumed diat g has been
normalized to unity sothat  ig(<T)d<r =1.

Having established Ae possible shapes of Ae functitms f and g, it must now be
considered what shape of function will result from Aeir convolution.

The convolution of one profile function wiA anoAer will in general have a
"smoothing" effect, leading to a profile which is broader, and less r*idly varying than
eiAer of Ae initial functions. In acase such as that under discussion, where one of Ac
functions ( g ) has arapidly varying "impulse - like" profile and Ac other function ( f)
varies relatively slowly, Ac result of their convolution will be a "smoother" version of
Ae relatively slowly varying function ( f). Consequently peaks of the source profile wiU
be reduced, troughs "fiUed - m" and Ac wings moved fuith» outward, while keqgiing
Ac area under the profile constant, as shown schcmaticly wiA arrows in Rgs. 47 (a),
(b) and (c). Hence aprocedure which corrects observed emission profiles for tiic effect
of instrumental broadening, should raise peaks of the profile, deepen troughs and move
Ae wings inward, while keeping Ac area under Ae profile constant, as shown in Hgs 48
(a), (b) and (c).

6/A.4(b) Synthesized Source Profiles

Some typical synAcsized source profiles, along wiA observed profiles and plots
<f Ae residual between Ae latter and tixc synthesized emission profiles, are shown in

Rgs. 49,50 and 51. As Ae source profile synAesis procedure was developed u part of
Ae syntheris procedure of absorption profilesAt was mainly applied to pnrfile tecordmgs
obtained in Ac absorption measurements. The primary source, enrissioo line profiles in

112



FIGS.47 (a).(b)&(c) SCHEMATIC DIAGRAMS
SHOWING CONVOLUTION OF TYPICAL IF.

and source profiles



FI6S.48 (a)(b)&(C) SCHEMATIC DIAGRAMS
SHOWING CORRECTION OF TYPICAL

OBSERVED SPECTRAL LINE PROFILES

FOR EFFECT OF IF.
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ttiyy «q)criments had for the most part single symmetrical peaks, as shown in Rg. 49,
theexcqttionwas Ne | 640.2mn which had a single peak but with a noticeably
asymmetric top, shown in Rg. 51. The synthesis procedure was also applied to some
spectral line recordings having more complex profiles with two peaks and a trough as
shown in Rg. 50. This example is not a pure emission profile but a transmitted probe
beam spectral profile.

As can be seen ftom these examples, the synthesixed profiles obtained conformed
well with that eigtected of spectral profiles corrected for die effect of instrumental
broadening as described in section 6/A.4 (a) above. If one compares the synthesized
profiles with the recorded spectral profiles the principle effects of the correction
procedure may be summerized as:

@) Peaks of the recorded profiles were raised

(b) Troughs of the recoded profiles were deepened

(c) Wings of the recorded profiles were moved inward

(d) The width of profile (at halfpeak height) was reduced slightly but not by very
much.

(e) The flattened peak of a recorded profile, deepened into a trough (See Rg.51)

As discussed in section 6/A.3 (g), the quaUty of fit obtained depended on the
values chosen f o parameters of the synthesis procedure. The synthesized source profiles
shown in the exan”iles were generated with suitaWe values 0i these parameters to obtain
good fits over the regions containing the most significant spectral informatitMi, diough
oscillations of value about zero can be detected.

6/A.4 (c) Synthesized Absorption Profiies

A typical synthesized absorption pre”e obtained atai plot of the corresponding
residual values is shown in Fig. 52. Naturally the quality of fit obtained for the
synthesized absorption profile depended cmthe quality of fit obtained far the synthesized
source profile and the final residual values were usually about double those at tiie source
profile stage. The residual values obtained in the absorption prerfile synthesis, also
depended on the number of residuals calculated, the value of the solution accuracy scale
factor XTOSF and whether scaled data was used, in a manner similar to that discussed in
6/A.3 (e) for the source profile synthesis. The number ai residuals in the absorption
profile synthesis was fixed at 80, the same number as in the source profile synthesis, not
because titey had to be the same but because 80 was close to the optimum value in both

A value of XTiXSF of 20 and unsealed data was used, the same as in the source

profile synthesis.
The ct«n«d«n functional form assumed for the absorption profile was found to be
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sufficient to obtain a reasonable quality of fit relative to the underiaying etg>eriinental
enor (+ - 1.5 nun) and approxinuition to the area under the profile needed to calcula
die number density of absorbing atoms. The general pattern of residuals obtained, with
greater values in the wings and centre of the profile did suggest a small Lorentsan
mtnpnnent wfakh would however have made litde difference to the area under die curve,
and a Lorentzian component was not introduced into the funcdonal rqaesentatkm of the
absorption profile.

6/A.4 (d) Excited Atom Number Densities

Plots of the number densities of neon atoms in the four 3s, 3s' excited states,
obtained by the synthesis method, against discharge current, at pressures of 1,2 and 5
torr arc shown in Figs. 53,54 and 55. Values of number density obOuned by this
method, which were in the range - 10i* — 10” m , were of the same order of
magnitude as those obtained from the graphical method (sec fi/A.2), differing by factors
ranging from ~ 1— 2.

Values of number doisity for the same excited state obtained from different
spectral lines with die same lower level, were in agreement to widiin ~ 10— 25 %,
consistant with die uncertainties in the values of individual transition probabihties stated
by NBS as being in this range [53]. For cxatt*le. Figs. 54,(a) and (b) show plots of
number density against current for 3s [ V2 N Aok from two different
spectral lines Nc | 588.2 and 640.2 nm. The two plots are very similar to each other
and that obtained for 614.3 nm (not shown) also terminatingin3s[%  <Theam
bars shown in all these plots represent estimates of error excluding that due to
uncertainty in the value of transition probabilities.

Rots current of the sum of the number densities of excited atoms in
the 3s, 3s' group of states are shown in Figs. 56 (a) and (b) and 57 for pressures of 1,
2 and 5 torr.

6/A.4(e) Estimation ofErrors
A number of factors contributed to the uncertainty in the values of number density
obtained and these were, in descending order of importance;
@) Uncertainty in the values of transition probability
(b) Variations in recorded profiles due either to amplifier drift or variations in
primary source intensity
(c) Poor quality of fit in the two suges of the synthesis procedure
(d) Error due to the purely Gaussian form assumed for the abstxption jnofile.
(c) Errors due to numerical approximation such as the serial product approximation
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FIGS53  (a)a(b)  PLOTS AGAINST LAMP
CURRENT OF Nel EXCITED STATE
NUMBER DENSITIES AT 1TORR



FIGS.54 (Q)&()  PLOTS AGAINST LAMP
CURRENT OF Nel EXCITED STATE
NUMBER DENSITIES AT 2TORR



FIGS.55 (a)&(b) PLOTS AGAINST LAMP
CURRENT OF Nel EXCITED STATE
NUMBER DENSITIES AT 5 TORR



FIGS56 (a)&(b) PLOTS AGAINST LAMP
CURRENT OF Nel EXCITED STATE NUMBER

DENSITIES SUMMED OVER 3s3s' LEVELS

M



FIG. 57 PLOT AGAINST LAMP CURRENT OF
Nel EXCITED STATE NUMBER DENSITIES
SUMMED OVER 3s, 35" LEVELS



to the convolution integral and the use of the trapesoidal rule to evaluate the area
under the absorption profile.

The values of transition probability used, were classified by NBS [53] with an
arbitrary notation AA, B, C, D and E indicating the uncertainty limits of the value
provided. The values for the spectral lines used in the absorptitm measurements were
classified as B* or B, with uncertainty of B stated as being within 10% and of C widiin
25%. Hence uncertainty in the values of transition probability introduced an uncertainty
of about + - 15% in the values of absolute number density calculated; so that numb®
Nnrirics» caictil«tind for the same atomic sate with different spectral lines should agree
within ~ 30%, consistent with that obtained - see Figs 54 (a) and (b) -. This uncertainty
of-15% due to the uncertainty in values of transition probability was the dominant
source in error the ateolute values of number density.

R>ra given spectral line and value of transition probability, uncertainty in the
relative variation of the values of number density with current and pressure, depended on
the error contributions. Uncertainty in the values of number density due to driftin
the recorded profiles and poor filling during the synthesis procedure were estimated by
noting the change caused in the final calculated value, by changing these factors.

Uncertainty due to drift of the recorded profile intensities (a) was estimated by
calculating a number of values using the emission profiles (i m0) recorded before and
after a set of transmitted intensity profiles recorded at different H.C. discharge currents.
The two values differed by up to ~ 5% and + 5% was taken as an estimate of the
uncertainty in the value of number density due to drift of recorded intensity.

Poor fitting during the synthesis procedure (c) was found to have considerably
less effect on the final number density values. For results recorded at lamp pressures of
1and 2 torr the values obtained when considerable care had been taken to ensure good
fitting, with residual values much less than experimental enat in deflection (£0.15 cm),
differed by only - 1— 2%, fiom those obtained for the same recorded profiles where
the fitting had been poor, with maximum residual values several times the experimental
error. Hence the uncertainty in the values of number density obtained, due to variations
in the quality of fit was estimated as ~* 1.5 % for 1 and 2 torr results, increasing to
about + 4 % for results recorded at 5 torr lamp pressure or very low degrees of
absorption.

The uncertainty in values due to enor contributions (d) and (e), a small Lxirentzian
component in the absorption profile and errors in numerical approximation respectively,
w«e «rimawvt to be not greater than 1% and were neglected as relatively insignificant

The combined effect of contributions (b) and (c) to the uncertainty in relative
number density values obtained ( as indicated by the etrw bars in Rgs. 53 to 55) was
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estimated about 5 % at 1and 2 torr and about £8 — 10 % at S toir.

A TOTAL ABSORPTION MEASUREMENTS

Spectral absorbances, defined as the logarithm of the ratio of the probe beam
spectral intensity widi and without absorption,

A = log in =01
1(i)

woe calculated for the Ne | 640.2 nm total absorption results shown in Hg. 26. Plots

of absorbance (A ) against lamp current (i ) for the 1and 5 torr results ate shown in

Figs. 58 (a) and (b).

The error bars shown in the AA plots, corresponding to relative errors of - + 4%,
were obtained by recalculating absorbance at a typical point with values of intensity
deflection differing by the estimated enor in deflection of ~ 1.5 mm.

Principal features of these AA curves are:

(i) Sudden increase in absorbance to within ~ 30 % of maximum value as soon as
H.C. discharge is initiated at the lowest current at which a discharge could be
maintained (~ 0.5 mA)

(ii) Slow variadon of absorbance widi lamp current with value changing by no more
than ~ 30 % over arange of currentof0.5 - 50 mA.

(iii) Smooth increase of absorbance with cunent for 1 toir results.

(iv) A peak in absorbance at - 5 mA for the 5 torr results with very slow change
with current thereafter.

Comparing these plots of absorbance against lamp current with plots of the values
of number density of 3s[% ]j obtained by the Fabry - Perot scanning method shown

in Hgs. 5.3 (a) and 5.5 (a), there is close similarity between the forms of the curves
obtained by the two methods.

6/C IAMEASUREMENTS
6/C.1 Fitting Procedure and Computer Program

The procedure used to fit the IA curve data to various possible tnodel functions,
en”loyed the same NAG subroutine EO4FCF as was used in die profile syntheses [see
6/A.3 (e) and (g)] to minimize the sum of square of residuals by varying the congxments
of a vector 2" |A data curves to be fitted were digitized at 2 mA intervals and then the
values corrected for the mientadon of the graph on the digitizer pad and die scaling of the
current axis and the data stored in a file. The summed number density/current

(£ Nj(i)A)curvesfor 1,2 and 5 torr were processed in a similar manner but with

points digidzed mme densely, and the values representing the curves then






fitted to cubic spline lepresentatitms with a program using NAG subroutine EO2BAF and
the spline coefficients and Imots stored in files. This cubic spline fitting procedure was
<rimii«r to that used when fitting the spectral prc”es in the synthesis procedure (see
6/A.3 (c) for further details).

The flow chart of the main fitting program is shown in Hg. 59. After initiating
program execution the user provided the name of the file containing the  data to be
firtwt and chose the model to be used in the fit The choice of model fixed the value of an
integer identifier which controlled program execution approproiately for each type of
model, and determined how the residual values dg>ended on the congxments of 2",

When the name of the |A data file had been provided, the file of diis name was
opened and intensity and current values read, along with the pressure at which the results
had been obtained, wavelength and experimental run information. If die fitting model

required Z Nj(i)Avalues, then a file containing the cubic spline fit of the curve at the

correct pressure (1,2 or 5 torr) was tgiened and read. An array of 2 Nj(i ) values at the

current values obtained from the file containing the IA data were calculated from the
spline knots and coefficients.

The arrays of intensity and current values from the data file, array containing
values of summed excited state number density (2 Nj(i)) atthese current values, and
the model identifier were stored in a cooomon memory block (blank cofnnxin) so that the
values could be accessed by RESI2, the subroutine which evaluated the residuals
without having to be transfered through the NAG routine EO4FCF.The value of a given
residual was the difference between the observed intensity deflection and the deflection
calculated from the noodel ftinction at the observed value  current

R>r the starting point of the minimization process the first cott®ronentof was set
to 0.5 and all other components set to zero. The number (N ) of components of
depended on the model that was chosen and the number of residuals fixed by the number
of IA points stored in the file. The choice of the other input parameten required by
E04FCF was similar to that used in the synthesis procedure (6/A.3 (g)) and will not be
discussed further.

On entry to EO4FCF the subroutine sought to minimize the sum of residuals

£ ( A varying the components of X. as it did so information about the

minimization process was provided by EO4FCF and handled by monitm subroutine
LSQMON and coirgnessed infontuttion stored in a file (see 6/A.3 (g) for further details).

The subroutine RESI2 was called by EO4FCF in ender to calculate the uray of
residual values for a given set of coirg>onents of 2 anti nsodel identifier. The physical
models assumed five con”onents of X to be positive, however EO4FCF sought
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unconstiained n«ninrui and would genente negative values of the components if allowed
to do so. To ensure that only positive values of the components of X were examined in
the minimization process. RESI2 replaced the congxxients of X by their absolute value
immediately after entry irrespective of the model identifter value. RESI2 then calculated
the set residual values for the current X. using die arrays transfered firomcommon and
the given model

The model functions used in the fitting, fell into two groups denoted by A and B
with each model group containing several versions. The physical bases of the model
functions are discussed separately below ( see 6/C. ). The models in group A did not use
data derived fiom the measured number densities, those in group B did. The only
difference between B2 and BS is the order in which the terms are evaluated.

Group A
Al 1= A'i(1+B’i)
A2 1= Airl+B’il
(1+Ci)
A3 1= Ai(I+B’i)(I-Hi)
Ad 1= Aiil+B’iUI-HIil
(1+Ci)
Group B
B1 1= Ai(l+BIN(i))
B2 1= Aif I-t-BEN(iVI
(1+Ci)
B3 1= Ai(I+BZN((i))(1-(
B4 1= Aiil+BT-NfilUI-
(1+Ci)
BS 1= iA-t-iEZNfil
(1+Ci)
B6 1= Ai(l+BIN(i)) +D
B7 1= Aif 1+By.Nfill +D
(1+Ci)
B8 l- (Ai(I+BIN(i))+D

The program was structured so that additional model functions could be
introduced with little difficulty into the software in the light of the fits oboined with the
model functions tried initially. Model functions A2 and B2 were the first to be tried and
the others listed, introduced later.

The integer parameter IFAIL (see 6/A.3 (f)) setto 1before entry to EOFCF was
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examined on exit, with IFAIL « 0 or 3 accepted as asolution. In the event of an IFAIL-

3 exit fiom E04FCF the mininuzatioii could be rerun with a greater scale factor XTOLSF
(sec 6/A.3 (0) but this was not found to be necessaiy as it made little difference to the
minimum point obtained. On exit with IFAIL ¢ 2, indicating a minimum had not been
reached within the prescribed number of interadons (4(X) x M ), an option was provided
to re - enter EO4FCF using the final point of the minimization just obtained, as a starting
point Exitwith IFAILL =0 or 3 was usually obtained after one rerun of this type after
an exit with IFAIL = 2.

After an acctable minimum had been obtained (IFAIL « 0 or 3) the fitting
function and the Ifi data points to be fitted were plotted, with the residual values shown
beneath (sec Fig. 61). A plot was created on the VDU screen and a hard copy plot
created on a Benson plotter as an on - line plotter (eg. an HP plotter) was not available.

The oomponwits of X « the soluticHi point, model function used, and the name of
the Ifi data file and monito: output file, were finally stored in a solution file.

The user then had the option to rerun the fitting of the Ifi data with a different
model function or to rerun the program with a different set of Ifi data.

6/C.2 Physical Models of I/l Curves

A model function for RC.L. Ne 1 W curves was proposed by Howard ct al [38]
and had the form: -

1= A’i(H-B'i)_ (1.1)

(1+Ci)

In the physical model ftom which this function was derived, the population of atoms in
the upper level of the transition, and hence the intensity of corresponding spectral
emission was determined by the relative rruignitudes of four rates - represented
schematically in Fig. 60 - : -

@) the rate of single - step excitation by electrwi collision from neon ground state.
(b) the rate of two - step excitation by electron collision via an intermediate state.
(c) the rate <fde - pt*ulation by electron collision (further excitation, de - excitation

or ionization)
(d) the rate of radiative de - excitation.

If the drift velocity of electrons within the discharge is independent of discharge
current, then the electron number density and hence the rate of electron collisions with
neon atoms will be proportional to current Consequently the rate of single - step
exdtation by electron collision will be proportional to current giving rise to linear term
Ai, with the magnitude of A depending on the single - step excitation rate and intensity
scaling. Similariy the rate of de - population by electron collision will also be
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proporfi<maltothcdisch«rgecun«tégMngrijetotte I/d+Ci) withthc
nagnitudc of C dcpeating on the relative nugmtudes of the rates of de - population by

election collision and nutiation. . e . . .
« rate of two - step exdiatkm by electron coUition via an intemicdiate state will

depend on the rate of electron collision with neon atoms in the intennediate state. 1ftt IS
assumed that the number density of atoms in the intennediate state is proportional to

discharge current then the rate of two - step excitation wil be proportional to the square
of the current, givingiise to the term (1 +Bi) with the magnitude ofBdepcnding on

the relative magnitudes of * e rates of single and two - step excitation.
For such two - step excitation to be probahle the numher density of atoms m the

intermedia« state would have to be relatively high, suggesting that the intern«diate state
was metastable or quasi - metastable. A suitable candidate for this intermediate level was
metastable state 3s [ .

The detection of self - reversal in the profiles of a number of the Ne | emission
lines terminating in 3s [\ \I . recorded by means of Fabry - Perot interferometry by
the author-see 4/A.2 (a)-.confirmed that this state was indeed highly populated.
However direct measurements of the number densities of neon atoms in all four of the

3s. 3s- group of excited states, carried out subsequentiy by the author - see 6"A.4 (d) -.
show tiiat the number density of neon atoms in excited sttée 3s isnot

proportional to discharge current. Furthermore the number densities of atoms in the other
three states of the group (one metastable, two non - metastable) were shown to be
significant with number densities down by factors between 1 and 10 from that of the
3s[V2J5 state, the most highly populated of die group.

With direct information about Ac number densities of excited neon atoms in the
3s 3s- group of state wiAin Ae discharge available. Ae W model function had to be

nxdified. as Ae assumption of Ae proportionaUty between Ae number density of Ae
mterntediate state and discharge current had been proved incorrect

If the number density of excited neon atoms m Ae four states in 3s. 3s- group are

denoted, at a given current i.byN/i).j- 1.2.3 or4. wiA Aej index indicating Ae
level in order of increasing energy, then the rate of excitation of the upper level of a
spectral line by two - step excitation via any of their IcveU wii be proportional to

iy w. Nj(i) where Ware weighting factors dgiwiding <mthe cross sections for

JduAon. by electron collision, from each of Ac four levels to Ac upper level of Ae
mmsition corresponding to Ae spectral line. Ifit is assuined Aat Ae cross sections are

equal Acn Ae rate is proportional to i IN /i). Ac four states of Ae group acting as
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one 'super - state' intermediate level of summed number density Z Nj(i ).

The  function resulting fiom this model is

1= Ai(l +BZNj(i)) (6.11)

(1+Ci)

with the magnitude of A depending on the rate of single - step excitation by electron
collision and intensity scaling, the magnitude of B , the relative importance of two -
step and single - step excitaticxi and the magnitude of C , the relative importance ofde -
population by electron collision and radiation. It should be noted that if Z Nj(i )~ ®+ bi
then eq. 6.11 takes the same formaseq. 6.1 with A'=A(1+Ba) and
B'=Bb/(I+Ba). Plotsof Z Nj(i)againsti, calculated fiom the Fabry - Perot

scanning number density measurements at 1,2 and 5 torr neon pressure, are shown in
Figs. 56(a), 56(b) and 57.
Self - absorption within the H.C. may also have an effect on the shape of the W
curve of spectral lines corresponding to transition terminating in die Ug)ily populated
of the 3s, 3s' group. The amount of self - absorption of photons trf a given
spectral line will be {xoportional to the number density of excited neon atoms in the

lower energy state of the transition Nj(i ), giving rise to a term of die form

(1-G N-(i)), with magnitude of G depending on the impratance of self - absorption.
The effect of a self - absorption term of this form was not investigated as cutric spline
fitting of the Nj( i )fi curves of individual states in the 3s, 3s' group and the resulting

modification of the Vi fitting program was not attempted due to lack of time remaining at
the end of the work. However the effect of terms of the form (1-H i) and
(1-G Z Nj(i)), notrequiring further fitting of the iif i )fi curves, were examined.

A number of different model functions based on equations 1.1 and 6.11, including
and excluding various terms described above, were tried and are listed in subsection
6/C.I divided into two groups A and B, model functions Al to A4 derived fixxn eq.

6.1 and B1 to B8 derived from eq. 6.11.

6/C.3 Fitting I/i Curves

Exanqiles of plots of the fitted W curves obtained with different model functions
and W daui are shown in Figs.61to 66, with corresponding residual values plotted
beneath. The model function number and the fitted values of the parameters (A, B, C etc)
in the function are also shown. Table 5 shows the values of the parameters obtained by
fitting model equations B6 and B7 to all the 1 & 2 ton- experimental results analysed.
Parameter values obtained fitting the other model functions are given in Table 6.
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(1) arbitrary units (a.u.) - cm deflection of XY recorder
(2) * Indicates a fit to model equation
Il - Ai(1+BSNj(i)) + D (B7)

(1 +Ci)
unmarked a fit to B6 ( i.e. C clamped to value C - 0)
(3) parameter values obtained with fits to model equations

including absorption terms are provided in Table 6

(4) CK- good fit, all residuals less than experimental error (x1.5a.u.)

~ - fair fit, most residuals of the order of experimental error

TABLE 5. VALUES OF PARAMETERS OBTAINED FITTING
MODEL EQUATIONS B6 & B7 TO OBSERVED
/i CURVES
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For W results at neon pressures of 1 and 2 toir, nxxiel functions A2 and B2
{xovided accq)t«Me fit, w i* residual values r f d»e ofder of experimental eiror
(~£1.5mm), excqjtin the low currentregion. Theterm 1/( 1+ C i) was notfound
necessary excq)t in the case of gjectral lines, such as Ne | 360.0nm,with transitions
fiom high lying energy levels. The inclusion rf this Brm in cases of giectral Kncs widi
transitions fiom lower lying energy levels, such as Ne | 630.5 nm, which do not "turn -

over" widi ipox«eding current, did not improve the fit but merely changed die values of A
andB, with C small, because rf the effect of "trade-off". Model functions A1 andBI

were adequate in these cases. The only exception to this was the M curve of 585.2 nm
which corresponds to a transition from the highest energy state of the 3p, 3p groups.
The W curve of diis spectral line had sUght downward curvature and a significant but
cir.nii value for parameter C was required in order to obtain a good fit Acceptable fits for
the Ston results couW not be obtained. The main difference between the fits obtained for
1 and 2 teHTI/1 results corresponding to transitions betweeen the 3s, 3s” andthe3p,3p’

group of states, was that B was always greater fw the 2 torr than the 1 torr results. This
reflects that fact die Wcurves corre”xmding to these transitions show greater departure
fiom linearity at 1ton than at 2 totr and curve upward mme r*iidly - See Rgs. 18 and

19 and Figs.62 and 63.

Tnriiigftn <ftetms COTTesponding to the effect <fs ~ - absorption in model
functions A3 and A4 and B3, B4 and B8 did not improve the fit in cases were an

acTfrti»*” fit had been obtained without such terms and did not provide an acct?)table fit
forresults at 5 KsT where acc”taW e fits had not been obtained with A1, A2, B1 and B2,
the only exception to this being Ne I 640.2 nm for which modd function B3 provided

an improved fit
In an attengjt to ingirove the fit obtained with model functions B1 and B2 in the

low current region trfthe 1 and 2 torr results, a factOT ( D ) indgiendeat of current was
introduced in model function B6 lacking the 1/(1 + Ci) term and B7 including this
term. With these two nxidel functions B6 and B7. good fits over the whole current range
could be obtained for all 1 and 2 torr results; model function A7 including the

1/ ( 1+ Ci)term was only necessary for spectral lines with transitions fiom high lying
levels.

6/C.4 Parameter Values

Ifone considers different spectral lines with transitions fiom the same tqiper
energy level it may be expected that the values 0f the parameters B and C obtained will

be die same for the diferent spectral lines, because the values of these parameters depend
only on die ratios of excitation otde - excitation rates of the energy level. The values of
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parameters A and D however will depend on the arbitrary intensity scaling.

However die value of parameter B obtained fitting experimental data to eq. 7.S is
subject to considerate uncertainty because of the effect of trade - off, particularly tratte -
off with respect to parameter A. (Tirade - offis the complementary variation of
parameters so that the value of F(X ) - Z (fi )*» «>tsignificantly changed.) The large
degree of trade - off in this case arises because of the relatively slow variation of

E Nj(i) with iiKneasing current If one considers the extreme case in which L Nj(i) is

a constant then the expression A (I+B 2N j(i)) can be replaced by a single
parameter ( P say ) ind~tendentof currentand all values of A and B giving the same
value P will give the same residual contributions. A family of solutions will exist with
small values of A matched with suitably large values of B with parameterranges0i A S
Pand0" B

In fact L Nj( i) is not constant but increases slowly with increasing current so that
the trade - off effect between A and B will only be partial but will still allow
r/msidmihlft complementaty variation of the parameters without significantly changing

the value of F( X ). The value of B in particular will be subject to most uncertainty. The
presence of parameters D and C will further increase the scope for trade - off uncertainty.

Theeffectof trade-off nray be seen in parameter values obtained fitting the 1torr

630.5 nm W curve data to the model equation ( B6) with C clamped to C = 0, and with
Cfieetovary (B7)- sec Table 5-. The value of C obtained when C was free to vary

was not 200 but very small (-2x10” mA"*). The value of D changed by an amount
tgrproximately equal to the experimental enor in deflectioa (+ 0.15 cm ). The value of
A obtained increased by ~ 10 % and the value of B reduced by - 25 %. Even with

numerically identical input data substantial trade - off occurred. Sets of data affected by
different random experimental errors will be subject to greater trade -off. Thus the values
of B obtained fitting the 1/i curves of spectral lines with the same upper level may differ
considerably ( although they should be of similar osder of magnitude).

The variances of solution parameter values X”j are measures of the uncertainty of
the solutions obtained fiom least squares fitting. If the matrix H is the inverse of the
H,.«ci«n mutrix T.. F(X) andS- F( ) then die best unbiased estimate of

N X, i Xj
die variance of Xj~ is approximately

varX, - 28 Hj,
m-n
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where m is the number of residuals and n the number at parameters [ 73 ]. Hence a 93%
confidence interval for the true scdutioo parameter is approximately
Xi,,£2V2SHii/(m-n)
As H is the inverse of G it is given by
H = adj(G)/det(G).
where adj( G ) is the adjoint matrix of G aitd det( G ) the determinant 0i G,
if det( G ) is small then the components of H can assume very large values. The values
of G and S are provided by E0O4FCF and further analysis could establish estimates of the
confidence limits.
A number of the spectral the I/i curves of which were arudysed ( and parameter
values obtained listed in Table 3) have atomic transitions with common upper energy

levels. Ne 1743.8,724.3 and 703.2 nm have transitions from 3p [ V21j #692.9 and

614.3 nm have transitions from 3p [ V212« uttd 639.9 and 388.2 nm transitions from

3p'[V2],.
The values of parameter B obtained for grectral lines with common upper enogy
levels ai their transitions differ by factors - 2.
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CHAPTER 7
DISCUSSION AND CONCLUSIONS

TIA SELF - REVERSAL OF SPECTRAL LINE PROFILES

The obsenration of self - reversal and broadening by self - absraption of the
pitrfUes of spectral lines wit transitiOTi terminating in metastable state 3i [ V2]2: was
the first direct evidence obtained in the work that 0 e number density of neon atoms in
this state was sufficiently higii to "«k«* two -stqj excitation cShi*ier energy levels, via
this «b>, probable. The prcerfiles <rfall spectral lines studied with transitions terminating
in3s[% exhibited varying degrees of self - reversal, with the exception of
588.2 nm. The la(+ of self - reversal of the profile 588.2 nm may be explained by die
lower transition probaWlity and less favouiaUe ratio of statistical weights for tiiis
spectral line dian other lines with transitions terminating in the 3s [V 212

The lack of self - reversal of the profiles of any of the spectral lines with
transitions terminating in other state of the 3s, 3s* group, supports the results of direct
measurements of excited state densities thatthe 3s [ V2  state is die most highly
populated 0i the group.

Changes in giectral profiles caused by differing degrees of self - absorption and
reversal, noted in early stages of the woric due to contamination 0i the lamp gas, were an
important indication of die contatnination and, subsequently, recording of the profiles
provided a useful, sensitive check of neon purity.

7/B number DENSITIES OF EXCITED ATOMS IN 3s, 3s'STATES

7/B.1 General Features of Number Density Results

The absolute number densities of neon atoms in four excited Ne | states 3s [ V212

.3s[% . 3s'[V210and 3s’[ V2ifand their variation with discharge curent,
differed considerably fat the four sGites. The pressure of the neon in the H.CL. also
affected the shigie of the number density/current curves ( N(i )A) and to a lesser extent
the absolute number density values - see Rgs. 53 to 57 -.

Starting widi the 2 tear results - see Figs. 54 (a) and (b) - fw which the best low
driftlesulu were availaUe and the most extensive analysis carried out, principal features
of the number density results obtained, grouped by energy level, were :
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(b)

©

(d)

3s [*2]™ {tbc lowest energy metastablc Slate)

- highest peculation of the 3s, 3s' group of states with mean number density

~ 15 X10¥ m"

- the number density «ttainwl this value at the lowest current for which a
discharge current could be tmiintainBri (~ 0.5 luA) and varied by less than 20%
as the discharge cunent was increased one hundred fold to 50 mA

- there is a sharp local peak in nund>er density at low cunent (~ 2 mA) falling in
value near ~ 5 mA and thereafter increasing slowly and “>{m>»<°a*cly lineaily
with cunent up to 50 mA.

3s[V2]" (non - metastaUe state)

- the s~ most peculated state with mean number density ~ 0.6 x 10" nt”

- the number density attained a significant value ~ 0.2 x 10*” m'* at lowest
possible dischaige current but increased by a fsetor ~ 4 as die cuirent was
increased to 50 mA

-dieN(i>6 curve has smooth shtce with no local peaks and slowly decreasing
gradient with increasing cuirent

3s'[*2]g (metastable state)

- one of the least populated of 3s, 3s' group with mean number density
~0.3x10*" m~

-N(i curve has the same shape as that for the other metastable state of group
(3s[V212)  with numberdensity scaled down by a factor - 5. Bodi exhibit
similar strong saturation with increasing lane current

3s' (*2]f (non e« metastable state)
-one of the least populated of 3s, 3% group with mean number density
~0.3x10*’ m3
-N(i curve does not saturate with increasing discharge current and the
numher density is tcpitixhnuely proportional to current

Considering now the effect of changing neon pressure, the most notable difference

in the N( i )Acurves at different pressures is in the low current region, where local peaks

occur in die curves for the two metastable states 3s [ V212 1 ¥2lo N *¥e
The 1 toirN (i Incurves are almost identical to those for 2 ton above a larig) current of

~ 15 mA, butdo not have local peaks in the curves for die metastable states in the low

cuirentregion.

At 5 ton the peaks in the low cuirent regkm of the N( i )" curves for the two

metastable states are more pronounced than at 2 ton and extend to greater values of lamp
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cunoiL The ovendl number densities of all fourodted states are slightly higher at Storr

than at land 2 ton-(however the estimated enotsand'scatter* of 3s [V 2if and

3$'[V2]‘i3 results are poorer).
7/B.2 Comparison with Results of Other Workers

Measurements of the number Henritie« of excited neon atoms in hollow cathode
discharges using various mediods have been made by workers principally interested in

laser applications [5,25]. These measumnents have been made for higher current
densities of the order of 10 to 100 mA/cm”, with water cooled aqiper cathodes <f

different dimensions than those used by the audior and have mainly been concerned with

the number densities of the two metastable states 3s t V212 & | .
Measurements earned out by the author were for cutrent densities < 2.12 mA/cm*
without water coding of the mild steel cathode and were made for all four states of die
3s, 3s' group.

Number Hmririn« of atoms in metastabie states 3s [ V212 and 3s' [ V2Iqobtained
by de Hoog, McNeil, Collins and Persson (5] using the method of Ladaiburg and
Reiche [64], were ~ 10** and -1.3 x 10* m" respectively at 10.6 toir neon pressure,
compared with number densities of atoms in these states o f- 1.5 x 10*" and
- 2 X107 m™ respectively, at neon pressures of 1,2 and 5 tore, ditained by the
author. The number densities of atoms in the two metastaUe states obtained by these
wixkers also exhibit the strong saturation with increasing discharge cureent observed by
the author, and peaks in the number densities at low currents observed by the author at
neon pressures 0S2 and 3 tore.

Number densities of neon atoms in metastable state 3s [ ’/2]2 obtained by van

Veldluizen and de Hoog [25] using laser absorption, for a different water cooled Cu - Ne

H.C.L. system at current densities -10 to 100 mA/cm? were also -10** m" «
Measurements of the number densities of neon atoms in excited states of the

3s, 3s’ group of energy levels have been made by Djulgerova, Jechev, Pacheva and

Rashev [65] using a modified fotm of the method of Ladenburg and Reiche for an

ttC JL with an «inminium cathode, without water cooling, at similar current densities to

those used by the author. These workers obtained number densities of neon atoms in the

four excited states -10*” n? , as did the author, however the relative magnitudes trf

the number densities of atotns in the four states were different to those obtained in the

present work. Most notably these workers rgxmed that the 3s [ V212 metastable state

was not the most iughly populated of the 3s, 3s' group of states, whereas die author
found that this was the most highly populated state of the group, a conclusion supported
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by the fact that self - levosal was detected  the author in the profiles of gtectral lines
with transitions terminating in this state but not those tmninating in other states of the

group.

7/B.3  Saturation of Metastable Atom Population

Saturation of the neon metastable atom populations with increasing current,
obsmved in the present wotlcand by de Hoog et al [5,25] in the H.C.D., has also been
observed in the helium metastable populatitxi in the He - Ne positive column laser
discharge by White and Gordon [66].

Ifow may the strong saturation of the number densities of atoms in the two
metastable excited states with increasing discharge current be explained 7 The
>ypiiiniitinn put forward by Webb [67,68] for the saturation witfi increasing electron
nninhw density of the population of nobk gas metastaUe states in all types of discharge,
is of these states by electron collisimi, particularly those collisions causing
inniMtinn of the metastable atoms. He argues that, although only a relatively small
proportion of the plasmaelectrons in the discharge have sufficient energy to excite the
metastable states from the ground state (~ 16.6 eV fw neon) a larger proportion of the
electrons have the energy necessary to ionize atoms in the metastaUe states (- 5 eV for
neon). In addition, the electron collision cross - section foe ionization of meutstable
atoms is greater than die cross - section for excitation of their ground state atoms. Hence,
although increasing the electron density increases the rate trf creatitm of metastable
atoms, it also increases the rate of their destruction, so that, once the electron density
teaches the point where ionization of the metastables domiruttes over all other forms of
thdr destruction, the population of metastable atoms becomes insensitive to further

increases in electron density. Expressing this argument algebraically, if N, is the electron
number density, N,, die metastable number density and i the discharge current, then

N_ (7.1)
(1+C,N.)

where A, depends on the cross - section for excitation of the metasuble state by electron

r»iiicinn and C, the ratio of the rate of destruction of metastable atoms by electron
collision and all other modes of destruction.

If N,o< i then dtis expression becomes

N_- Al (7.2)
(1 +C.-i)

where A, and C," ate related by constant factors to A, and C, respectively.
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A plotof N, against i will then be of die form shown in Hg. 67. I1f one compares
this curve with the observed variation of mrtastaWe atom numbers density with current-
Hgs. 53,54 and 55 - it can be seen that there are two important differences. Rrstiy the
observed number density 'jungis' very abruptly near the origin so that, at the lowest

current, the number density has a significantvalue and secondly Aerc are

in number density in Ae low currentregion at Ac higher neon pressure of 2 and 5
tore.

rrhaArr first Ac pcaks m metastablc atom number density m Ac low current
region at higher neon pressures. These peaks are accongianied by rapid changes m the
radial distribution and gipearance of the caAode glow observed visually. The number
density measurements were made wiA a wide probe beam so Aat an average number
density across Ae beam widA was measured. A greater proportion of probe beam rays
near Aecentre  the beam finally reached Ac detector than Aosc near die edge of Ac
tvem iwmiw of aperture limitation; hence absorption at Ac centre of Ae H.C. glow
provided a greater proportion to the measured metastable number density than that near
Ac Thus, changes in Ac radial distribution could cause fluctuations m Ae
measured number density not reflecting true variations m the average number density,
and produce the local peaks m measured density observed at tow currents and hier
neon pressure. This effect however cannot explain die sudden jump in measured

density from the origin to a significant value at the lowest sustainable
Ascharge current

This suggests that the assunption of proportionality between electron number
density and discharge current breaks down at tow currents, wiA Ae electron number
density increasing abnipdy at the lowest sustairuAle current, so that

N,= N,(i=-0) +a,i (7.3)
where N,(i=- 0) is die electron number density at Ae lowest sustainable discharge

current and a, the increase in electron density per unit currenL Equation 7.2 now takes
the form
N. D.+A, a.4)
(1 +C,"i)
and shifts the origin in Rg. 67 (a) to Aeright so that Ac plot (f  against i becomes as

shown in Hg. 67 (b), which agrees more closely wiA the observed variation, ignoring

Ac local pcaks in density at tow current for 2 and 5 torr discussed above. As discussed
further below ('sec 7/C.2) the W of some giectral lines also indicate Aat etectron

niimhw density is not proportional to discharge current at low current Results by
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Borodin and Kagan [19,20] show an approximate pit*)Oftiooality between electron
number density and discharge current, in flwcairnsntnuigc 15to 60 mA fijr similar sized
nickel cafljodes in a helium R C discharge, but they do not give any values fw very low
currents. Results by van Vddhuizen and de Hoog [25] for neon also show approximate
propcxtionality brtween electron density and currrent at higher current density but widi
slight downward curvature.

Atdischarge currents greater than ~ 10 mA ( ~ 0.42 mA/ctri®) below which the
local pfif* in metastable density occur, the main difference between the 1and 2 tocr, and
5 totr measured metastaUe density versus current curves, is that at 1and 2 torr the
metasiable density increases with increasing current whereas at 5 tCHT the density hardly
increases at aD. This dififeienoe may be associated with the longer diffusion time of
metastable atoms at higher neon pressure, so Aat destruction of the metastaHe states by
electron collision dominates over their destruction at cadtode surfaces, at lower current

density.

7/B.4 Quasi * metasUbie Atom Population

The number densities of neon atoms in the two non - metastable states in the
3s, 35’ group might initially be expected to be very small compared to the density of
metastaWes, because of fast radiative de - excitation to the ground state. However die
~ect ofradiation trapping gready increases the effective lifetime of these two states
which may be described as quasi - metastable. Radiation uapping [69] is the strong
reabsorptionof the ultra-violet emission by ground state atoms, so rqwpulating the

restHiance state in question.
Also, |inn«i»wpopulating mechanism is possible for the two states in addition to
excitation ffom die ground state by eketron edhsion and population by radiative cascade

ffom higher energy excited states. Thermally excited transitions from atoms in the two
mctastable states 3s 3s' [ may also ttke place [70], as the differences

in energy are of the same orier of magnitude as that available from thermal collision widi
atoms, ions or electrons, aeariy the miqoiity of these thermal collisions will be with

ground state neon atoms as these particles have die highest number density ~ 10" m~.
The gas temperature of the R C discharge estimated from the width rf the Ne |
585.2 nm emissioo giectral line, was - 600K, SO that the average thermal kinetic energy

kT - 0.052 eV. This spectral line showed no evidence of broadening by self - absorption

andthenumberdensity(~2 x 10**m-* )<rfatoms in the lower state ( 3s’ [ “/jI*

the transition was an order of magnitude less than the number density of 3s [ V2Iz
which giectral lines did show evidence <fself - absogition. Hence die width of this

153






spectral line was mainly determined by Doppler Ixoademng. Slate 3s [ Vjli is roogWy
halfway between Ae two metastabk states in eneigy-see Rg. 68-; 3s[’/2I2

0.052 eV lower than it in energy and 3s' [ VAo “ 0.045 eV higher in energy. As Aese
differences m energy are «liproximately equal to Ae average thermal kinetic energy, Ac
rate (rf thermally excited transitions between Aesc three states will be very higii. State
3s' [ V2]? however, is higher in energy Aan Ae two metastable states and Ac other

quasi-metastabk slates and the differences in energy are significantly greater,

3s' [ V2]" »50.133 eV higher than 3s' [ V2]? and 0.229 eV higher than 3s [\ in
energy. As these differences m energy are several times ( - 2.6 -- 4.4) Ae avwage

Aetmal Idnetic energy, Ae rate of AermaUy excited transitions between 3s' [\ if and

the oAcr stetes of Ac 3s, 3s' group wil be much lower than for 3s [\ I® due to Ac
rapid decline of Ac Boltzmann function wiA increasing energy difference.
The number density of atoms in Ae 3s [~ 21" state was found to be intermediate

between Aose of two metastaWe states and exhiWtcd saturation wiA mcreasing discharge
current, as did the metastablcs - see Hg. 54-. This suggests that populating rate of

3s[V 2li isdominated by thermally excited transitions from Ac two mctestaWe states

and in particular 3s [V21  Ac most highly populated state. The rate of thermally
nansitioos may be expected to change only slowly wiA increasing discharge

current as Ae gas tengcrature is relatively insensitive to changes m current

In contrast Ae number density of atoms m state 3s'[ V21 wasfoundtobe
loughly proportional to discharge current, wiA no saturation, and exceeded that of
mctastablc state 3s'[%fo at currents greaterthan-30 mA (-OmA/cm” )
-sec Rg. 54 This suggests that theimally excited transitions from the other states in
the 3s, 3s' group was not the dominant pt*ulating mechanism fw 3s'[ V2Ii but

rather cxdtation from Ac ground state by electron cdlision and radiative cascade from

higher energy levels. Althougii excitation by electron collision almost certainly dominates
over radiative cascade, boA rates may be expected to be approximately proportional to
discharge current As Ac maintenance voltage ofaRC L. is cssentiaUy indépendant of
discharge currentand equal to - 200V m Ac case under discussion. Ac drift velocity of
Ae electrons is also constant and the electron number density and hence the rate

excitation by electron collisions are prt*xational to current The populating rate rf a
given atomic state by radiative cascade depends on Ac number densities of Ac higfier

energy states from which Aesc transitions take place. In this instance by far the most
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intense gjcctnd lines and heikC highest rates (rftransition carcspond to irmitions from
tfae3p,3p' groups ofene” levels. As the intensity of tiiese”tectral lines was found to
be tou”y proportional to current - see Rgs. 18 to 21 and section 4/A.2 (b) - the rate of
population by radiative cascade ftom them must also be roughly pn~joroonal to current

VC INTENSITY/CXJRRENT CURVES
7/C.1  Comparison with Howard's Results

The experimental W results obtained by Howard [37,38] for a limited number of
data points and range of currents are in general agreement with those obtained by the
authmr. However the model equation (eq. 1.1) used fw fitting Howard's results was
based on an assumptkm of proportionality between the intermediate state number density
and discharge current, an assumption shovm by the author to be incorrect A reasonable
fit had been obtained for lines originating in high lying levels which cotreqxmd to
relatively large values of C The fit had been less satisfactory for /i curves showing
upward curvature. Detailed congiarison between the two sets <ffitted data will not be
carried out

7/C.2  Summary of I/l Fitting

(i) 1land 2 tore Id curves well represented by equation (rf the ftrem
1= Ai(l+BZNj(i)) +D (7.5)
(1+Ci)

where Nj(i),j »1,2,3,4 are the number densities of the four excited states of

the 3s, 3s' group of states. An equation of the fwm
1= A'ifl +B'i) 0-1)
(1+Ci)
also represented the W curves but fitted less well than 7.5.
fii) 5 tore Id curves could not be fitted to an equation of this imm or any other tried,
fiii) For spectral lines corresponding to transitions between 3s, 3s' and 3p, 3p'
groups of states C « 0.
(iv) For spectral lines emresponding to transitions fixxn high energy states C > 0.
V) B is greater at 2 tmr dian 1tore.
(vi) With the excqjtion of 640.2 nm the W curves are not significanfly affected by
self - absorption.
(vii) D >0 for giectral lines die Ifi curves of which are not
asynq)totic to the origin at the lowest sustainaUe discharge current
Discussion of the above observations will be confined to those for 1 and 2 tore fat
which a fit could be obtained. The lack of success in fitting the 5 tore results to an
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equadcn of the fonn ofeq. 7~ or one derived 6om it was almost certainly because * e
/i measutements were made for the centre of the discharge but the measurements of
ny taswik* atom number density were average values for a large area of the discharge. At
1land 2 toiT neon pressure the R C glow was visibly quite uniform, however at 5 twr it
an annular distribution. The worit of Kagan et al [19 - 23] Howorka and Pahl
[12], and others has shown that the develcgcment of an annular glow structure at high
pressure is accompanied by radial variations in electron number density and intensity rf
spectral emission. Van Veldhuizen and de Hoog [25] observed radial variations in
metastable atom populations ath i~ pressure. Qearly eq. 7.5 needs to be modiried at
high pressure to take into account these radial variations.

Wjimtinn 7.4 is a balanced rale equation for the variation of the number density of
excited atoms in the upper state of the atoinic traimtion corresponding to a gtectral line,
with the numeratOT being proportional to tiie excitation <fthe slate and the denonninator
the depopulation rate. Equation 1.1 based on the incorrect assungtion of proportionality
of intennediate state density and discharge current can also be fitted to these results as the
intermediatB state density increases in an g”noximately linear manner from an initial high
value, so thateq. 7.5 has a similar current dependence as eq. 1.1.

rr«ciHi” first die excitation of the state in this model, in which singje - step and
two- step fTcitstinn via an intermediate state in the 3s, 3s” group, both make significant
contribution to the overall excitaticHi; a question that arises is, why they both make
contributions of orders of magnitude when the number density of neon ground
state atoms, from which single step excitation takes place, ~ 107 m *, while the
nnmhw density of excited atoms in states of the 3s. 3s” group is only -10** m™* 7
Using an argument rimilar to Webb’s [67.68] explanation of the current saturation of
meiastable populations. Ucan be seen that two factors greatly increase the piobabilty of
excitation of a state from the metastable and quasi - metastaWe states of the 3s, 3s

group relative to direct excitation. Firstly, the electron collision cross - section for further
excitation of atoins in the metastaWe and quasi - metastable states is much greater than

for excitation of atoms in the neon ground state with its contact etecnonic structure

typical of noWe gases. Secondly, the proportion of discharge electrons wi* sufifkient
energy -19 eV needed to directly excite the state from the ground state will be much

cnwitw dum proportion of electrons widi suffident energy ~ 2 eV to excite the state for a
metastable or quasi - metastable state. The larger contribution made by two - step
exdtationat2t(HTthan 1 «hit NEONpressure, indicated by the larger B at 2 torr, may be
«Tpiainwi by chuiges in the energy distribution of electrons with neon pressure
(observed in probe measurements by Borodin and Kagan [20] ), so that the proportion
of low energy concared to high energy electrons increases widi gas pressure.
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The need for an excitation contribution, D in equation 7.5, not depending on
discharge current, in order to obtain a good fit in the low current region is consistent
with the argument put forward to explain the metastable number densities - see 7/B.3 -,
that the proportionality between electron number density and discharge current breaks
down at low current, with electron density attaining a significant value at the lowest
sustainable current, so that
N ,-N,(i=~0) +a,i C7.3)
The fact that the value OID differs considerably between spectral lines, being negligible
for some (eg. 640.2 nm) and of considerable value for others (eg. 585.2 nm), suggests
that the energy distribution of electrons arising from the current dg;>endevitand current
ipM>p>nA>nt terms ofeq. 7.3 are different from each other and have different excitation
for different states because of * e variations of excitation cross - section

with electron energy [71]. Itis known from die measurement by Kagan's group [19 -
23] and others [24,12] that the electron energy distribution in the H.C.D. is non -
Maxwellian and has been described in terms of three groups Ofelectrons of low,
intermediate and high energy by HowoAa and Pahl [12]. The relative propOTtions of
dectrons in duee energy groups may be different for the contributions to total electron
density made by the two terms in 7.3.

rnnci<w now the depopulation rate term of model equation 7.5, it is apparent
diat the dgiopulation rates of states of higher energy are dominated by electron collision
but not those of states belonging to the 3p, 3p' group, from which transitions
corresponding to the prominent neon spectral lines take place. Qcariy the very high
probability of radiative transitions fi«n die states of the 3p, 3p' group ensures that
radiative de - excitation dominates over de - population by electron collision at die current
>vn«iri« used. In addition, less energy is required to ionize atoms in the higher exated
states than in states of the 3p, 3p“ group.

The fact that die W curve for 640.2 nm was the only one for which inclusion of a
self - absorption term provided any improvement in fit, is conristent with the observation
that the profile of this *lectral line also showed evidence of significant self - absorption.

7/D V/I| CHARACTERISTICS AND VISUAL OBSERVATIONS
The reconfcd Vi characteristics of the H.CL. and results of visual observation

provide additional evidence of changes in electron energy distributkm and radial density

distribution with increasing discharge current, in die low current regime. At neon
pressures of 1and 2 torr the maintenance voltage only changes significandy with

discharge current, at currents below - 5 mA (- 0.21 mA/cm*). Changes in maintenance
voltage will cause changes in average electron energy. At these low currents the colour
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of die discharge also varies with current, changing from a dull red to an orange colour
with increasing current, as well as increasing in overall brigjitncss. At such current
densities sputtering of cathode material wilU be smaU and these colour changes cannot be

by emission from sputtered cathode atoms. Radier, they indicate that the
relative intwiritiM of neon spectral lines have changed, reflectmg changes in electron
energy distribution.

The "bungis" in W curves and peaks in measured metastable atom density in the
low current region, occuring at higher neon pressure, were accotr*anied by changes in
the VA characteristics and visual appearance of the H.C. discharge. At 5 torr neon
pressure these changes extend up to currents of - 10mA (-0.5 mA/cm*), above

which the properties of the discharge become stalde.

7/E EFFECTS OF FILL GAS IMPURITY

The properties of the ttC . discharge in the experimental lamp were found to be
very sensitive to the presence of irr*iutities in the neon fill gas, due to contaminanon.
The problem of contamination was overemne and the bulk of the results referred to in tiie
thesis are for conditions of maximum purity with no detectable ingiuritj' effects.
However these impurity effects ate interesting in their own right and warrant separate
discussion.

The principal irrpurity in the carrier gas of die eigierimental lamp, when
>v,nt.rtenwwiri, after initial filling wifli high purity neon, was identified spectrosa”cally
as CO and to a lesser extent H and (XL outgassing products of die inner surfaces of the
UHV lamp system - see 2/B.6 and 4/C -.

Th/MTiajiv effects of the presence of impurities on the observed spectral yiopeities

ofthe RC. discharge were:
(i) General reduction of both Ne and Fe spectral intensities, and the almost

complete absence (rfFe spectral lines in the ultra-violet region ctfdie
g>ectrogram of the contaminated latrg).

(n) Reduction in the teoadening and self-reversal (rfNe | spectral lines
corresponding to transitions terminating in metastable state 3s [\ 12.- Eg. see

Rg. 17 showing profiles of Ne I 640.2 nm under clean and contaminated
conditions -.
Qii) Alteration of the form of die * curve of Ne | spectral lines, see Rg 30.
Changes in the non - Mlectral properties of the discharge, principally die VA
characteristic, due to the presence of irrS»urities,wcre also noted but were less

pronounced than the changes in spectral piopernes.
The reduction in broadening and self-reversal of Ne | spectral lines
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corresponding to transititnu to metastable state 3s [ V2 .indicates that the population of
neon atoms in this excited state had been’quenched'by the presence of the in?)urity

molecules. The spectra of both CO and C{™ were proimnent in the spectrograms
lecoided of the contaminated lamp emission (see Rg. 31); and potential energy curves of
diese two molecular species and some excited states are provided in Rg. 69 [72]. The
difference in energy between the ground state of CO and the ground state CO™’ is ~ 14
eV and the first excited electronic state -16.5 eV. The difference in energy between die

3*[M2”7 ny-taitiihli.. state and the neon ground state is ~ 16.7 eV. The likely quenchmg

mechanism is the Pnining - like collision process
Ne* + CO —» Ne + CO+* + ¢
.where CO™* denotes the firstexcited electronic state of CO"™".
This p"ocess may be eigiected to have h i~ relative |xobability as there is near energy
resonance, giving a high matrix element for die reaction, and the three product particles

allows a large volume of phase giace to be available for die product states.
The reduction of Fe and Negiectral intensities and the changesin Ne | R

curves, caused by the presence of ingiurities may be readily eigilained in terms (rfthe
quenching of the population of metastable excited neon atoms.

(juendiing of the population of metastaUe excited neon atoms win reduce the
probabilty of two-stqi excitation via the metastable state, so reducing the Ne | spectral
intensity and by changing the relative contribution 0i one - step and two - step excitation,

change the form ofthe  curve.
The quenching <fthe neon metastable population can also be expected to reduce

the intensity of Fe spectral lines by reducing die rate of excitation of sputtered cathode
atoms in collisions widi metastable excited atoms. The marked decrease in Fe giectral
intensities when impurities were present, could also be related to a reduction in the
pc*wilation density of guttered atoms. This could arise if a reduced rate of ionization of
neon lead to a reduced number density of neon ions, and hence a reduced rate of
sputtering of cadiode atoms.

7/F CORRECTION OF SPECTRAL PROFILES FOR

INSTRUMENTAL BROADENING
The technique developed in the work for the correction of recorded spectral line

profiles for the effect of instrumental broadening, using synthesis of a cubic *line

representation of the profile, is applicable to any situation where an igiproximate solution
ofa convolution integral equation is required. The main disadwuitage of the technique it
die occurrence of unwanted oscillations of value. However such oscillations are to a
greater or lesser degree unavoidaNe in grproximate solution metiiods, particularly ifa



FIG.69 POTENTIAL ENERGY CURVES
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polynomial representation of the solution is used. If Ac analytic fonn of die solution is
known, the synthesis of a solution of this form may be expected to give better results.

The cutnc spline synthesis technique could be developed further, by allowing the
spline knot positions to be variable and including diem in die set of parameters varied by
the minimization algorithm. This would entail use of a constrained least squares
minimization algnithm which preserved Ac order of spline knots.

Another development of the technique could be Ac use of the set of residual values
obtained wiA a good fit approximate solution, as an indication of Ae size of value

71G SUMMARY OF CONCLUSIONS

- All states of the 3s, 3s” group of neon levels highly populated wiA number densities
-0.3-2 xION m=

- Population o f metastaWe state 3s is highest of group wiA mean density

- 15x 1Qi"” m5

- Populations of the two metasuble states 3s [ V2]2 and 3s’[ V2]q exhibit strong

saturation wiA Ae number density attaining significant values at Ae lowest obtainable
current and changing only slowly wiA increasing current Acrafter. Non - mctastable

state 3s [*/2it exhibits a weaker saturation effe«
- Number density of non - meta' table 3s”[\ it is approximately propmtional to current

- Self - absorption and reversal of most lines wiA transitions terminating in 3s [ V212

- Neon pressure m Ac range 1- 5 totr has tittle effect on the average number density of
atoms m the 3s, 3s’ group of suites but docs influence the Aape of N(i  curves.

- The results suggest Aat Ae j»oportionality between clecntm number density and
current breaks down at low current density.

- Electron number density mcreases approximately linearly wiA increasing current
thereafter

- The energy distribution of electrons changes wiA increasing Ascharge current at low
current density ~ 0.1 mA/cm*“

- The formofthe IAcurves of Ne | giectral lines can (at least at lower pressure) be
explained by a balanced rate model for the population of the uRier state of Ac
corresponding tratisition.-niere is a small effect by self - absorption for spectral lines
such as Ne I 640.2 nm

- In «Atitinn to single - step excitttion by electron collision of the upper state of Ac
transition, two - step excitation by electron collision is significant

- Dc - population of the upper state is boA radiative and by clectton collision. Radiative



de - population dominates for states of the 3p, 3p' group but de - population by electron
collision is important for higher energy states.
- The W relationship of most Ne | spectral lines at lower pressure (1 and 2 toir for die
size (rfcatiiode studied) may be described by an equation of the form

I = Ai(l-t-BINj(i)) +D

(1+Ci)

where A, B, C and D are independent of current and values depend on

A - the rate of single - step excitation.

B - die relative importance of two- stg> excitation

C - die relative rates of depopulaticm by radiation and electton collision

D - the number density and energy distribution of electrons at low current and
the energy dgiendence of die excitation cross - sections.

iz SUGGESTIONS FOR FURTHER STUDY

The woA could be developed further eigietimentally in two in”iortant ways -
@) Extension of the measurements tol ower currents
(b) Inclusion of the effect of radial variation within the discharge
The lowest current for which a discharge could be maintained was mainly lirmted by the
stability of the current supply used at low values of purrent Increasing the value of load
resistance in sales with die RC.L. only slightly improved the low current stability.
Extension of the current range studied below ~ 0.5 mA would require a different

supply to be used, which has greater stability at low current In order to take
into account radial variations within the discharge, spatially resolved measurements of
absorbance with fixed probe beam and movable cathode could be carried out These
measurements could be related to the Id relationships of spectral line emission from
different regions of the H.C.D.
The model for the population of the upper level of the transitions could be

developed theoretically to take into account different cross - sections for excitation from
different states of the 3s, 3s' group.
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Kaaniei Fabry - Pdret Eewfaromatry wai arod w raroid te
profUa af Na | ipaciral ftea» «Mi te aic af chaipiteg
aaWibwrpHen cfiacta caaaad bjr a b i* popatedon of aace
atona te an aadiad ctaM. Aapradabte Mtf roaoraal and
broadateM «aro ebaarrod fer fte | ipactral Kaoa terafaattat
teteldM g MtMabte «a«. |Uaaiia tete Hteracaro ea
atef-rtronte te heOoroKateda laropa-* boro appHad m
raaonroMo tadteden eraro te catho” «niortel. m eanlra« te

te proaam raonlis on te canter po Imaa.

Tbairone beoteepdcalarm ifiwa« (Rg- l)<noaaad farbote
tetiiterj rofwi oarrom (1) eeaiereaww and Pobry «=POfte
anarfaienroiar acana. te tecarferemetar and be«ate| batep
roawrod for U |naa|aru|ant| he ipacnal tteaaitadted «aro
delatad by an g cretic| «onechromaier

Al

sArsrir.«i«tio. b, acun« b, *. wp

el roanu
 Utc« Im PaOry=Pint tam

) Quito mboiatn

mryittm lo» drowrmobd hcdow-cotedc load



Rk d\%} id  Hioaddv(dvd

otaw t«tota lakiM /.<eewumeastt- For tk«e. ikcoutm
W u tocwMid iiAOOilily t w lio 30uA M iko«! SWM.
a BKKor driva o* tka ckacam con”nM Mg Um 0«9 «t of ika
mwm mbiikad powar tapply.

The atalon ptota» of tka pra— rr irinaad i u rfafowm r*
had aiaflaeiW*yof« % istkacadapaan!faiN* eed =<
fuiail kin aeaeat waa aaad. For latarfaroaMCrte aeaiB oa
pnmm boakoa »aa ftm filad witb muetaa at m
piasaart of abOHt 1 bar. d m ika aaa«aa allowad 10 Iaak 10M
aiowapkara ikroi*h a aaadte *i»a. Tka pnm n oMkia ikc
boweM w e moMtoeed wkk a SebaevUx praeeeia aeaaer (ty|w
FT44-o0qa). tka oatpai of wkkk coatfoOad tka Jf-daaaeooa”

ka JT «r racofdaf Mam ofbai anJIMar Tka advaatapa of
s Metiwg 1 iKai «Tace caecadid of tha pracaws ragove
tka fagafiaaeat for ao aceanwaty coattoOad ceaataat laaa of
tkaaaa of praaauia-

A diagam of tka vacaae lywae foe tka daacoaataWr laep
« akom« FlIf.2aodaeon datafladd m na
aiparwMotal ckaebar io Rf- 2. For dw wwli. awld itaal
cotkoda. bora15aw wd daptk 30m * . w e ead whk eaee ai
ika eafrtar | e-Tk a aaearieaeial ebaoAar eowld baevapietad
aodbakad.WdaByoddavioiapfaaaoraofca. 10-*Torr.aod
than (Uad to tka daakad praantraofenter ge. AttMaatm.
protcaade wwiaiidnartnd of ika ge wabobaanad. TW
wipwtty w e idastiOad ipactroaeopicallye CO.CO aodCO
baae beteg obaartad io tka pkotopapkteOy racoedad
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EL Y

f Itea petta wtte ceiel far Na | teO.2 am.
IbMteCeSedalewp

ipaofee. Soea cento okoioad white ika ge .kacom
piogfaaalaafy WBCeewaiad ara tetoraadog aod ea

balw. Tka copteBoeoai of tka arigteaf aaadte e fra ter
||le||w ag aaeo lo tka aaparieoatal toaekar » aVapM
Oaomtoia UHV teak etea CTypa M W) aod teawn ctm
tedtee who aaol akoaa tka ropoor trap aiowod tea itoioaa-
eaotof praecoreofeo. Sk 16-bTonMloraeaoanaba”
of tea tvaiae. aod coottea irtdr eaet of ca. 10-« Ton
befare aaek oaeo eniog; 00 farther piebteo» wHk oeetaewo.

Tka U florea okiatood far fee grpteal Ha 1apoctral Hn - m
dwwaioWg. 4. Tkae carte wore eoottearoa® ro e ry far
tea daawaatahte laap at 2 Tort praaaara Tka raaato m
wtte teoe of Howard a of.> aod wok tka
prateffioew of tea propoaad eodai. Tka

raiwa aoobtod tka iraodi » ba aaco m efeol

permitaw e aeearm avalaattee of tkae e onaottA”ae”
OiioaraBy. iparm| line Biiiaproihag » traaairine _from
tetodyhma i!” teaate(ar. Hal M34am)hoeU C M
S eni dowowofte witk taaiadwg eanae. tedteodof tkat
demdtadoebyeteetroo .Spe*hw
oortaapoodiwt to traaaitioe from tkt 3pjp* to tea 3aja
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SM  MMr M |m:1.1kIM

powpa of toMb (a.|.. Ha | Stt.2 an aad 640J an) «aaattjr
An U camc thatcam aneoAly apwaiA . iaillnNBOAei
rvo-atap ootetiM k Mpoauat- Een| m eraaaaa «fkara
boA t*o-«ap axdtaiiM akd A-aadatiM bjr alaecuea oatt>
SM areiapoftaataadAe puvak dkpand {ten Aa oripa at
loarmraat nhiaa aad aatiiHraaluna* (Af.. Ha13t5.2 an)
CoattoMua rerwAnp bna Aa iowm camn at «<AiA a
~kdharaa cowld b* nanteinad (aa. 1nA) baafrnmimi Aa
daanr netuiScatMa of Ate faetara a Aa carraat «oak.

PA*7 «Pint iMavtaanalry

Rp. 3 Aowi two aaenpaa af Pabcy «P4m aeaM of He |
pactrel Hn i aaaittad by Aa iipiibaMtal lane atapnikwi
of 1 Tear aiM SO nA ewnn. Ha | SIS.I an baa Aa
DM nttiaiibU MW 3a*(l/2]t n Aa lowar Wni ef Aa
tnaaitaa. aod Aem m aatf-nnaael. Ha 1140Jan bn Aa
awtaateMa M ia 3d3/2| n Ae lowaalan) efAamnikM.
aod k daeHy tm d aad baeodaoad. Moot ef Aa
apaorel ion norraapfiiii ap a tnakrinni a A)a nataatahW
MtaeA ibitnayap AprMi ofaatfMnaaelHaa attrelian
DBrrwpoadiap w tnM tiam to oAaa knh aahAit aatf-

np. = Aowi Ana Fabay *N m aean of Ha 1440.2 an
MktadbyaiialadbiAowrarMwtalMp. IminH«pAadM <
ef matman aatfiannal aad breadaiaap. «)A larraia«|
camM (peek baiphttban bon adiniad ioraaaa of conpari-
IM). na dapne efaaVMnaaal k praawr vkh AW lanp n
Aa otfraei daaWKw an dpaillreotly biakatA n Aon A Aa
iripafimaaial laaap, wbkk had a caAeda appioainataiy ftn

A3

ximm iHfir. TW Mtf-rrwMI (m «ttiact tnm Mtf-
=hMfpti niinm!| Mn * eomepgMtal Jo n

e LE4Y a2 Ui dVIGNE < Mk
pofuMM dHHity of MM «tow M tkM ttcti bei ilw a
caayaratura gradiaai wHUa tkc rapM of hi|b nataataMa
poMlakM-

TiTSie M wo Fkbry «PtooteeaMofAa apoeeal IM Ne |
~40j w aeM kythe «pefkMeial leap *«ar «coAMew
of COogetw~dM (leap owTMi OMewai ai 30eA). Tke
afww | aa0 »miAMap weic a**ed m tke m m

beeaw pTMiMBhfaly oeeiaaiMied ifMr M iMiial «1 eWk
pvra pe. Qaapaa a Aa lora of Aa Al eem «an ato
ebaami. W i AAeMaaAa Aa MM aeaaabla aaoaaked
baM«mbM (hrAa 00 iapwity. BOA CO* aiMCQ «an

Mad a Aa neaiaakiiiirtlaap ipirtnai-Tka3 i"B mm

aatianba ma hM m mmtf af abea 10.t aV; Aa
dWaraawa a aMaer batwoM Aa poaad auan of 00 aad

B)* iaalﬁrﬁﬁl V.The Ikaly "aeeAap naAaaiBB k Aa

Ha* ¢ CO-* Ha  CO* # «(+ -2.7 aV)

Tie/laameofHe | apeetralikw eniMd by boftowmbede
anba a vaaiacy af eeadklon an eoakaaan wtA a
bWaadap Wa”anap aacWadM. twenapMcWMtn «da

n AaankadWn la«l akd dawnWadn by <actno ealWM

JignaWam Toa ?ain d_n)f<annakanf nif absetpdna _
w Aa nauaAMa atan 3i(M S p)n JoApawdin oWdaHe ef
Aa blab pripalaHna ef AW wata, aod eaadna that k k Aa
paebM tawanadWaa lan) far twwaaap anWadea. Abaarp
dn awaaannaaw an eaivaody b«Ap eanladon A ordar to
AwnMa Ararity Aa aiinkir rtiadiyaadipiA | ibatiftMina

Wa Aaak D. W. Wnd efrartndana Ud.. CaaAddpa, tor
dkcaMon nd bolpM adMa. aod CaAodina Ltd. for
lappfybn aaalad bedew cadwda lanpa.

1 Haond. C. WAM Tha*. CawHd Wr HMaaal triiialr
A«wda.MI. h

2 Ha*<C.ieew.M.E..IWwWKE.LM..aMW aid.D.W ..
. MLHP.M. )
). Winiii.W.C.aadDiOWn.L.»>M»H>Ki

4. Read, A. M.. PhD TbM. CoaaA Wr NadaaW tiiiia ir

Jlacamdlnwai‘f%%&
Aecm tim m m f IQAINS
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C1LIkt «M t
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t. IUTNODOCTtOW
tavM tigAtl * *f tk« vtrUtlo» «Itk
K, 1) *f carrinr

B e
Hecc*th»d* T«*  k*i

of U« uwcr lav*la a( crries»«malM ecom«€
trasaltiea» I» so»t#<iakU for "ser
tMctral [IM i »ulti «ra «bttlaH fat
e«el*4 U«»* af »ta*4ard eaaatrwctia»
(Catkadaaa U4.) tad4 aa atparlaaatal 4a-
Mvatabla las»; la tka lanar,

41ffaraat aliaa eayld ka fittad aa4. a’ar
avacuatiaa aa4 4aiaaaiat, tka laaf ehaakar
cauU ba flllad altk laart gaa ta tka
4aalra4 praaaura.

FALATH*

Tka rata af taa-atap aaeltatlaa «ill 4apaa4
ea tka Buakar 4aasltr af aaaa ata«# la tka
latarcadlata «tata, a kI[K aucbar
balai «aat Ukalf

k”\ taa aataatakla »tatac. S

«*| I aaarala# af 14.1 aad
ral"llvaly rafiara «caaalat Fakry-Nam
IBtarfara«atTT* awlayad la ardar ta 4a-
tact aaaalbla ~alf-aksarytlaa affact# la
saactral llaa« taralaatlat la tka#a »tata#.
Salf-ravaraal a«4 kraadaala] wara aksarra4
la Na 1 saactral llaaa «Ith traasltlaa: tar-
alaatlac la tka aata#takla «tata Ss”i
Na Na t saactral Haas lavaUlai traaslllaas
te ethar larals «ara aksarra4 ta asklblt
tkls affact (saa P It.l).

It «as tkarafara 4acl4a4 tkat sksarytlan

maasuraceats uslag aa aatarlar arlaarr saurea

skeul4 ka carrla4 aat aa tkat taa auMsr
daasity sa4 4lstrlkwtlaa af aatastakla ai-
clta4 ateas cawl4 ka 4ataralead4 4lractly.

Alf

a .
if tka »tata 1« fBf«kia.

2 tiaNWTA

Tka 4«wioitakl« law* «as a«41fl«4 ta .
eraba kaas af Ilikt ta aass

aa a«a«-aad4ad, evlledrleal, all4

lew catkeda SO «m iaa< a»4 af Il «m kara.

Pig.] ska«s a 4lagraa af tka »1* part af tka
laap raciM« systa« aad PIg.S s rartleal

(Iaa thravgh tka ma4lfl«4

bar.  Tka catkeda «as mauatad karltaatally
aa tkraa staal rad# swpArt«4 ky aa aaaMiar
flaaga 4asltac4 alsa ta sdalt tka

alactrical awpply ae4 <e

af tka twe viawparts. Tka cathade ae4 ckaa-
kar «ara aartkad, tlsss aa4 alca skialdiag

fia. ti aaveBSie «leer* *f UN* eyet™

serN

Pic. )s e«««!™ thra«” «saaria



Mr* w*td t* mIIaIM t* fltrar

Tlw clwaMr t« ~ 10 " torr
e S i Semntrob frean Feee *e
th* ac*lr 4 fraaaur**

A AMA. =ler*»*» »«itAA, 4U-
clurge IACE (i07) === -

Mure« f«T tke «re«rgtioA
erck« bea «ee aadulcted «t S3*i Ht kjr =

ckogacr uhiek al»« »ra-rUc4

ck* ahac »cacitl*« «af|m«r [
t« «Alifr ‘fcf okatcaM Uiplic rrRCL
TkU <r«ucaer «kawa t« mllalau*« Mr-

Bralc laterfercaec irca tke aala*

iMui = éUaraa «f tk« «ptiecl

far «ktaritUa accedreacec ultb Fekry-feret
U[«rf«r«Ml«r aad «IBaIln«4

Mt «guCtr«l Ila«« «alttaO ky t
I»ol«l«A ky aaaaekraa«*«" «u4 ar«fllc
r«e«r4«4 b a««a« «f tke

«kryMr« I«[«r<«raa«l«r ultk »k« kellor

etiode 41sekirge ff (I =0) «ai ultk It
e»ltek«d «a. altk tk« 0L »aa«T

traaaltUac taralaatlag la »=l'kj i. =;I*
HI | «0.1 «ad4 «U . | aa. *»*J»

threo «f tk* »e, »e’ I*e

HaaauraMat« a«r« acde «l tkr«« <iftercat
greceurce ti. J «@é | terr i
FeIM « «f |I««k»rg« rraat la tM fe]o |
t« » aA. Tk« lactmacct fuactle «F <k«
latarfaraaatar m g«t*rala«4 Ky

tM araftle af . ee “ ome frExn
t™ kY aa4«>«t«kIIU«4 e kurtkar
4«tallc «aearalag tM Utarfaraact«* Mra
draady kaaa glvaa alcai»Mro.

Maawraaaat« «ata «lca acd4a «T tM tatal Uac

akearfttaa, uIU 'I”ITI*'
™ Iataaalty CRAFN aalttac
ky tM M. «4 tr«a«al tad ky tM «ltcMrga

Mtra caatlaaaaaly racard4a4 altk «a X't m -
card«r, «= tM 4i«Mrga eurraat eee caaatk-
I; llg«c.ad fraa | ta » aA. MwU»
aktdaad «t aaaa “«eecrac af 1, 2 «4 i
tarr.

T™ «ftleal «yataa Iaclu4«4 fylr «»««I*'

«yartaraa I<M llc4 A.

AMrlaraa A ««4 0 aara eaall ('\ | aa) «M
aa aa« m it

yraAuca yarall kaaaa Ayarluraa - aa4 C

eo«tr«U«4 tM uidtk «f *M Maa yaaatag

tkraugb tM Mllaw cc«tkada uklek wa »«rlad

Asll

katuaaa tM full e«lM4a Mr« «f 1y o= «M

, «ad ewl4 akiftw latarally ta iaa*
Iata elffaraal ra4|a| aaltlaaa la tM 4U-
cMrga. TM laaa af taaally «acauataraf
«kaa ualai tM Mkr X at
«M « aaall kMa wlAtk c«uaa4 «a uMCcaat*!«
sgreaiag af «lgM l-ta-Mlac ===

aaa aaaauraaaata wara am4« mllk tka fwu
kaaa wlatk «f 1S «am

J. TKIOKT

HAtkada uaucly uaad** ta «alaralaa auakar
4caaltlca «f aateatakla «*« »«’\ L 2 111

M«a4 aa aaa «? tMaa 4«acrlk f ‘“»«kall
«@4 laMaaky*. AU «f tMaa a«ek«A« caa-

tala rarlaua a*acaattaaa =« te tka fera «a4
ataklllty af aaaetfd liac grafllaa «M «ra
yraaa te ayataaetle errar. TM aatkM m «4

ky Jarratt «4 araalt< , «4 Cikka
ull« te aaaaura atMlc awaker 4aaa|t|a* la
alkall aatal »«yaur«, avalM tkaa:
talatlaa kr ealeralalag auakar Aaaalllee «f
«kaarytlaa IIM eraflla. Akaarytlaa lla
refllae «ra calecdl«ta4 fraa fekry- F«rat
tarfaraMtrU aaaauraaaata af arlaery
aaurea ««4 trcaaalttad lIlaa yrafllaa-

TM akaarvac yrlaary aaurea aa4 trcatatttad
llaa arafllaa’ (1* (<) *ad I;(a) raayactivaly)
ara glvaa ky:

I(a) =/f(c*)g(a - «)aex *>

I'(u) =//(c=)oP<* k(@)t>i(a - a’)e’  (2)

«4 tka ayyaraat «kaarytlaa eeafflclaat

(k.(a)) ky

Kk.(a) = «* ldl,(a)/l¢(v))

«Mr« f(e') la tka yrlaary aaurea lia«
I(==) "(R/laflatarfaretNlar laatrua

fuaetiaa
tM trua akaaratle« eaaffldaat

k~(a’) tM aayaraat «kaarytlaa ea-

- «fflclaat

t tM akaarytlaa Htk laagtk
w4« wavaauakar

Tkaa tka auakar 4c«aalty (») af «kaarklag
~taaa le glvaa ky:

*a Voa*
la tM autletlcAl walgkt af tM

tC*«(utIetIcaI walgkt af tm
gt
lauar la)
1 ™ eaatral «avalaaglk af tM
« ayactral lla.
Ait tC yraM kIIIly af tM traaaltlaa
04 e tM «y«d af Ugkt

M akacrvad lio« yrafiiaa eaa M
far tM affec tM latarfaraaatar If tM
laatruaeat fuaellaa I(a) la kaaiw~aM tkaa
tM trtaa akaaratla« «aafflelaat
«e«4 1« «auatlaa («) te cslcalata Ua
4ccalty. llaa graflla earraetlaa oaat M
carrlad aut «itk e«ra aa4 ragulraa eaa-

* L mwprR (Fo[[1
AR T R Maauardiiy aaHewar
tMa tM llaa arafllaa la auaatlaa («a la
tM caaa la ikla wark) t ~ tM «yH”aat
akaarytlaa eeafflclaat (k.(a))
oataly tM aaaa aa tM tria eeafflclaat
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fOKiUiiaii or YAITA
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C.t. Lbbht, i.i.N.

Scko.1 of Appli.c »rylc.

Mo« *«« " «0W cathod
isesacel Misobxcij
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»olrwctalA '

HellMpp. LOAdop, NI »0»* O-»-

I PRQICIN
Th. «.pnii.. «itA Cey*»*, %o o' '*e
titp, 1. M" Ly «* «!
Cyiut.bi. »y»/ii»
b... .tuAlH Aiy |

TE“%A yi%i%n o ©
»“ »* e.tby. lyp
LAAAY YA AR N

i,

txcltatlob proc.iiii 1» y uy c.tbh.o» AlA-
CbATII. Th. .i.-lti ilrfICA« tbit <~-.tiP
«xcltttlOA i lyorliil f.i "wW

[1], ¥Ith tbi yiiitibli ititi Stl/1Ji

tk. probibli I.titNyiiti li.il C»)
rilitlooiblpi «y» thi ytitlii a1 ' i
«lickitii la la« pritiur. 7 »« »” = i*'*
liiiltltatiA fit coapiilya. Ti ilit i
lat.rpritlIBt th. 1-1 T.iult.. Aiti ii tk.
ytit.bl. yyl.tl Ii bitb tn». if « i

~la ragqiilric, G i blib tiiolitla. ibiorptl.a
M tiurtMiti bi.i bita «4 . 0 dlattic Ni 1

lutbidi «iuillr uiid ti d.t.tily ii«yt
d.iiltlii .1 -t.it.bl. ity. it. y«d ii
thi»_d.ictibrf br NitcMii Aid tiNiiibr []J1
<1 Citili ICNptliii i1 th. fac AdQi-
etilcr g« ., iili prifijii- . Thiii ¢««'-
tiliti.i ci b icidy 'br ditirfM tb ‘ib-

cptic 1L. pciiii. » -2._«ld*>x<kn--».'"
oo MU iT o pricrf_io». oo <-n
ilttad lie prailli. tde Th .«y.t «iltr.
N of ibi.rblil itM i »kem K

, L Jdiiu-y»,., d

t. 1 *it
«bar. I, iid 1, ik. ititlitlc|
Cillhti of tb. «pyt ..d lct lar.li.
pctir.dr. », iki «liit.li tr.i.ltto. »«-
bibllltr Aid 1, 'k. Citril =i»clc|tb.
t  PPRJIBNA (BIAH
Dicoitlbli dliCbirj. tobii yr. «irt oi
o.b.r. .yitci t. il.. bllb ytltr toidl-
tloit; tb. vicot* trite fot tbh. ctltlr.
clon tuCi Ci iUllir to tbit far tb
h1l.. c.tbe. I») = li katb C...1, tk. dii-

cbari. tey. ye illla* «* kra.yrch ir.d

Al

iCi to th. ryolry praiior.. .e i

US4 to MIntoln «urtty.

dittar

Tb. bolle ethod. ...CDIryi -y<i* -
M e 1.O. i-yr eroii (»Id-Di *k. oy.-cd.d
criladrical. *‘irkod., 10 m load

«id 11 nmyro. yi h.id yritoatillr br «br..

.t % o

,yyrt rod.. Tb.cted. «d chiear yr.
Lrtky iid 100 Aid Nicd iKiilKi o * | ==
rcat itCT «lichiTd.i. »raiior.. t. 1to

1l tort yr. oty. iid coTToati la tbo r.id«
1-10 >A.

A dliii or fyy Al“ '«
u.y foryicrcit. oa ttay.ltlr. tole:
iit.t pr.ililyrr .xpotlyati «Itb cid etb-
od.t, bolle citbodai aad a bytod cM ty
etbodo. ty liit.y. cya.i
eicrnett. Tb.i.e of ty t«y trld.l).
«itb ilt.TM tir. iyd.t (I Aid 1) dirlid
dlii.toat l.idth y.Itl.o e le «,
o.tet. to b. ydo oi th. il.ld
Nc. prcior.. k.t.y.

dlebardi tcy yi

for e « oi tho

illee
itrcdtb.
01 .y 11 t.rr
uay, «Itk correti y t. 10y*

r*. 1: dytIM tayyi l\I\UthI(ﬂI d1



A atCK, atcrAwtfc «xcltad, 41%
ctorge I*ap (IOL) Urcd == thy »rIMry
»aure« far tk* «ktorptloB Mtrttrec*»tr.  Ne |
~pectool lissy MItt*4 kf tk* 10L w*re Im Ib*
4 ky tk» BMdiroMtBr «M proflly r+cerdrd
ky M»B» of tk» prasur» scwalBg Prkry*Frrot
iptarforeM trr [2] «ltk tk» glKkargs »ff

(1 = 0) w4 «itk it sdtck»d =» (FIg.S)

Tkly «o=« corrlvd »wt for »pretTrl Itar itk
traaslth»a» taralaatlag oa S»(S/2]]  (r=i*
M | MO0.2 aad »14.3 a«) aa4 »a tk» »tkor
tkro bvoly »f tky 3»,3» group. Nrarr*
arats wr» aad» »t variro praaaarm ard 41t
ekorg» carraatr. Tk» lastrtMat feacthn «f
thr latrrfrreartrr «a» 4rtrralard ky ra*
oralag tho profila ef tk» My | »32.5 na lla»
»alttrd ky = mod»*»toklIUsd Irrcr.

A8

PIfl «W L a b
MV e O S REKES,

MSUITS

Plg.4 akow »a axtapl »f tk» Prkry*F»Trt
<caa» for K» 1»40.2 aa. Proa »ack 4at». tk»
varlatloa of k(») «Itk mvoiiaakor » cra k»
4>rlrad; = mrroetlos for imntraast proflly
auat k» a»4». kut tkls 1» aaall »4 k» km»a
n»gbct»4 for »rollalaary crlcel»tl»a of ro*
ewltr. Plg.2 1» = Pl a>c*ot 4»»lty of
tho 3»1S/2jt »»lore curraat for =
k»ll»» cortkedr 41nckorgs at 1 torr. otk
»eurca» »kow tk» »a» typ» of 4»pmdmer »f
aotaattkl» ttopwlttioa oa corroat, «Itk = toa*
4»acy to «atartto «Itk lacroaalag c«rrrat, i»
~grooaoat «Itk tko roaalt» »f vaa VoUkaltoa
»4 4» Hwg [3]: Buaka 4»B»ltio» frra kotk
marca» ara of tko »» ord»r of aagaltads,
Ket tkom frr tky knllo« ertkrd» 41rckorgs
<keod »rry 1lttl» vorlatlo» «Itk proaswr.
«kllAt tk» poaltlv» crlcaa roault» kav» a
arrk»4 4»pradrac» oa praaawn. Piirtkor oi*
porlacatal «ork i» la prgra» aad aora
4atrl»4 araly»b» »f tk» roaults 1» kalag
crrri»d »ut. aad «111 ka praaat»4.

M «<k a» «Ack Onkodaoa, ¢«4., Ca<rA»»/Br «ka
«/» na«w =/ apootatl* ém ifm é
tukM /kr «ka por<e<M étUtm a ~ aWaaao.

Kitrantcts

1 Hcwrt4 C.. *11l»«. M.B.. Staar», I.I.M.
»>4 »rrd. 6 .«.. Aaalyat, 10t.143*IH(1»i3)

2. Llgkt, C.I. aad Stwry, l.i.«.. Aaalyat.
1i0. 43*441 (1»S)

3. Nltckall, A.C.C. aad Daawky,«.W. »ra-
?alcal 4latloa aa4 Ixclt»4 Atoa». C.O.P.

o}

4. Llgkt. C.l. aa4 »taara. |.P.«..
itk lat.Coaf. oa gaa Olackorgoa aa4 tkolr
Apvlleatloa». Oafrd (IMS). < pre*c

5. vaa V»1l4kuU»a. t.N. a»4 4» Mmg. P.J..
J.Pkya.0.. Il, PS3*P»i (IPM)
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APPENDIX B.

COMPUTER CODE

BL*t A.TYPK.H.XXtbWIO »VyCbHti)

KCAL XGUTtOi'U). YOUTtIuo),
CUARACTLR ™1 BUH

Cl
Cl

AI<ACTtR*It'

IAHACTt»*IU  ‘W,P(J 0. 1«)

IAKACTER«flt U

TUTtGKM |. tmisi, HUUX
NKOV<8 m 2AS

NCOtS « S

U = 3U

KC »1C

ri

ttIB'TCSTA. . t»!"

WKITE(5,99999)

Ft
It

At(&*99999)A
(A,FU,*YA) 6uTO

WkITr(5,99997)
RtAt(5.999«t>) ~Itt

I
U* (FILtI .F.U. *EKO")

CONTIY
OPE»j(

TIU

HeAU(2«921) UIlhP

RtAU(2»'199994)A.TYPt.bAVCLI.I>ATtI,MMFASI,COHNs
HAVELI=Hb*b32*8) 9KITE(9»91)

ir

(TYPE.EO,AtO,

1«0

<
RtAG

IF

co

(2»** 99991 »El«I>»9W)A»L»XX1141)

UuTa 55b

IA,He,*«".rtNu.A.HE,"M") GOTO Ib
iBltl

ruNTINUt
cutU 30

«TTH'»E

CLUbE(UNIT«20),
CALL POXNTCCXX.YY.XL.YIL.T.NI'TSI.ALCUEL)

NKITC(5,9999R)AIICUEC
CALLXNOMXTinINPIS. XOUTNYUUTJ.OUT.NEEL. )

roRMATI'iuHBL« ‘0

/

OPEMuii?nol‘i>EnCE.'06«",

Nt« MUNSFK UP POILTS «'.14)
mrXTE(S«991)

CAOL COt»«7C<.\P.NHOtiS.MCOLS,Nh,IIO
HAPd.l) = FIOEu

hap(2,1) « ULEI

CALL HAPWNTIMAP,HROBS.»COLS »E,IIC)
WKIIEIJOt»92)TT1'E,NATELI, DATEI,LHEASI.CUNUS
NRITEIJW. »TONOUI
no 0P J < 1. NullT
NRITECJO.991) X(iUKJ)
CONTINUE
CLOSEtUIIITNj»)

Q m ' 00 INO UAttT A SCALEO VflcRIOIli
CALL UECIUEC 0, t, O.
IE ( IOUT .tO. | ) tuen

FUinATi*"

REAOI 5, »9996 ) EILEO
CALL SCALEI( IOUT. NUUT. ISC >

CUNUS « *5CALLO™

M

APU.l) m FtLKb

MAP12.1) » KILAU

npFli (*UNIT»2P.

VOouTIJ

1017 )

tPVICFB'I'SKA*

CALL riAPKUTi hAP, r'IxOwS, UCoLS« NU,

WRTTEt 2«,

WKTTEC 2P, 994 ) NOIT
riy 2> J « 1, Nut*T

wulTEl

Fo
cu

UPAK F7.3, Fli.5 )
NTIUUE

CLOSECUHIT « 2P )

tu
w

nn
RITE(5,99914)

READ(S,9999U)A

IF

(A.eg.'YM GuTii b

BI

2¢, 332 ) XOUTCJ). Yuc(.l)

Y5C(5Urt)

?

992 ) TYPE, WAVELI# UATEX,

»YIt5HU),AN«UKO

Fitti. OATk;T.CONUS,riLbO,KILE8

UK1T»70,UCVXCK a8k »CCES5C'StOIM®, riLECFILEI)

lyufu

r''»OK-UECRE»SIIIG X POINTS DELEIEO p',14,

ril.L.HLEO. »CCtSS-'SEOQUT"

INPUT BANE EILE TD 11010 SCALEO VERSION* )

NHKAS5X, CUNPS

)

ACCtuS«'SKuOIIT', FI LP*FILfcA )



ovigvg  POHHATE *'I>U XU mM*T Tu USL UELAULT Fltt T O« **)
N« AI{"*'"X1.PuT NAHL FILL CHIiTAll., PRUFIl.t OR Phn")
99907

%%H% EUKI Z‘ﬁ‘?\')’,)lA.M#P|>.|»|><.A|"#'2,|x,A'i»»)

PURIAT(AL.tX.17.2K6,2)
0099-' FuWMAT(* *,'1)1”~ Af.GtF FKROR OF IF Fll.fc» .~t0.4. OtCb )

FuKhATC® UF IF OIUtTTZATIUN PUIhTS» »|7)
9991>4 fum ati* *,*0ua TOU rtAl;T Tu HF-RUN PKOG*# Y OR jj'J
991 FyRKATX* **II«PUT FILtHAHK TO MJlL.b COMRLCi FU POINTS >
992 FU«KAT(Al ,F5.1 .IX.A10.12»U,AIP)
& FuKttATf2r7.3)
91 fOrliTe 1~ .'P KOFIIK TYPL XF out 9AVL1., HOT u32.6HM ')
9i>5 Siop

EM’

SUBKOUTINt PUlfiTC(XX,YY.X,Y.I.NPTS,AliGUEC)

Rt*L XX(I).YUn .xa),YtU»XU5«<P) .Yt (5if»)
uTtCER I,NI'TU,J,16ST
»

MFTU B 1-(;5T
XSGLE « ATAH2CVY(2)-YY(1),XX(2)-XaU))
AhCUEG s 97.34AhGLFE

* coscancle)
SIIiANG B &IU(ANCEL)
Ou 10 J B NSTtl
JHST B J - USI
XI(IHST)bX X (J)-X X (U
YI(INGT)«YY (4)-YY (U
X(JHST%bCuSAMO*Xl (Jli
Y(INST)b«MNANRG*X1
ruNTliint
riturn
Ft;C

ST)tsSINAMO*YUJNST)
(JNST) #COUAI;G*YI (INfeT)

SUHROUTINL XNUMI XIN, YTIw NI . XOUT YuUT, NOUT, MOFL )
PtAL XTII(UIN), YINIMIH) , XOUT(MIN) , YOuT (NIH)

IITLGLR NIN» BOUT, NOLL, J¢ 1

NH.BQ

| =1

XuUi(l) « XMl
YuuT(l) « Ylm}&
> .02'0
xuum> » O
yuuT() » OP

iNT MU
b.l lb 6 2|
X10(3). GL xoum) ) THEN
| B i el
XauT(l) » XIHU)
YOUT(l) = tIHCJ)
tLSt
HOEL b 1IObL + 1
lh:AuKRIL/EA(Ttb"g?\llulN-F]]tCREA51NG X» PUILT OLLtTtO AT J * *.14)
ENG IF
CuNTINUE

'|'FI WOUTENUEL .Nt. NIH ) MKITFC b* 992 1

FORI" AT( HUMUEIi UF PulLTG ANU UELtTFS 00 MOT AUO UP 72
PtTUPT.

Fut)

SUBKOUTXNt SCAI.CU U, YSC)
PcAL Y(K), YSC(h)

IfiTtCtR N, J

F»1,

DO 10 J B 1, N

YSC J)LkS; ALUCC C

MtTURU
Elio

BA



c PkOti riTCS.Tuk
CHARACTIML 1 (51¢) ,X5(513U) , o
#W0»'t;2(4,5i;0 ,C(5n) ,K (51 ) . XCALCtTO «).irALC (2¢i') ,KINTL15%) » YAIJF>TS(5*i)
UjTtKtR I5CAI.L(2). IftAO
ChAI.ACttRtlV  ®U-CC» riLK;;, Cu~US, UATK
CUAKACTtRtAI* U N
CIUKACTERTIU [;M*IL(JM.U>).-A»'0UT(J«,1»),HKW (JU)
SLKUHy = 2
»XOLS « 5
Wk - K
uc m Lr
! rokTurnt
u»
ISCALKU) *
TSCALK(2) »
CALL CtbAlvUMtA'."iCOLS)
FUCCa'iK&Tbh.CH'I'
#<CALr « ItfM

771 »*UMF.AT( i«U UALT Tt USfc UKI AULT? Y <y
(>LAI(S«9(I1»)b
T* (A.CU.'f*) GuTo b
KIITE (b, 117} A
772 FOMMALI' *.AU.PUT FIUX k/Mt CHoSLk, UK KkH' )
KtAU (SfSbUril.bC
Il (Fitte <to. 'Fi.0" ) 00TO
Itli CUKTUIUt

op'il."(U*ilTe2k »UKVICE**b8F'» | ILF«FItLC, ACCK5S*'6KUIN )
Call kapfuchahi.,tiWi<ows,Ncots,wk.i«c)

Ot*t'(2«» V993) TYI'F» UAVFt» OATt»IMLAO»COI.DS
kLAt(20,9991) MPT5

IF ( COUPS ."U. 'SCAtCO' ) COTO It
Ou 20U* J « 1« >U'TS

t'bAL(2kf, 333) X(«;), Y.S(J)

3i3 Fac»AT(F7,3,Fa.S)

210». CUNTIM’K
0iTO Il«tli

tt Pi li<0  J¢ 1» tiPTS
PtAO(2k**99Q2) XtJ)* Yb(j)

1i.0- CoFTIUiit

ayVvi Ft'kliAT(14)

9992 FyMFAT E2F7.3)

9993 FOKI.AT (Al.i5=l.U ,AI0,12.1X,Alt’|

CtOSF(MUtT»24«)
IF (CaMOS.Fu.'SCALFu') I6CALF(n»l
Il (CUHUS.ru.'"GCAtEb*) ISCAtK(2)*I
U(I»PTS.eT.2) GuTt» too
~kITF(5»999)
0oTl) 1
HU* roiaiNUL .
0 = 'uo Y(iU WANT kMUTC FkCjM FH-L i
CALL urClUECO.t.tMGNIT)
IF (l0ilT.tQ.n COTO 13
K|;TTFC5»441) X d). X(UPTS)
441 FyHKAK" H.3,4X."X».AX«",19.3)
WFtITt(5,998)
PbAI;(b.997)I.CAP
<ICAr3«**CAP & i
i.CAP7>MCAP ¢ V N .
trdiCAP*tT.l«GH.OCAP.UT,NKOUS)WKTriE(5,991)
IFd'CAP~tT.I.OR.HCAP.CT.NKOwfi) COtO 80«

TFAltal
TF (NCAP.EO.I)GUTU 13

2 no 13 J m t. NCAI'3
WRITE(5,6bU

sbl FGRHATC' *,'ll.PUT position OF KI.OT")
RCAO(b»662) K(J)

602 FURHAT(r)

13 CONTINUE

IF (10UT*b0,t) CAtO FIiOTS(NCAp, |=eAP3«"*CAP7 *K)
Ir (CONUB.EU«'SCALEO') LOTO Il
00 270 Jbl *NI'TO
k(J)«1.0
21P CONTIUMF.
Goto i2
hl Cu«TTI*ub

83






K A
RIAr u2i HRUF in IHVHM Q IOHTS RLSTAIST)
foR)AT' 'I.PUT HCAP n oP Il.TLBVALS)

>>, 2 '
Euﬁ ‘ )* 'iPAIt»? HUT& ijOT A*t 104 jRESTART

‘'nAlt»3 VAI-UKb UP X MuT MON-OtCli. I'FST/ l”)
FORIAK "UALL«4 : HESTAKT')
- "UAIUbS tuo MANT kmutj: restart ')
"»iCAP 1IEO. OR <& [.RUWS5.'/,*'TRT AOAIN )

UHIAT(' '« 'MtTURO PRO« FU2UAF RIIH tPAIL «*,//)
ﬁ{]Pt'A ‘DO YOU RAPT To RP-It.PLT UU«BEI; OF KROT5? t UR *% )
] eno "C*U UALT PLOT OF SPI.11L UT? Y O

H o)
~UAIl.bl foot oOT*51UL RAhRt OR OtCR. RtIRPUT K )

STOP

L _[¢]

SoRKOUTINt evali (Y;,,Y,(IPT.S,«CAP7.C,K,XCALC,yCALC,»ICALC,
FIHT»YKIIOTS,ISTOP,TSCALT)

YRR ISCAL(2)
OB * RO

A» 10
TSICP » P

Flesm®oe 1 e

STEP « (KHCAPY) - K())AOAT(**CALC - 1)
|TAl »‘:]I_

%HQ « ¥ 1. J-| N
E%FA%%% %I&fl)# yoarcTy, FAIL

2R
‘JTSCALté )-Ko.w) yeaLced

w viit/rTr Mi
»n;. P

- vl r - A
€ « Lx» (YCALCT{J);, = A

ciii; L«ul ri«!;*|m*Klc,xe»LC(He«.r), (AL TtHe»LC). IFUU)

e AN R RV fea oy
GJTO 4P

I'- IFAIL',17./.'RETURN 1ST

<0 7'

pTSTOP « 2

CoTl*

COHTIMJt

IF (MCAP.tO.U ORTO 60

C >\s] mD nCAP e )

cltL'L;12Bur(«C*1'7,K,C,FXNT(J).VI-“/TtJ).IFMI.)

1f L IFAIt .NL. » ) THEW

WUITEC 5, 9K1 ) 11*11.

M fSIh»i(" UETUN fKih ttIHbf WTH IfiUL."12,'umUKN")
GO0 IFRAD

I L] |S%L{@)P9L)%<|QTSIFS) jWXI(V]\/, >ntd))-A
%-r's) RtTUKK

F10

35-






hkOij:s>Yuc #.fol
C»iAKACTtK*t0 HLKS(2) . HUK6Y(2) , MgNIT,CuNl)S(2) ,UATCA
CWAKACTLR*U> mAi“l (3L/»K») ,MAIR 1317, 1»i .1-AROUT (3U , 1<») ,NB*#(1*) ,

ChAHACTtKtU-

CITAKACTtR*! Bo.TYpBI~

CilAKACTfelRVAU a

RtAL XPLC”), tTIAVCL* SbhUK"Pi~N)»

StOPCSi”~0), U(27b25), C(5P), FVk:C(50«) ,kP(510 ,CP(50) #
KJAC (500, 50) »K(bi").C(50) -:»(1>«) »V (50,5U),CPSYN(50) ,5E011(5«0)
ri~"TLGLR ICOND5(2)

EXTERNAL LSUPUN,  LSOHOL

COANON/A/  &EUI, SEUP

CoAHON/b/  KI,M

CuAkOh/C/  1COMUS

coahok/u/ KP

CONTINUE

NKOIiS « 20

NCOLS <« 5

M( - 3U

»C Blu

CALL STANK FILES, XC1.0,haPW,NNOWS,1.CULS, (IN,NO

U (IENL.LO.I) LOTO 1LOUO

CALL NEADFL(riLLS,HCAP7,1f,C,NAVk;L,NCAP7p,KP,CP,CONDS,
rt«HOK, IYPFP,LATEP,NHtA5P ,NAPI ,WAP2,NkOWS,NCOLS,NK,HC)
IF (XPKROR«FU.U) LOTO I0i"

Wk ITC(5,991)1ERUOK

FuRMAK®™ *,"EUROn IN FILES »FAl», IEI.RUR»* ,2X ,12,/,"END")
Goto TuUuo

Continue

ICPNI>5(1)«P

TCOnDS(2)b

IF (CUNDS(I).,LU."SCALEO") ICONDS(1)B

IF (CCiNDS(2) =EO."SCALEO") [ICOROSI 2>«

H B 8b
XTOLSFb 2u .0
IPRINT B 1

0 B * DU YOU HAnT to USE DEFAULT PAKAHETFN VALUES ?*
CALL DECIL»::(0,1,«,IUUT)

IF ( 10UT »LO, 1 ) GOTO IU

NRITE(S,992

PORHAT(® *,*INPUT WUHUEN uF UI.PACI.EO KESIDUALS, range 2-450°
READ (9,993)H

PORNAKIS

IF (H,GT,2.0N.U.LT.45i%) GoTo I«

MRITE (5, 99)

FONMAK® *,*A OUTSIDE RANGi: 2-450")

GOTO 20

CONTINUE

XPE(I) B KP(1)

XPE(2) B KPCNCAp7r)

CALL ARKUNCAP7,A,C,XPE,HAVLL,H,NI,SBttl,1STOP)

U (ISTUP.RU,0) GOTO 200

NKITE(5,994) ISTOP

FORNAK® *,"ULTURN FRO»» ANNI WITH ISTuPb*,12,/*END")
GUTU  1000U

CONTINUE

NCAP3P « NCAP7P - 4

H B NCAP3P

IPAK B 20

HpAi: 8 H ¢ IRAK ¢lPaR
CALL ARNPChCAPYP, RP,CP, M, SFUM, 1STOp)
IF (ISTUP.Eu. 0 ) GOTU 300
«KITE (5,995) ISTUP
roRPAK™ *,"RETURN FRU« AkKRP LIVM iSToP«",12,/,"END")
CuTU 10U0U
CUNTINUE
CALL PACK(SEOH, H, NPAK, SFuP, XSTOP )
IF (1STOP.EO0.0) LOTU 22
wkXTE (5,2229)
FgRFIATI® ~, "RETURN PACK WITH ISTUPb I, ENu ©)
GuTU 10000
CONTINUE
1.JB SO0
m 50,
Us"81

Lw a 27525

B7



\k ( IUOT .1IF. i ) THtH

WKITF  (5» **V8) - - soh
KuHI”ATC* *, " IUPUT VFtLOk: TP«I»«*f ClifIVEiul.LIIK; 1>50]i0h™)
TcLAL* (0.9« i)

Ki.hir

O « W
KIA = 0,5
It ( 100T ., 1 ) felH

WKITK(5, 1*44

FOHIFATI® =, "1UPUT XTOL SCAbt. IACTgH')
MtAb (5, i4J) XrOL«)

KuKh*T ()

KbDir

X10L « XTOliSK «SOKT(Xi»2AAKXTOL))
SIKI™MX  « 10WHit™0,«

nu 50U J«i* NC*P3r
CpSTH(JI) « CPCJ)
CUUTIHUL

CuNTIhUt;

WKTTK(5,111) A .
FUKHA$(' “"IhPUT NAHt PILE TO MOLO Lsomom OUTPUT®)
»LAL (5,db?) hUMT

0i"El.(UHIT«2U, ObVICt«"0SK** ACCLS;j«*SLOOMT", FILE» MONIT )
CALL bO4FCF(MPAK,L,L50FUM,LSOMOM, FPHTbT,MAXCAL»ETA,XTOL,

81PPMX,CP6rL.FSUN50,FVISC,FJAC,1.J,a» V,LV,«ITEB,MF, Ib»
L1W,W,LH, 1FAIL)

CLOCK (UNITs2(0

1P (IFAIL,Hfc,0) bKITE(5.994) IMIL

roHUATE® *,"CXIT KO4FCF »ITH MAC IFAtU»".X3 )

IF UPAIL.EO,!) GUTC 10POO

WHITE(5, 331)

HjMMAK?® *»*0U TfOU tAMT PLOT OF 5TNTM 2 Y OH M )
RbAKS, BbM) UH

U (Bb.LO.*U*) LOTO 112

U ( COHOC(2) .LO, *"SCALEO" ) FIALE « HAP2( 3, 1 )
IP ( CONDS(2) .NP, *5CALEQ" ) FMAnE m MAP2C 2, 1)
CALL 5YNPLT(NCAp7i*, KP, CPSTH, hApK, MROH5»MCOLS ,NR ,MC*
EMAr;E»F¥EC.HPAK,M, IPAK )

tKTC_ (b* 332)

FOPHAT(® *,*DO VOU KAIJT SIO|;E STNTH DATA? V OK N*)
PLAI/(b.b89)UB

TP (Bb.CO,*h*) LOTO 33

CuNTIUUE

HHTTE(5«881) oL
FQRHATI - “INPUT HAMt PILE To MoLD SYHTU C8 PK("FXLE®)
KLAO(S*bR2) FILESYd)

FORMATi"**«*INPUT HAMt PILE To HOLD SOLUTION DESCRIPTION )
RLAO(5.6€2) FILLSY(2)

CALL CLtA|*t(NbR,NCOLB)

NbM(I) « YILESY(l)

NC>i(2) > PTLESY(2)

CALL LOG2 CNHOW8,HCOLS,HR,MC# HAPI ,4.MAP2,4 ,MAPOUT™* NEW)
(ipth (UNIT» 2U»UtVTCE«"05i;",ACCLBL «"SEOOUT",PXLE« FILEbY(U)
call iiaphmt(hapomt»nrows»lcols»np*nl*)

WtEe 30, S6UI)TYPLP,WAVi:L,0ATLP,NI PASP.CtMinS(2)
FOPCAKAt ,Fb,1.1X,A10,12»1X,A1"~)

WIitITEi 2H, b5%j1 ) H

FOKIIATC 14

WKlTE1(2U, 22)9) NCAP7P
72f FOHATDO)

Rb2 PUPhAT
Vvﬁﬁt(?£%28LI§ (FPCI),J«1»UCAP7P)
fcKiTE (2«, W83) (CPSYI*(J), J* 1. Fk
BbX PO8I1AT(E2U,7)
CLOSE (UH1T»2U
CALL LSoCHO (HPAK,N,FVEC»PJAr,Ld,L)
Optn (UUIT»20.ntVICt«"DbX" »ACCFbf.«"SKOOUT" ,PILCaPILE8Y(2))
RhITr.(20. 885) PSUHSO
bbb PoRMAT(P12.5)
WhXTE(2U,S51)

5M FoRF-AT(" "."C"
I»K)Tt(20,«HI)" <C<I)».lel, L)
8Ub foRnAT(P20,b)
KI<ITE(2U,b82)
502 FORLATI™ *,"FVFC")

32






6t
91
oM
92
992

1to1°d

SUBLOUTI»«b  AUBHI.CAP7,K,C,XPt»WAVKL.M,1i1,SbOl,1STOl»)
UbAL XPfc(2) * bful (B) »X1(5uB) ,b(I.rAP7) ,C(HCAI*7)

HCAL  5t0IUI5t**») »5EUIU«(51"P)

faTLCtR  1CONUS(2)

cubpoh/c/ iconos

-0.BUISI
u,u
cc 1.0
1GTOP »
KETITIL «KIITE ¢ 1
SCALb = 1.B/C 1.0 ¢ SCA«(hAVEL - )
01 « ( KOiCAP?) IO
DP = C XPb(2)  Xneci) )

IF (M.LT,2) GuTa 92
S * I5CAIE*np)/FLOAT(»»-1)
U 10 JBI * 500

Xlﬁb m XIU* FLOAT(J-n*S

I~ s 1

CalL ~ FO20BF(I11CAP7.K.C»X1 tJ) »5°0105(vl)»IFALL)
IF ( IFAIL _HC. 0 ) COTO 91

IF TICONOS! 1) «tU.DSKi1UC J)»EXP(8k.0IMS(J) ) = CC
TF UCOUOS(i),Mk.*1)Si:ull(i)»StoIUS(J)

SUBI B SUKI ¢ SCOIU(J)

U (XI1(J)FS.CV.K(t»CAP7)) COTu Ji0

CUNTINUe

CONTINHC

NI = J

00 60 J B 1. NI

stox(J) «seuiu(j)/suHx

CUNTINUL

COoTO 10Ul™*M

NKITE (5,9"1) UmL _

rOPOAT (* *,"liAC CKKOKTUKTOkN HAlt« «ID

ISTCP  « 1
GOTO 10000
rfRITF(5«992J
FUPHAK NoT GT 2« RtTUMh™)
ISTOP m 2

R%i 1

SUDKOUTINfC ~ ARRr(1ICAP7P,KP,CP, M, ShbOP. 1STOP )
RbAL  X(5U01. SbhUP (N)«SFuPS(bPk/)

RIAL kP(NCAp71®), CP(HCAI*7P)

INTLGCR  ICONUS(2)

COBHOtJ/C/ 1COrtoS

cc o» I.U

IF (M.L7.2) GOTO 92

S « (KP(«CAP7P)-KP(1))/FLOAT(M*D

IF (1COUD5(2).FU,1) GOTO 3H

X(N)« M*(nCAP7P)

DO 0 JBI, H-1

X(J) » kP(t) ¢ FLoAT(J-D*S

IFAIL m M

CACL E02bPF(NCAP7P»KI°«CP« X(J), 5KuP(J)« TFAIL)

&'\ﬁ_IKfBL.NE,J) GOTO 91

Goto 20

continui:

X(K) B KPINCAP7P)

DO 20 J B 1. M-1

X(J) B kP(!) ¢ FLoAT(J-D»5

IFAIL *0

CALL CO20UF(NCAp7p.UP.CP*X(J)«S(.OFS(J).IFAIL)
IF (IFAIL.Nb.O) GOTO 91

SCOP1J) B FXP(SKOPS(JD = CC

CONTIKIIL

GOTO 10000

NRXTC (b, 991 ) IFAIL.

FORMAK® *,"HAG EKKOR RITURL IFAILb 1D
ISTOP m 1

GOTO 10000

HKITC (5. 992

FORMATI® ~*,"H NOT GI 2 . HFTUKN®)
ISTOP B 2

RbTUkU

KIiP

Bio



uoH

suiMiOuTiNfc usuriiH(tri.Ar. ,MrAi.*»0CPOyL.rvtcc#iH,LiN,w,tw
KtAb rVECCFPAIls) #tittW) « SFOCI50«) , SUPO(IPO**) «»FC50) ,CPSTN(M)
RtAb  SLOhCSPO)

ItiTtChK  IW(LIii)

PfclAL  Se0KS00), StOP(500)

CuMnON/0/ hl« N

COhKOi./A/ seul, SEUP

CuhhOh/0/ KP

CONTThUL

NCAP7P » H ¢ 4 B

CALL ARHP(«CAP7p, M»,CPSTK» P« SEuUM, 1STOP )
IF (ISIOP.hF.M) CoTu U

CALL PACKC StOH. «, MPAA, SFuC, I1STOp )

If  (ISTOr.liE, U ) cCuTu il

CALL SPtSEUC, seul, OLPO, MPaK, 11

CALL RLSOL ( SLPU« sLoP, FVfcCC« PPAK, NI )
GOTO 1P00O

CUhTIHI"L

I"LAGa «ISTOP

RLTUPh

KD

SUBhOUTINt |*ACAMF(StO,M,H|"A”,SFOPAK, 1aTuP)

KtAl. SEuCi:)« SLOPAK(MPAK)

ISTOP m O

IF  (HPAK.1.T.H) THtN

ISTOP < 1

tL6C IF («PAA.tO.H) THLN

uu 10 J a t* N

StOPAK(J) « SLO(J)

continui ;

LLUE ir (NPAK.CT.H) THtN

U* (NaD((KPAF-H),2)*E0.0) KI a (NFAK«H)/2

IF (MO"K(NPAK-H),2) .Nt«i ) KI a IHI*AK«<h»l )/?
«

Do 1 J a I« Kl

SLOPAKCJ) «

CUNTINUT

ou 2 Jal*r

SLOITAK(M«J) sU0(J)

CONTIHIiML

Ou 3 0 a

SLOI"AK(J)a V

COUTINUL

fno if

Nc TOKN

LND

SUNKOUTXHE SP(F, O« H, H« N)
RtAL fCH). U(H)« U(HtU-1)
RtAL S
PiHTLCEP J. K» 3
Pu ICPW »0*1

SLPUQITIND PRSOLILLpr»,  SFoP,
REAL «LPU(M4lil-1)« SUOPCK)*
IF (NUT>(HI,2).EU.U) HIL a ~ (»H-2)72
IFE (HGD(NE,2) .NL*0)LtL m  (lil«l)?2

CONTINUE
RETOHN
D



SUI"KOUTXME. ilVI.PLTt (.rAP?**, t.P. CPiiVt-. «AMh,(TRUNS»HPOL5#

i-1;5L" KP(1 " ICAP7P) 1* " ci "5YN(ic» 1" *>n, X(1>1/H), Ittb=u) , IFS(5">) . *C»LC (21 1»)
RtAL  YCALr(2u»")»KI1«JT(bi>),PVPC(MPAK)#KK4»(250)#XRK5(250)»
YKNE»TS(5i»)

OIAKACTEH*1») MM*W(NI(, 1iC)

IUTLGbR  iroRU5t2).15CALE(2)

chakactkr*ic ri.Anr,DATi:. coNi;fi

ChAKACTKR*! 1, TYPP

COMIiOf«/C/  1CONUS

NCAPP e HCAP7P < 7

RCALC = IkP

PATA  iSCALt(i), XSCALC(2) /M, U/

OPEN*tU«IT*2R,0tVICt»"nSK" ,ACCESS«*SEUIN" ,HLE«F«AME)
CALL HAPRU(MAP*«,NROw8,NCOL8,Nk,1.C)
AbAU(2H,99JJTYPt.ravel .date»NhrAS,CONUS
roPNAT(AL,FJ), L. IX.ALIM2 . IX#ALi>)

RtAO(2W,994)NPTS

FoRHAT(14J

DO IU J « 1. f.PTS

PtA0(20,999) k(J)., YSQd)

FORI.AT(2F7.3)

cuntilol

ISCM.tUL} u

IF tCOMUS.CU."SCALED*) 1SCALE(1)«1

|SCALt‘2) » ICON»S&Z}? . n

IF (X(I).LO.Kt*(1) .AHD.X(NrTS)<EU,LP(NCAr7P)) GOTO 20
write (b, 995X)

FORMAT!™ *,"Fun Points mismatch -")

MR1TE(8. 991)

FORMAT!*® *_“INPUT MAML FILE HoLUILC LIME PROFILE")
RtAOib, 992) FMAHC

FAKKATIALo)

GOTO 1

Continue

STEP » ( XIRPTS)*X!l) )/FLOAT(M-1)

Uo 7M0  J » 1, h

XKEO!J) m XCU ¢ STLP*FLOAT(J-1)

REStJ) « FVECiJtIPAR)

o
CALE EVALII 1S, Y, NpT5. NCAP7P . CPSIN»KI*. XCALC . TCALC, HCALC .
KIMT. IKHOTS. 1SToP. ISCALE)

IF (1SToP.fu.0) Goto 22

FORMATI*~"?*RETURN from EVAL LITH ISTOP«".14,/_."RETURN MAIN")
goto IRURO

Continue

WKITEC5.997)

FORMAT!® *_"DO YOU WANT VOU PLOT ? Y OR N )

REAI™1b*99ii)Z

FORMATIAL)

IF (Z.Cg."N") GOTO 30

CALL pLOT4ilPLOT.X,Y.NPTS,XCALC,YCALC.NCALC,KINT,YXNOTS,NCApP.
Fi.AME.XKES.KES.H }

CONTINUE
hr1TE(5,99R)
FORMATI® = ’*DO YOU EAtIT HP PLOT ? Y OR N )

RbAl- (5.998) z

IF (Z.EU."H") GOTu IPOPI

IPLOT a 2 |

CALL PLOT4ilPLOT.X.Y.I."PTS,XCALr.YCALC,MCALC,KINT.YKNOTS,HCAPP.
FNAME . XRES.KFS.H )

Continue

wMTE(5.RU81

FORMAT!® 00 YOU WANT LENSON PLOT 7 Y OR M%)

REAO!b.99e)Z

IF (Z.EO."Y") TiF,

IPLOTaJ

CALL PLOT4!1PLOT,X,Y.NPT8.XCALC,YCALC.NCALC,FINT,YKI*0T8,NCAPP,
fnake .xrfs.kes.m )

KNOIF

RETURN

FNP

3/z









BN DS ac TR S KK (3) -PHLtST (1) ,MbNIT,CuNUK( 3) ,UATE ,HAHT
CI.AKACTI;»» IF HAL*IIJI®_IM). HAP2(31", If) t 1"AP3 (31>.1«) ,
MAPUIIT(3P.tF), " 1A1°3(3<).tU)

ChAKACTEAH BH.Tipe

U
PtAL |.El»iz),At(b«),CKt5u),CI(5P),/iSY«11U),S6UE(iHi;).SEOH5BI)),
F*EC(5PI1)) ,rjAC(IPf.1«) ,S(1D),V(IP,1U),"(61P1>),6(B).
SEOI(!>Pi)),KI(bn) ,CI(SI<)
IHITLCE»  ICUHUS(3),11>C1)
b*XTKMNAL  C50HON* USOKNA
co**noh SEOI,5K01 .CEUT,BASL, I1PAK,H,N1
HKOhS < &°
»iCOLS m 5
NR a 3u
HC a U-
CUHTINUE "
CALL STARTAtPILt:«, IBRD, IJRWS MtULS, NK, Nf, M*I>» )
IE (I1fcNU.LD.1) COTO IOROO
CALL HrADACEILKO ,KCAPTI,KI»Cl, HsNLAI>TK: KE.CE, W»VEL, EICAPTT KT,
CT, COLDS, LATE, N»1EA5T, IEKRUR#H’AP|pLAPZ»RAP3»HRuW5*ti"CU'L_S*RR»NO
U UtRKOK.EO.0) GOTO too
WleE%S ,991) I1ERPo n

rURHA **ERRON FiLLs RtAL, ILRhORa*,14.3X,7EliD")
noT0 1000U

COOTINUT

1CONiDG(I) a P

1C01:DS(2) a o

1Co |osg

IE (Co D8(I) t0,"5CALLD") ICONOS(l) a
ir (CONU8C2).G0,"SCALCO") ICO|,Db(2) =
ir (C&N6S(3),t0,"SCALCO") tCORO6U) a
U (H ,LT, 2 .0B, K .CT. 450 ) ThEll

I
1
1

EoRHATi' VALUE GE H THAI*SIERED IBuH TILG UOTSIDL PANCE 2*450°,/
" h a 14)

hrlTG_$ LN

EGBOATL" %2 'H*PUT MUPb, ARRAY CALC, RANLE 2 = 45 )
PGAI>(5, 993) L

EuBOAT(1))

IE CN,LT.k.uB,N.CT.450) TuEt.

WKLTE(S, 994%{1

EuRHA "M OuTI1IUK range 2*450, TRY AGAIN )

Goto 3

KUD IE

ti:D

IPAK a 15

MpAK 8 h t IPAN t [1PAK

CALL APHSIN,I1COHDG,HCAP71,NI1,0,NCAP7t,KK,CG,»CAP?T,KT,CT,
DASC, HAVEL, fil, SLOI.SEUE, SCOT, ISTOP)

IE (i5TUP,Ht.0) Them

RRITEt5,995)15TuP . n

foPMAK™ *,"RLTUP»1 EHUN AKPS KTTH 1tRROP.a",14,"GND )

GaTO 1000V

PHD IF

N a 5

LJ a 500

LV a lu

Liwa 1

Lki a 6105
tpRINT» J
RAXCAL™* 4170«N
ETA a 0,5

XVOL$Ea20,0
XTOL b XTOLSE*UCMsTAXu 2AAE(XTO1.) )
bMPHXa TURCCUL

WhITE(S, 1231) A
EUPIAT(" do YuU rapt TO ose DLEFtULT STARTING POINT ? Y O« N*©
PtAD(5,»6V)

IE («U.,G0,"Y") TOKM

ASYIUl) « 0,2
ASYI.(2) = 1.0
ASYIZ(3) ® 0.0
ASYL(4) a 0.0
ASYI.(S) a 4,0

3ia-



e

7t7j

u2

ebl

FisL 1y (bo.»aL.ve) Tukii
Di 3210 J « 1» 9
HKITEUS, 1232) J

ro»“HAT(" i"pnT valdl a5vn(3)» * 112 )
»tAl(5»1231.FUK«747) ASynCJ)

foI=1"AT(l)

COhTIMJIC

GOTO 737

FUuKHATi~ b**1iOK I-.FADING VAUlit» DtPLA"i IHpUT )
coTu 727

comiuut

Cuo n

FURHATT® *,"ISPI>T HAMtFI TO MOLD LSUHUH OUTPUT™)
RFCAD(~#997)MODIT

O« l *uilTUjI.,UKVItK. "iSK",»CCLSa."5L00UT",»ILt.HOI.IT)

C*TiNt(»4FCFI™ 1" »F . If-tSori.»,b50H0N ., XPKINT ,NAXC*L, 1 : TA,XTOI -
SICPMX ,A5TN, FT»UMSirf, FVLC#FIAC»LJ ,5, V, LV #1JITM<# hF, IN
W«LU.1PAIL)

CLOSE(Ulai«2P)

«

0§ iXTE A"A*RLTUMIG FRO® FIS4FCF H 1" T»XIL«",14)
F (1AL Eii. 1) r-yio. 1BU .
AR AR A R PR - i i b2, w115 5% 1)

FORMATE™ A" T*JFALLTI "*i3."»1-""bFK bFI.SITt*Jtl»*11» *_.F)

On® 10 you »At-T PLOT oF RISIDUAL.A T*
CAIL I-ECIOKtO, 1,*MOUT)

CALL*SYh2TTCFVEC»MPAN »" 11" <""I" 't
FriDIF

FURMATT® *,"0U you hAITT STOHK SYNTH DATA? Y OR I )
Rb:AD(5««e9) 1>B

U (Bb.EO."fi"J COTO 33

CoNTINUK

FOHDATi **"#*IRPUT HAMt FILF To DOLD SUOUTIOb DESCRIPTION )
NbAD(i»««R2) F1LLSY(2)

CAtU tSOCRD (MPaK,H,FVEC»FJAC,LJ,0)

OPEt. tniilT»20, DLVICE 051" * ACCESS« " UFGOUT" , FILE«F ILeSY(2) )
*hITK(2w» 08S) FSURSO

FORDATCr12«")

HRITE(2k) *b~n

FORMAK® *."G"

«IsITK(2D.»R3) (G(J).J«1* <)

FORFAT(F20.1>)

MKITE(2U.bS2)

FoRHAK®™ *,*FVFC")

WRITE (20,886) (FVLC(J)

CLOSE (UNIT«20)

nrITE(S,881 .
FoRHA%C‘ ',zlliPUT MA«L FILE To MoLD SYNTH AbS COEF5°)
PtAO(b«082) FILFSY(I)

CALL CLfcAkU MEh. NCOLS )

1ILRU) = FILESYU)

NLR(2) =« rilESY(2)

«l11” o "

opEtl (Ul

kOTs .ncOL8,MR,1,C,HAPI,4J<AP2, IH»AP3,4 ,KAPOUI A A
. 2ti,U»:»ICE«"USK" ,ACCI.SU «"SEUOUT* ,U LE« FILESKU)

TIPE » "A

CALL HAPRRT(MAPULI*"RiR6»"COLL,DR,ML)

«RI1E(2B, 61>1)TIPt.«AVEL,UAIE,imEASI

FORMAKAL ,FI>.1,1X, AH", Ti. 1¥<A1")

FLRPAT(AID)

"KITE (XU,” BR3) (ASIt'LI), .« 1, " )

FuRRAT(C2U,T)

CLOSE (UNIT«2u)

Hk ITEC5,»991) .
FORHAK* *."00 YOU MAuT TO LToRL THIs At RESULT?, Y OR 0%)

IF AHbAED, "Y*)CalL UTGRE(wAVEL.H.IFAIL,ah ,FILES,MONIT,FILESY *
r.i.C2,A12)
FORMAKAT)

FoRHATC® ".700 you UAMT To HE-RUH HXTH OIFFERLNT MT Y OR M%)
REtAL(b.68V)PH
H (RB.LQ."Y") 00f0 3

FORMAK®™ "_.700 YOU MANT TO UERUi: PROG ? Y OR E")
RLAD (5.889)60

IF (Bb.EO.*Y*) LOTO 1

STOP

F1.0

2t(>



SU.M<OUTl«t A»K.Sl«.ia.l.nii.hCAP7t,KI.LI,HC.I7K,Kt,Ct,«CA»7T,
kr T wAVe L. tll .Atol Rtni , ISTOH)

»i;

(irno” LaLlo!?;Lo«pltiL(”
11.TtCtH ICONDSi 1)

cc « i

ISTt P« t

UASK-K« KE(NCAL7t) =

hASET« KT(NCAr7T) - KTCJ)

ir (OABKE*Ct*bASEf) BASt » bAGET
U  (AAStE.bT.IAbKT) BASE b UASEL
STEP « bAS«/ELOAT(H-1)

Xb(M) <Kt(l) ¢ »HSb

XT(K) «KY(1) o bASt

DO IP J « I» B-1

XIHC s 5Tt1»9fbOATtO«I)

Xt(J) «Kt(l) & XIBC

XT(J) ®KT(1) & XI><C

CAM.~t<"2BUE(NCA(" 7TE*KE,CE. XK(J) »1EAID

TE IFAIL.be.PE LOTO 10%1°

I {1COM0SC2).L0,M) SEOE(J) » FaEuH(J)

U (ACOKU5t2).»E,») aEUE(J) m feXI'UiEuc(@)) " CC

CAM t<"2bbF(HCAE7T.LT,CT*XT(J) ,GKoW(.1) «1FAXD
IK (iKAii.,Mt.0) nuTo 200*

It (1COUDS(3) .Eu.C) StOT(J)«St0i»(0)

IK tTCOiinLr3).NL.o) SEOT(J)»EXI*tSLOh(J)) - CC
CUFiTIbUL

CALLAE026bF IHEM7K.KE,Ci:.XE(B) .SEuW(M)#IEAIL)
IK (IKAIt _HE. 0) GOTO 1000

1K TICOL"0S(2) .EU-v) SEOC(H)bSLOB (h)

IK (1C0i.DS(2).HE.0) SEOe Ch)«EXP (5tOH(H))-CC

CAM**t*2BbF (NCAF7T,KT,CT,XT(M) .SKLtitH) . IKAIL)

IK (IFALL.n1.0) GUTU 1*0*
IF (1CONPS(3).EU.0) SLOT(h)»

EKLICTRQMIREBUNDS- HCAP 71, KI»CI, bALE, WAVDL , Hi N, SEADh- HRTRH)

CONTINUE _ -
IK (115TUK.UR.P) LOTO 30U0
Goto 2w

FORMAT!® A~ = 1 FROM Eu2bDF CALC SLOL, IFAIL »".12)

ISTCP » 1
GuTO I*00U

992 FUihATAC*A*T"I»FTUKH FtiOli L»2BUF CALC SEoT. IFAIL»".12)
ISTOP « 2

. Goto 100*0

nai* - I

993 FUT ««? 1°JLTUK1. fKOH »HR1» XITI. 11STOP.MJ)
ISTOP » 3
GOTO 1000L

%U CONTILUt

H>  PLTUHI«

KNO

sunhouTiNL Ai;AiA(icoijDu,i;rAP7,i.,c,u»SK, jiAvtL,»,ni.siui, ISTOP)
Pt.»L stOl (iBP) ,X1(SP0) .K(hCAI"7) ,0(1iCAP7)
FLAL  SfcilU(50e») .SKUIU5(50%)
intlglr iroMo5(i)
SCA » -U.BOtbl
» 0.0
CC « 1.0
ISTOP = b
KFITIT «BFITL ¢ 1 Nox
m ),*/( 1. & SCA*(OAVLL - L32.b) )
01 « ( K(GCAP7) - K(1) )
IF M.LT.? GOTO 92
A «  (tFCALE9eARL)/FLOAT(»*-n
no It J«l . 5H*
XI(J) « RIU* FIOAT(J-U*L

CALL F.02bBF(LCAP7.K.C.X1(J) .SFOII"S( I) . IFAIL)

Tf 0JoTJIs(TKEu! I1SEUTT!I(j?iEXP(SLOIMSCI)) - CC
IF (1COHOSN).Bk..1)SEUIU(JI)»SLOXUS(J)

SOHI B SUHt « SKOINI(J)

IF (Xi(J)«R.GT_N(HCAP7)) GoTo U«

CUNTIUTIL

CuNTINUI




M oaJ

tu 60 J a t* _
StOK J) aSKulul J1/suf*l

CO»-T11."L

GuTU

KIIJTK (5.9%1) r»All. , oA
FO»»I'AT (" L«KOK*HETI'li» IFAIL* ,11)
ISTEP a |

GuTi  1DCH)i<

-kKITE(5,992)

FuMIUTC MGT GT 2. PETURL.™)
ISTUP a 2

RbTURU

Ketl

SURI*CUTINMt ARCALC(WAVtL,BASt,ASYR,GI,G2,A17,AN, JKAIL)

RLAL ASYN(Ib), G(bHw)

KLAL MAVKt

«AVEL Mi RH

CIIAKACTtR*32  DiiHp

NCALC a 2un

‘O”;/(\JIIMEN?TPaZU, UVICL« 05K *» acces; 8 S€OIN», FILta GCADAT)
Rb:AI/(20f 991, EKHa9l) JMAX» OURI®

roPHAT(12, A32)

>0 IIP Jal , JkAX

MEATU 20,992 ,EURa91)NLINt,HAVrU.,I1G1,1C2,A12
KI;RHATa2.2X,75.1,2X,12,2X,12,2X,"A.4)

Ii (WAVELL,bO.NAVEt) GOTO 20

CONTTUUt

CuuTIMIt

CLOi>C(UMITa2P)

GaTu IPU

HKITEC5, 9922) .
KukhAK * *,*EhRUR RLAUInG FII/E GGA_UAI, HbTURh )
CLO&E(Ui:iTa2pP)

JFfAIL a 1

C(/TO levOk»

CuNTIhUE

If (WAVEEL.ME.maVEL) THER

wr XYECA 993) .

EuRITAK® *,*aAvtl“ NOT fulHiP TIi CGA.UAT, HtTURN®)
JPALL. a 2

GwTO . 1«UPU

Xﬂ&gl% )

1 a n.UAT(IGI)

C2 a rtiAT(162

ALPHA a 11,u975,3baG2/(C19A12*WAVLL*aAVtL)
*Dbx PUWER 17 uMITYRH

SCAU: a 3.2 - 0.WI"505*(NAVEL - u2» .L7)
CHECK cotrs

CALL OCALC(ASYN,RCALC,G)

AUN a R,S*(G(1) ¢ G(HCALO)

»u 200 J a 2, NCALC*!

SUR a SUN ¢ G(J)

CONTINUE

Ar; a ALPHA*2» . U*SCALE*nAS5E*SHh/)UAT<NCAl1.C-1)
<lP_PONEP 17 UMITTEO

NITLR

KLU

hAVEL Gl G2 Al? *10 PGWLR R
(40,2 (7 05 0.43)

bl4.3 05 05 0.216

tHU.2 «3 05 O.UH

@io.d P5 03 0.051*7

bl0.4 03 01 O. loo

bHb.2 01 03 0.719

7€3.2 03 05 0.192

02b.b P3 01 0.22)
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5UBI-OUTINL LRuF*i.Atla bhC.*'* ,1,aRYN, PVftCC,I1U,Ltb, W, b«)
htib OEit:(SU")otinillcV) TiKiAusiSiwe

Sb.UI(5i*b) ,SbPU(

TTE.CLe -1 (R, o

oo SEUEIER, inEUT, BABK:HPAI |

IF (MpAK*bT.2.0K,t:pAK.Gt.5it) cuTb

IF_QUPAD.DE_JTAIPAKEIPAF)) GOTO 27

CAbb AH5(ASTNU)»A5Y 1H2) JASTH(3) , K*bFuADbS)
CuNTINDt

I'UIP J « I»
Ss.0h(d) « B.P
CUNTINUL

Di 2H ~J » IPAKtl,IPA
5t0h(J)  » StOt(JI-IPA
CUMTIhufc
Ob J

i**h
F)*OEuAb5(J-n AM

« IPAKAFUL, hPAK
SEOb(J) ™ H.P

CU*«TIHUL

CAbb SP (Stow, SCOI. RbPU.HPAK,»"1)
no 1PakK

SbHbW(JI) c I",U

CUHTIhUL

uc v J » 1PAK41, IPAL.tl.

iJ) e bruT(J-1PAK) ¢ Abtb(b)
COHTIhUK.

By 300 J » IpAkXKI, HPAt

Stobw(Jd) a L,U
E'f\th"s'hhlxdl_ow,rPAK,ASYH(4),bc'\b)
CAbb uedDb(bl.Pi>.i»LOb.FVLCt*l PAK,W1)

Guie 10bOt

IFbftC a -1

GOTO 100BY
2V-VH 1FIAG a -2
UHI-11 EtTUHU

FiP

5UBKOUTLINL ABUCI’KAK,WinpAH,X0( F.M.SLU)
kbAb SEGCP)# X(i»Mir)

Sa b.0/FbOAT(H-n
00lIBJal»**

Xtd)* *3»0 ¢ [i*FOOAT(J*1) + XiFl
F o< xtdYy»XtI)»>" 17 F<Un I» 1GPN<

IF (F.UT.1S.U) F > 1S.U

G » Pt*K*tXP(-FJ

IF (C.CT.tS.H) G » 15.«

IF CC.UT.-15.U) G e« -15.17
ST01JJ « tXI"t-G)

CuHIINUE

KtTURh

Cl.U

SUHKOUTINF GHIFTXC.SLO.H.SnX.StHIO
RtXL SEUCHI.StOliCHI.SFOGAIH"P)
ISMX n INT(SHX)

DSHX < SHX-FLOXT(ISHiX)

CUNTIUUC

IF USHX.KO.«) IMtR

bb 10 J a 1, M

$EOUCJ)  a SLO(Jj

CONTTbUL
FbSb IF (ISITXACT.i)
b 28 Jal, ISMX

Stob(J B P.P

o HiUCE

0 30 J a ishixtl, L
SbolTCJ) a SCi( J-ISHX }
CuMTIliut

thSb IF (ISHX.bT.0) THEI{
ru 4M ja 1, MFtSHX
StOK(J). aSEOCJ«1SHX)
Cubiibuk

i so J a HMISHIXFL, M
_SEQW(J) a 0.0

CcMTIbUt

EbO IF

CbHTIhUi :

IF ( USMX.GE.C.0 )

A a (1.0 = bSHX

SCO1(1) a A«B8EBJ(1)

bu IOU J a 2, »

Sc.0t (J) s AaSL3w(J) ¢ Ol«X*bFub(JI»l1J
CuMTTbOk






SUNNOUTIME, . {ICA»-C(HST11 hCALC, (;
hlai. A&\r‘tj&l\?j« c?Sl»e), %503), r(Siji))
S « 6.«/KIOAT(HCALC-U
no in J < 1» «CALC
X(3) » «T.n ¢ SeNeLOATtI-U ¢ ASYHOJ
KCI) » X(I)*X(I)*A5YN(2)*ABTN(2)
It (FU) .CT, 1&.0) FU) = I5.»
C(i)» ASYi;(i)*exP(-r(i))

1

TF (6(J).6T,15.U) C(3) = 15.m
U (cU) ,LT.-15,H) UQ) « -15.P
CONTIHUK

HETUKN

ur.u

UUBCOUTIHE UTUHE.TY-AVKL. IMAME.AL. " .FILES.MuriIT.FI1.KSt.
C1.(J2.A12) -
CHIUicTtBIG*?itFi(3).«ONIT,FILLSY12), NAMI;

, 1"U ">"T TO I.TONL 1« «All.b«l7 Y OK «=)
0(7>.089), ) . )

ﬁt(AéUI.KB. @') ahF « 'main. cat

FUBMAT(ALY .\

UG NE 1) 1er

roT"Tt*”*1M«PUT UAHL OF ULt 10 STOKK TI,15 KESOLTM

Ft»b(1>,99VAYNAI .
FOKhAKAUi)

IHEI. YuHXT .20, I/FVICF»"USK". ACCESS» "APFENt",FILE»MAhE)

FCPOAT(F5.1,2K. ), IX-FY.4,1X, 13,13 H<.5,1X,TAn_*11.2*>>J

CUOBF (UI41T»2P)
MLTUKU
Ei.i

SUHKOUTINC bS«*i0*UB,»J,XC,KVtCt,rJACC.LJIC,U, ICRADF,NITER,HI",IK,

RtAL FJACC(LJC.ii) .FVKCCI**) .S(0) ,MICb},XC(Ni)
11.TtGtM  1b(LIb)
PLAL 0UCO)
HbAL  FOIUFF
DhTA  MOUT /2w/
FSUI.SO * FilOEK (FVFCC.FVFCC,**) )
CALL  LSuGlin (M.M. FVECC.FJACr, LJC , U )
ctg _ « n ’iobF 50.0, H & ........ -
witlTK  (No"T, 9999** ) NITOM ,NK ,I5UM;,it, OTO. TOHAHL
WUnE (MOUT, 9999b )
00 I» t,
OKITEt (WOUT, 99997 ) XC(J). C(I). tFQ)
A CUHTtoUE

99999 FuPilaT(///AH 1TMS,4X,7]iF EVAL5, U X ,5USUH&0,13X ,

e 8X,5»ICRADb/IM .19. UX.Ib.oX, 11"F13.5.AX.1PE9, I ,AX.13 >
99999 FOPHAT(UX,1HX.20X, UIHC»1IX.151i.5INOULAH VALOE5 )
99997 FUN»-AT(IH ,1PL13.5.1PX,IP1:9,1,1U0X, IPE9,1 )

FI.U

SUHKOUTIMb UiOGNO (N, 0. FVECC, LJACC, (.JC.
PtAL FjAcCCI.jIr_ U . FVFCC(M) 0(10
Q 0 J*

SUN «. 0.0 E
G I» * f
SUH < RUNAFJACCIt.J)* FVFoT(T)
CoNTTUUL:

C(J) « S04 t Oloi

Continue

PETUPii

pun

.t
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n.riF
P»FEXCAL »
»

X10L5K m 00.i»

XX«"L o XTORISFSIrfHT( Xi-JaA* t X1*°U J )

STn*»»X 8

LI - 30w

vV a IV

LIW a 1

L M a .1705

11PIUT a 1

1. uU: ap

ruMTHIR L

IV a "Y"

U* ( IShIT.t0.0 ) cuTa I1”MU2

207 »>T(TTUS™»UM H.-

tSOHOl: OUTPUT?®, /

Pt;M*( 5, 993 ) tip

Ik ( Uc.KET*"y* THN .
CAbL HIAHM:S31 KILK:>n), tltKS0)* I1PUD )

il 10 UiK »UTU««T1C CHOirt UF FILEHA.E 10 MOLO
LY Ve BT

FtSL

FuhiaTC" input I-AtiK OK FILE TO 1.0LD 1.SOMOU OUTPUT® )
PE<L*( S, 9993 ) riot8(3)
roPMATT AIP )
FUDIP
tFAIL a 1
a INO>* & |
\t i INUN,CT.2P ) TUFO

F*>KNAT("*NoNt T"AN ?u IFAILaT LOOP:», FNNOK??, ««TEBMIWATE" )
COTO 1UOOP

AI*EUC UhITa2U, OEVICEa"UFK®, ACCFITS«"SEQOUT®, FII-EaFlLKS (3) )
tUAFCrI M, §FiX2, 1.SOHOU. IPRXNT. ‘mxcal. eta, XTil.,

STEpHX, 5YN, PSUAjO, FVEC, KJAC, tJ, S* V, LV, HITFR,

UF, 19, LIh, \, LW, TFAIL )

CtO;iE( UNITB70 )

WHITEi 5. 99A ) IKAIL A

FOKMATC® tX1T FI<Of. LUAFCF VIT» IF«IL a

1K ( IFALL.1t,U .uN, iFAIL.tO.1 **R,

TFAIL.EU.4 ) THtM

, 13 ).

«UITE( S, 997 )

FOVhAT (" TEK“1U/»TL tXLCUTXOL )
GOTO IUOMo

Else ( ifail,fo.3 ) thku

MO a *“N*

IF 1 XSII113.EU.0 ) toro trfc?

115"» ¢ ("*Uo*?Su’»amt io KERUN WITO LAKCER «TOLSF 7 I or n ' )
SE»0( 5, 993 ) 00

CORIIOUt

u- C BR.EU."Y" ) T"t»

? (""o’rviu5rj:"“rB.7,/." INFOlI BEA VAU.E XIOLSF" )
«EAU( 5, b»l ) XTOt.SF
FUROAK F 1
Culo 2
»1.DIF
»LSF. IF ( IFAIL.Ec.X ) THE«
VulTFC S, 444 .
FORNATt” VALUIS OF 5YU O« EXIT l«op Ko4"CF ARE t )
020 Jal, N
UMITL(_8, 443 ) J, SYPCJi
FOKWATT® SY"i(",Tl1,") a ", >9.S 1
CuNTIHUt
Pb a "Y"
If t iSMtT.LO.O0 ) GOTO 711

rU” ATt""1,r?d’1 «<ANI 10 restart min. fror tris FOIRT 7 1 or »" )
RtAO( 5, 993 ) b
Continue
tF ( 1U.EU."Y" ) GOTO luo
Fuoir
Ab a "Y*®
IF ( 1iM(IT,LO,P ) COTO 1H'3
r1;IMT(~oi“TTu’RART TO OSF M_TOMATXC NAMINC UF OUIF.Il FtLF.7-,

/., INPUT T OF h" )
NEAOC 4. 993 ) Lb

¢ “e?IE’E.i«7fF,EFO(.,, FTEKB.A). 1Hun

3a3



KtSL

u g‘ R b* )
db ryPjIAK™ INIMIi “IALK ULt TO I/ L= 0OL»"TIUO" )

PL*( %, ) »11.L5M)

{J.uviy

I'e ) ~N<TO Wfito
CALL tXISTSC HLK;i(4)# IF-XI5T )
If 1 IKXI5T.CU.1 ) THtN
MFITKC b» 44441 > FIt.tS(4)
44441 roRiiATt* nit MAMtD MU . " f-xinyii
- ¢ 1O YOU JALIT TO uVLWtoRITK I1T?..... INRILT Y O« N )

KtAUt S, b0J ) OH
( TiB.HL."Y" ) COTO U>H

~erOIP
loUo Cu**TIUHK
nkitk;lg b, Ott?L? -o». N
8u? PyRhATt® UO YOU PAUT I1°LOT OF MT? Y O« » )

If*t*bHIEO,"Y" ) CAUL PLOT12( H.OI-, fILtS, KXPT, H, CORK, AIMT.
< 1J. UYO, FVFC, t&TuP, riCAP?. P* C. I1COt»nu,

% UCAP74, f4, C4, 1CUHD4. iCOUhT )
IF t ISTOf.HF.H ) GoTo iHi0OU
XKITEC 5, U9yP )
tivuu PyRHAK™ COhPO»M:HTS Of SYu APt j* )
0 18H J 1P
fckITEt b. 1180« ) SYH(J)
JIBt'—  FO«l;AT(" *, Pic.*» )

tbur CONTINUE

Bb4 FUMhATi® 00 Yu» *iAlIX TO STOKF SOLLTIOt.7 Y oH H* )
PFALC S. 993 ) UH
If f OH Ey 1 THER
ol>eu( OKVICE*"0SK*. ArCEUS-*SFUOUT*. FII.E«FILE5(4) )
«iRITEC 2«. 88b ) I HLCS(J). J « 1*4 )

Bbb FUPMAK 4( 2Y, tlv ) )
WUTTFI 2«. 880 J ( fXIT(I). v » 1.2 1

8bt FORRATC 2( 2X. hlc ) )
VKYTEi 20. UAyl )I 100(3). J « 1. 2 )

bCtl POKOATI™ ITHO*UI) «"» 13. 4X, * IMoP(2) » , 13 )

Do 200 J - 1. L
RHITEC 2P. UR7 ) UYF.(d)

HE7 POWNAXi E2P.7 )
2LU COHTINIIL
CUOJ»P( UFJIT*2u )
FFjOIK

bUbbl  FOROATi® 00 YO'I WAKT TO TUY DIFFPIFE.T RUOLL 7 Y O» N° )
HCAO( S. 993 ) bH
If ( OB.EO."Y* ) THbH

IKRO m 1
ICNUNT » ICOUUT o 1
GOTO 700
PiiOIF
WHITR( 5, «8« )
RUB PUKHATC 00 YOO *<ANT TO «EROR PNOt? Y oP N" )

RbAI>( 5. 993 ) OH
If (UH.EO.AY® ) uoTol
loruo

SUPROUTXNt PAPaMi IMon, L )
TUTCCLR  IHOF*(2), H

( IRoOIU.Lt.I ) TH
If ( IMor)(2)-LE.1 )
If ( 1400(2J.E0,2
If ( 1HOU(2).GP*3
Post IF ( IHOO(1)«E0.2 )
U 1HO0(2)«LE.1
If ( 1H00(2).EQ.2
If ( IH0*»12) .E0.3
If ( 1P00(2).E0.4
If ( 1400(2).to0.9
(
(
(
1

T
7]

«

=z
NG

~
rcrzORr-C

IF ( 14U0(2).LU.(>

\f ( 1-00(2).€0.7

If ( 1400(2).L0.R

ELSE IF ( IMUO(L).CE«3 ) TH

R N e VA
©3 I Smeoem
BhwwbwwnN

<Mz =

M
w
EI.O01F

RLTOKh
ri.o

3a U



SUHKOUTINI  Rt512( 1»"LAC> W, KVECC, IN, MW, W, LW

PtAL STNIN), “mVKCCCW), W(i.U)

MEAL  AIMT(JFt), CURRO»"**)» Al,(m*), AW4 (3»*U,4), VAESOUPI)

INTLCtCH  XALAC* k* 1U(LIU), Ltsi» CW» IMOUCY)
CU*"UON 1WUO, AIF™**, CURR, AU» iw4

CuuTinuk;

CALL VALSS( 1K0O, », N. CURR» AK, AL4, VAL¢>»

CGall oiffi m vacs, aiut, rvtcc )
o
SUBROUTINt VALSL( TMOU» W» R, CUWR. Ah, AHA, SYN,

RLAL CURI((U), SYL(t.), VALRC**)» Al.(H
HAL ARAGRg ™ » A

LiITEGER  XMUU(2)
CuNTILUt:
Vo U J « 1» D
SYR(J) « A0&( SYN(J) )
CuWTTIiUe

IF ( IMOOID.LO.1 )T«t;N

CALL MODAC ThuO(2)» UI> N, CURR» LYU, VAL;
KL5C XP ( TMOO(X)«EU.2 ) THLN

CALt. HiOUC INOO(2)» M1, U» CUhH, AN, 8YL, VALS»
PLSt XP ( THnu(i)«Pu.3 ) T*“bN

CALL =»00Ct IROU(2), M., W, CURR» AV4» 5YH VALS»

IPLAG )

VALS» 1KLAC )

TPLAG )

IPLAC )

SUHROUTIUL wul)rt( TROU» », U» CURI» SYW» VALS, ULAG )

IUTLGER  I«iD, ti. H, IFLAG» J
hcAL  rUPR(M), VAISCU), S5VH(W)

1P IHAU.LL1 LALn, H,E0,2 ) TIiBl.
> e
VALL(J) » TCRI'K CUrR(J)» SYN(U, SYR(Z) )

COHTIHUP
FLSL IP C NOU.LU.2 «AHU» H.PU.J ) THtH

VALU(J> = TKRMK CURRO)» SYNti). SYH(2) )-
TtRR2( CURRO)» SYM(i) )

AL oo AHD WRLA ) THN
P

VALS(J) ® TCRUU CURR(J)* SYN(D» SYH(2) )=
~trUR3( CURR(J)» ¢YIi(4)

tLSEr ( il‘ﬂ_(lJA AHL «.PL.4 ) THW

VALU(J) «*TCRHU CURR(J). SYWtl)» SYR(2) )

TtRK2( CURR SYHt -
TR QB W 3

COuTiULP

XAG e -1
I

PCTUMU
KI.U

SLPRULTXNt UXFK M, ARRI» ARR2» ARii
RtAL ARRI(Il), ARK7(M)» ARNUTF(l«>

0 IR J * 1. R
ARROIPIJ) s AURUJ) = ARH2(J)
CoHTtCUt;
RCrurRU
Ft.0O

Bay
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