
.. 

o __ =---

ISOTOPB SHIFT MBASUR2MBNTS 01' THB STABLE KRYPTON 

ISOTOPBS IN NtTURAL AND ENRICHED CONCENTRATIONS • 

by 

(è) Jacques Dubeau B.Sc. 

A the.l. submltted to the FBcultyof Graduate 

Studles and Research ln partial fulfillment 

of the deglee of Haster of Sclence. 

.. 

l' 
Oepartment of Physlcs, 

McGll!' Universlty, 

Montreal, canada. 

Augult 1986 

.... 

o 

, . 

• 



.,. 

Permission has been granted 
to the National Library of 
Canada to microfilm this 
thesis and to lend or sell 
copies of the film. 

',", 

~he author (copyright owner) 
has reserved other 
pUblication rights 1 and 
neither the thesis nor 
extensi ve extracts from i t 

-"Jflay be printed or otherwise 
~eproduced without his/her 

written permission. 

1 , ' 

j 

, , . 
\ 

L'aœtorisation a été accordée 
à la Bihliothèque nationale 

\ du Canada de microfi lmer' 
cet te thèse, et de prêter ou 
de vendre de.s exemplaires _du 
film. 

L'auteur (titulaire du droit 
d'auteur) 'se réserve les 
autres droits ~e publication~ ~ 
ni la thèse ni de longs 
extraits de célle-ci ne 
doi vent êtr,e impr imés ou 
autrement reproduits sans son 
autorisation écrite. 

~ 

ISBN - Q-315-38252-X 

, . 

-.. 

" 
- .& 



,. 

o 

\ 
) 

) 

( 

, 

i 

-

1 

The isotopie shi fts of the 58~ nm llne, 

eor~esponding to the transition 5sC3/2]l-5p'[3/~J2, haye 
p­

been measured tbe five stable even Isotope~ ~ ~ rypt on. 
'. ' 

Also, four hyperfine structure peaks belonglng to the stable 

Kr-::a Isotope have been studled. Two ,sets ~ e .... pel'"~men,t.s have 
• 1. 

bèen done. In the flrst set, kr gas contalning the stable 

lsotl:)pes in 'nat~ural abundan.:e has been used. In the secl::rnd 

sèt; mixtures contalnlng hlghly enrlched conl:entratlons clf 

Kr 7 • were used ln orde~ to get a rellable measurement of the 

P9larlsation spectroscl:)PY '15 the technIque Llsed. 

f 
Howevel', a dOl.lble probe beam was used, ln Clyder tc. subtra:t . 

/ , 

out from 'the isotope Shlft speetr~ the doppler abSOl'"ptlon' 

eUl"ve. The laser output beaf' was freque'ney modulated t,Co . 

reducethe det~ctor nOISe. due -t-o room llght 

. reflectlons of the laser li~ht . 

Using . ,previ ousl y publlshed 
.J 

shI ft 

a"nd st r ay 

results 

pertalning to the 557 nm ,line, It wa5 pos~ible,to separ~te 

the fIeld shift contrIbutIon from the total shi ft, and ta . . 
calculate the change ln mean square nuclear charge' radIUS 

• between the Isotopes. The results were found 
\ 

agreement with those of previous studles. 
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Les deplacemmnts isotopiques de la raie de 587 nm, 

correspondant à la translti~n 5s[3/2J1-5p' [~/2J2, fur'ent 

, , 
mesures P9ur les cinq, isotopes 

. 
De plus~ quatre transItions 

paHs et stables du krypton. 
'\ 

hyperfines du Kr-::a furent 

étudlées. Deu'J( sé'rles d'expériences fure~.nt accomplies. Dans 
;> 

la premi~re s6rie, du gaz contenant les i~otopes de krypton 

" 
dans leur proportlon 'naturelle fut utilIsé .. Dans la seconde 

, , 
serIe, enrichi en Kr.,.8 fut utilisé ahn , du Kr hautement 

d'obten.ir une valeur fiable 
, . 

du depl acement i sotc,p,i que de 1 a 

pai re Kr7'8-Kr-o. 

La techni'que de spec;t,yoscopie de polarisation fut 

t 'l" dl" 4. d'f' t' U 1 lsee avec e egeres mo 1 Ica 1011S. Deux fal sceau)': 

d' é'chant i llonage, l'un servant de si ~nal et l'autre' de 

, , , 
reference, turent utilises de 

d·absorption tout en conservant le signal de polarlsation. 

De plus le faisceau , " initial ~etait module en frequence de 

" fa~on à rJduire le<l. bruit dn à la réflection de lumière 

parasite dans les dé'tecteurs. 

L d ' a" t l 't 1 1 1 es onnees experlmen a es permlren .... e ca cu de 

l'effet de volume 
, 

et ,des changements du carre moyen de la 

distribution de la charge nucl~aire'd'un isotope ~ l'autre. 
/. 

Les résultats concordent avec ceux 0l?tenus par d'autres 

chercheurs. 
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Introduct ion ---\---------
1 • 

• In this, work, the 587 nm line of krypton, 

corresponding to the transition 5s[{3/2Jl-5p' [3/2)2, 15 

studied using polarisation 'spectrosccapy. This way, the 

isotope shi fts of the fi ve even krypton isotopes (A=78 to 
o 

86>, as weIl as the hyperfine structure of Kr·:» wlii be 

found. Two sets of eXPQr i ments were per formed. Fi r st, 1 aser 
,~ 

spectroscoPYQ is done on krypton in natural abl;\ndance, 

yi el di ng the isotope Shl ft s of t he four heavi est isotopes, 

which al so , the most abundant. Secon'd, 

containing highly enriched amounts of the rare Kr?'· are used 

in order to get the Kr"'IiI-~',ygO Sh1 ft. Ultlmately, tne changes 

in mean square .charge radi us when two neutrons are added to ... 
a Kr {lue 1 eus wi Il be found. 

1 
The polarisahon technique used here contains --two 

important mod1hcations to the one usually described in the 

literature. First, a dClubie probe laser beam is use'd, and 

second, the dye laser output beam is frequency modulated. 

This report 1S divided into four chapters. Chapter 

1 is a review of lsotop,ic sh;\ft studies, particularly those 

involving krypton. Then thé theory of isotope Shl ft i s 

outlined. In chapter 2, some laser spec1jtoscopic techniques 
y 

are discussed, a greater part of the chapter bel ng devot ed 

to pol ayisat i on spectroscopy. Chapter 3 presents the 

expeYimental set-up and techni que used, and sorne af the 

resulting d~ta. And finally, the analysis. of the dAta i5 
" .. 

done in the last chapter. 

, 
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• 
Isotope shift refers to the very fine structure 

ob •• rved around a particular line emitted from a mixture of 

i.ot~p.s of a given element. ThlS structure is due to 

differences in the nuc]ear masses and mean nuclear charge 

radius between the isotopes. Measurements of these shifts 

.oive va~uable information about the mass, the shape and the 

charge distribution of a nucleus in its ground state, as 

weil as indirect information about the spin and nuclear 
f 

moments. Typically isotope shifts represent 2.5 ppm of ,the 

.wavelength and thus could not be observed before the advent 

of interferometric methods. 

lM 1890, Michelson [Mic 1893] observed struc~es 

• d?wn to the order of 0.01 A ,in spectral lines. They may have 
, 

b • .., due to._i sot ope ~hi ft (IS) or hyper fine structu,re (HF"S). 

In 1913, as Bohr's theory" of the atom appeared, it was 

suggested that the electronic energy levels might be mass 

d.pendent. It was not until 1918 that the first measurement 

of an IS was made. Aronberg [Kin 84al found that radioacti~ 

• leAd amits a photon of wavelength 4.3 mA over that' of· the .. 
40~ A ph9ton fro~ stable lead • 
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o In 1922 i t was found that some IS were too 1 arge 

to be due to nuclear mass effects alone. Ehrenfest [Ehr 22J 

suggested that another contributIon could come from 

di f ferences in the nuel ear struc ture of di f ferent 1 sot opes, 

which would give a shghtly di fferent force fIeld 

surrounding the nuclel. However, it was not until 1932 that 

the first quantitatIve formulation for the held shlft was 

done bylBreit, Rosenthal and Racah [Bre 32J. 

In the 1930' s,lasers were st 111 a long way -of f 

and enriched isotopes were not avallable; lt was posslble to 

study only Isotopes whose I8 are large and the lines narrow. 

Hollow cathode lamps were used and.the speetra were observed 

ln high '.resolution by photographlng_ the fdnge ~attern 

~o produced by a Fabry-Perot etai on. Durlng that tlme, Jac~son 

ard Kuhn [Jae 38J in 1938 were the first to use a Doppler 

1 

limiting technIque. They measured resonance Ilne photons 

• R 
emltted at a right angle from a beam of potasslum atoms. The 

very small transverse , veloe i ty component 0 f the atoms 

contYlbuted little to the broadening of'the lines. 

1 n the. 1950' s sorne enr i e hed isotopes became 

available and photomultipllers were developed. Isotope 

shifts were measured on heavy isotopes; amon~ them, thaillum 

and mercury. 

In the very early works on lsotope shi ft!i,. one 

sought to determine the field shift contribution in arder to 
, 

-0 
e~tract information -on the non-relativistic elect~pnic 

dénsi ty at the nuc 1 eus, 11P(O~2. In the 196P' sand up to the 

o. 

• 
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present, isotope shi fts were measured in order to.get 

information on the nuclear structure and shape through the 

determination dt the change. ·in the me an ~quare charge 

distribution Ô<r 2 ) between isotopes. B~twe~n 1960 and 1970 
} 

lasers were introduced to the field. The accuracy of 

measurements went from 3 MHz in the besteof non-laser work 

to 300 KHz using lasers. The,first isotope shift measurement 

using lasers was done by Brochard and Vetter .- [Broc 66"] in 

1966 on xenon. In 1974 Hansch and Byoadhurst [Broa 74] made 

the first Doppler-free mèasurement using a tunable dye 

laser. 

Since then, many variations of the Doppl-eY-free 

techniques _~VR- ~ppeaYed. Studies now are concentrating on 
• \;l 

isotopes whose neutron numbers are close to a magic number, 

. such as Sr and Ky, and on mass sepa~ated short -1 i ved 

isotopes • 

Measurements of the isotope shift of Ky isotopes 

is of particular inteyest. There are five ev en stabl~ 

isotopes of Ky ranging in mass number from 78 to 86, the 

lA.t of which' corresponds ~o the 9./2 neutyon shell closure. 

If the field effect contyibution to the shift is sepayated 

fyom the total shi ft, one actually finds a decrease in mean 

sqUAre nucl!Ar chayge distribution «y2~wh&n' neutron pairs 
1 , • 1 

ay.' .dd~. In this case, one talks about ÔAA·<r2)being 

\1 
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negative or reversed. 

The following is a brief history of th. 

'" spe~troscopic stu~ies that have already been done on Rr. As 
ç' 

1 _ 

9f now, IS measurements have been done only on the five 

stable even iso,topes. 

~he first ~s measurements on Kr were made in 1949 
. 

by Koch and Rasmussen [Koc 49]. In these measurements, 
~~ 

the 

hfs of Kr-3 for the' 805.9 nm line corresponding ~~ the 

transition 5s' [1/2JO-5p' [3/2Jl was determined. In order to 

determine the center of gravit y of the splittlng, they 

measured ~he Kr-2 and_ Kr·~ lines and found a shI ft of 

0.00013 nm. Olscharge tubes containlng slightly enriched 

amounts of the tW9 even isotopes were used. 
1;> 

~ 

In 1976 Brechignac and Gerstenkorn [Brec 76] did 

IS measurements of the five ~ven stable Kr isoto~es for the 

3.066 micrometer ln frared line cor respond 1'19 to 
\. 

6p[1/2l1-6s[3/212. -ihey observed irregular IS whl ch they 

related to irregular varIations of (r 2 ). Thelr result!i 

hinted ,at the presence of a volume (or field) effect and the , . 
possible' inversion of'Ô<r 2 ). 

In order to have a sizable field shift it,'is 

necessar to examine a transition ln which one of the states 

has a hi h probability densityOat the nuc~eus. Studies_ were 

~ done on transitions which involve a 56 level. This should 
',.. ~-~ .. "'-' h" 

t~en, s ow A greater volume effect than the 'infrared 

tr~nsttfon. In 1977 Gerhardt" and Matthias [Ger 77] studied 

the 557 nm 1 ine using 

A ... __ 



'-

" 

j 

, -. 

-6-

$pectro_scopy, obtaini'l9 a -large signal due to the presence 

of a metastable lower level. Their resul ts showed a 

non-negligible ,volume effect. Adding neutrons ln the lower 

hal f of the g9/:2 sh~ll (N=78 to 80) lntroduced the largest ,,-

change in <r2). The second hal f of the shell (N=82 to ,86) 
\ 

showed' a somewhat smaller variation. At that stage one could 

otl y show departure of the total shift from that of a puye 

mass' shl ft. To eval uate -expli c 1 tl Y the fi eld Sh1 ft· and O<y~ 

one had to wal t for theor et 1 c al stud i es whl ch weye done 1 n 

1979. The technique used by Gerhardt and Matth1as is also 

the one used in this work, and ,will be described in chapter 

2. 

In 1978 Jackson (Jac 78] used an arc lamp 

containiRg highly enr iched amounts of the stable 1 s'ot5'pes 

an1 did IS measuyements on 14 IR l~ne$ in the 750 A to 800 A 

yegi on. 15 were measured on photogyaphicall y recorded 

fringes from a Fabry-Perot Etalon. The s~m,~ year, C~ampeau 

and Kelley (Cha 78] did a lasey excitation study on the 557 

nm line, corresponding to the trapsition 5s[3/2J2-5p'(1/2Jl, 

by using ~n atomlc "beam of Kr and detecting the res9nance 

fluorescence. Isotope sni fts were measured but a deflnl te 

trend of the field shi ft could nct be establlshed. ,Gerhardt 

(Ger 79] measured in 1979 the IS, on the 432 nm and 557 nm 

lines using -figain polar isation spectroscopy. At that "'time 

F"(557), the electroni c f..ilctor for the 557 nm 1 ine had been 

evaluated and Ô·4-··(r2~ had been'derived theoretically (the 
'\,~ 

electronic fac~or of a transitlon multiplied by the change 
" 
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. 
\ 

in mean square charge distribution between two isotopes 
\ 

gives the field shift). These two estimates enabled the 

determination of< 0<1"2) fol" any pair of even Kr isotopes. As 

expected, a decrease in (1"2) with increasing mass number 

throughout the neutron shell was observed. Tnesé negative 

c5<r:Z:> valû~s were ~e~~reted ~y Gerha~ as 

de~rease in nucle~ deformation and/or 
\-

thickness. 

bei,ng rel ated to a 

a decrease in skin 

USlng the same technlQue as in 197~, Jackson [Jac 

80] in 1980 found that transitions Involving a 5~ electron 

display a field shi.ft of the same order as those involving • 

5s-electron. He worked wlth the 587 nm l-ine, WhlCh is also 
SI 

the one studied in the present work,. 

[Aud 8,5J, using pol al" 1 sat i on 

spectroscopy, and Savard [Sav 85], who used saturation 

spectroscopy, also studied the 587 nm line and measured the 

15 betwèen the four most abundant even stable Kr isotopes 

and the hyperfine structure of Kr-2 • The shifts were in 

agreement· with the results obtained by Jackson. Theil" 

measurements w~re pel" formed at 
, . 

Laboratory at HcGill University __ 

f 

, 
The i sotopi c "shi'fts in electronic 

transitions are easily understood if the nucleus 1. t.ken AS , 

--- ----~ ~ -------- ------~.~-- . J 
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h.vi·ng .. fini te mass and non-zero radius rather than being a 

point of infinite masse It is then found that the energy of 

an el ee t r on i e 1 evel does not depend" on Z al one but al so on 

the mass (MA) and on "the radi~l char;.ge distribution of the 

nucleus. Three ~ffeets contribute. to the observed shi ft of a 

1 evel; they are,' the normal mass shi ft (NMS), the speei fic 

mass shi ft (SMS) and the field shi ft (FS). They will be' 

treated separately in the following_sections., 

. , 

1.2.1) ~2~mêi_ên~_~@~1!i~_mê~~_~hl!i~ 

The Hamiltonian for an atom of infinite 'nuclear 

mass is 

1 

( 1.1> H = 

where the symbols have their usual meaning and e=i. It 

applies for th~ fal.lowing system. 

, 

_ ~ -a. 
r .. a=r .. -rl. 

\ -
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If the center of 
, 

mass of the atom is ât Y:'est 
,> 

( 1.2) L P .. =o -~ . 
"\ 

1 
The energy levels are g~ven by the eigenvalues of 

(1.1), and ~e get: -so 

.(1.3) 

In the case of' a fini te nuc'lear mass . the 

Hamilt'onian lS modlfied to allow fol" motion of the nucleus 

of .mass MA_ 1 f we now assume the centèl" of mass of the atom 

to be at l''est we have; . 

(1.4) . H ...... = 

where PN is the momentum of the nucleus. We' also have; 

" 

a) 

( 1.5) 

F'l"om these we get: 

-- - ------ -----
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1 

, 7 

Hence the energy levels are now di fferent and ar-e 
, 

given by; 

<1. 7) 

'\ 

The'followlng variable substitution will make the 

finite 'mass Hamiltonlan contaln a part that looks like the 

infinite mass equat10n, so the 'same wave function w1l1 solve 

both. The eigenvalues w11'1 be multlplled by a nuclear 

mass-dependent C oe f fi c i ent and a perturbation term wi Il 

appear. 

(1. 8), 

DO,th~ variable substitutions: 

This gi ves: 

1 
2 <,,+M ... ) 

=pJm~ [H~ + 

. , 

The eigenvalues of the first term are readily 
.J 

• 

1 
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6 . ' 

found si nce the wave functions are known. Cali th'is terlft 

H ... ~·. 

, 

(1.10) f"Y'om H ... ~·=(JL/m ) H' we get E ... ~·= (P./m.) E..,. c- lIO 

.' 

The n.:.y mal mass shift i s: 

.. 
(1.11) Cl EN .... = E ... ~ ·:"'Eca = -m. EMA •. 

M ... 

ex,perimentally measuréd energy of the level if 

pertu~batl'on term of (1.9) is small. And so: 

(1. 12) Cl EN .......... = -:-m. Ë-,.p ...... 

M ... 

The quantity which. will e ~ntually be measured is 

""--------the freque~cy shift between two isotOpes A' and A for the 

same transI t l on U 1 fi. ~ow evalu~t~,the contYlbutlon of the 

nOY'mal mass shift ta the fyequency ShI ft. The transltion lS 

between a ldWer level.E .. Qand an upper level E2 and IS glven 

by the fo~lowing e~pression If the normal mass shift 1S 

taken into accQunt: 
.J 

( 1 • 13) 5" ..... ~ N ... ~=E .. -m. El. -:-E:z+,!!!, E:z.' 
M... M ... 

=(E .. -E:z)-~ (E .. +E:z) 
M ... 

with h=l. 

.' . 
-lit 

A similar expression is found for isotope A' and , . 
1 • 

the difference in the transition !requency~due to the normal 

) .,. -' 

.1 
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ma •• effect is given by: 

where 

MA' 

• p 

the convention is to take pA._pA· for MA. greater than 

1-., 

. ' 
In the same manner, we,may evaluate an expression 

giviog the fiequency' shift due to the perturba~i?n -term 'of 

the Hami l,tonian 
, 

(1.9). To first order, using~the same wave 

function as before we get: 

(1. 15> , < 1/; (l'" > 1 1 J L P .. '. p l' 1 1/; < r ' ) > 
2(me +MA ) k~ l 

= I/MA<1/;<y>/ L p"'P11"'_(;~» 
't(<.\. 

1 

Again we look at· a transition "i" petween levels 

El. and E:z for the two i sotope~. A' and A •. 

.. n 

= M ....... M ..... t1. 
whera M...A. is defined in <1.14)" and M .... ". contains the 

di ffaY~nce in the expectation values' '·bf L Pk' pa 
1('1 

b.tw •• n th~ upper and lower state, and is call.ed the 

.1ectyon correla~ion ter~; 

" 

. , 

. , 

. . 



o 

. ' 
, 

-13-

Thus the total fyequency shi ft due to mass effects is -
, 

(1. 17) ÔVAA
",,, .... =MAA " ·(M, " N .... +M,,, .M.) , 

-
wheye the quanti ty in bY.:lckets is independent of .. the 

'isotopes involved but depends only on the transition. 
, . 

The ext~nded Ilucleay charge has a shifti.ng effêct 

onlY on transltions i'nvol~ing s electrons and transitlons in -
which the screening of the inher closed 5 5hell 15 changed. 

In the model,' u5ed the nuclear charge is 5phe:lCally 

.' 5ymmetl'1c and of l'ad-ius R. The energy shi ft ôE"-· 15 due to 

the dl f fel'ence ln ele,ctyostat ie potentlal between the 

(1. 18) 

J 

- jt:lO 
Cl Er.= t/t-CV(r )-Vo(r) J if; 411"y 2, dl' , 

t) 

which is non-vanishing only inside the nuclear radiùs. The 

value of ~(r) may be taken c~nstant inside the nucleus and 

equal to 1/;,,0), The field shi ft lS then given by: 

(1. 19) Cl E ... ·= 1 t/t(o)\ 2 .JR 
[vey )-Vo(y) J 411"y2 dl" 

/ 

roI" a "ifoym.cha1"'ge di~tribution, (3auss r 1 • ..., .nd 

the condi t ion that V(y=R)="Vo(r=R) Oi v.s, ' 



o 

1 
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< 1. 20) a) V<r)= 3/2 [ 1/3 (r IR)2-1 ] Ze2 /R , r <: R 

, 

b) Vo(r)= -le2 /r , r ').R ,. 

4< 
\ 

Put (1.20) into (1.,19) to find; 

(1.21 ) OE~· = 1 ~(O) 12 411"/10 

tor two isotopes A 

energy di fferenee is due only 

radius. :r-hus for the 1 eV,el E, 

e 2 Z·R2 
k) 4f ;. 

and A' it is assumed 

-
to a di f ferE!nc,e ln 

the shift is: 

.. 
! 

/ 

that the 

~ 
nuel ear 

and a similar expression is found for the leve! E2 • The .. 
fiekt shi ft -in the trans~tion "i Il between isotopes A and A', 

whose charge r~dii are different ÔR is: 

aenerally the literature ~rites about the mean 

.qu~. Ciharge radius, Ô<:r~= "3/,5 Ô R2. Fïnally, the field 

shi ft i51 

.. 
. " 

, ! 
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As in· the- cases of NMS and SMS, the frequeney 

shift is expressible in terms of a strletly isotope 

dependsnt term,ô<r2~ and ~n electronic term ~&. 
" 

The total Isotopie shi ft for the transition 

labelled "i", between isotopes A and A' is the sum of the \ 

three ~ffects Just descrlbed; 

( 1 .25> Ô"AAO .. 

One wishes to extraet, from 1 sotope shi ft 

measurements the change in mean square distribution of the 

nuclear charge wh~ pairs of neutrons are added. rirst the 

normal mass shi ft part of the total shi ft 1 S cal cul ated 

-easily, from equation (1.14>, and subtracted from the 

measured value. Remaining is the sum of the' ~S and St1S whi.ch 

aré not easily separated. 

\ 

-- -- ------~~~--_ ..... ---~--~----------
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, 
which is not calc.,.Hlable. rA involves the calculation of the 

change in electronic density at the nucleus during the , 
transition. This electronic factor has been calcul ated for' 

the 557 nm tranS1 hon ( 5s[3/2l2-5p' Cl /2J1 ) in Kr CGer 79J 

and . al so a model dependent value for Ô··-·_<r2> has been 

found. rrom these two values it 1S poss1ble to eva1uate, V 

first, the F, foY' any Kr erans1tion for WhlCh the shifts are 

known for at 1 east three 1 sotopes, and second, the Ô<r:Z> for 

any paiY's of these 1sotopes. Thus, 1f shifts were measured 

on the same 1sotopes for another transition tlj", the IIi"" and 

Itj" equations g1ving the sum of the FS and the SMS may be 

combined to give; 

+CM ........ -F, IF., M" ...... l 

Plott ing as a function of 

ÔpAAI' .,. r ....... /MA.... for at 1 east two measured shl fts wi Il gi ve 

a line whose slope is F .. /F., and the offset is tM ... a .... -F .. /F~ 
c 

M~._ ..... This is called a King plot tKin 84bl .. In the case of 

krypton, F(S57 nm) and Ô-·-·- <r 2 )are known. Thus F(587 nm) 

is known _ from the slope of (1. 27) and the SM~ wi 11 be 

separable from the FS and Ô"''''·<r 2 ) ""ill be calcul able for 

any Kr isotope pai r. It must be r~membeYed that any 
. .; 

oi 
c-

evaluation of the SMS or of ô ........ <r2) ultimately relies on 

prel iminary theoretical estimates • 

-. 

• o\} 
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This cnapter will present briefly the most popular 

laser· spectroscopie te~hniqu~s, starting' with ~o'ppler-
~ 

1 imi ted and then' Doppl er-free techniques. The second and 
, 

most important part of this chapter deals in greater detail 
o 

with Doppler-fyee polarisation spectroscopy, whi-eh is the 

technique used in the present work. .. 

o 

The, first ," Doppler ~ limited :"technique to be 

r' .: ... 
sp'e~troscopy; 

necessary s~t-up i s shown on fig". 2. 1. 

F.P. 

a 

.. 

, 
schematic of the 

calibration 

• 

1, 

" 
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Absorption spectroscopy· involves measuring the' 

transmi tted intensi ty of a frequèl1cy, tunable 1 aser beam 
.1 

. mëfk~ng mul tlpl e passes insi de a cel i contalning a mi :dure of 

isotopes in gaseous form. As the laser ,frequency is scanned-

ion a 1 i near , f ashl on, oP the beam wlii encounter a 'varyi ng 

absorption coefficlent around the real or DClpplèr - shl fted 

transition frequencies of the atoms. The àmount of 'absorbeJ. 

intensity depend,s on the population, N(u)), i.e. tl>1e number 

of atoms wno!jie transi tion frequency WO 1 s Doppler-shi fted to 
.. 

W, the frequency of the laser. N(W) 1S .a Gaussian 
( 

function 

whi ch peaks at Wo. The absorptlon cross-sect i on '(}f each atom 
/' i 

follows a' resonance proh 1 e whose W1 dth depends on 1 y on the 

lihewidth of the trans1ticln. Hence, the final absorpt10n 

profile is a convolutl.on of the Gaussian and the' Lor,entzian 
i 

fuhé!t10ns and is given by; 

(2. i) 

r 

which is called a Voigt profile (Dem 81aJ. 

On fig. 2.1 .the absorption profile is given by 

1.-12 ~nd is callbrated in frequency using a Fabry-Perot 

'~talon of fixed mlrroY' separation whose mode spaclng is 

a~curatel y ,known. The reference signal 12 i s used to cancel 

foluctuatign9-i-n the laser l::tutput. int"si.ty • 

The mi r'r or image 0 f an absoY' pt i on spec t r um i s an 

exc i_tat~on spectrum. ln i ts si mplest form, 'exci tat i on 
, t 

• 1 

spectroscopy Just involves ,the detection and 'counting of 

/ 
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indi vi dual fluorescent photons. The i ntegYat i on of the 

number of counts over short time Intervals compared to the 

scan time is translated into ~n 1ntens1ty profile l(W). The 

setûp is essenti ally the same as the one depi cted on hg. 

-
2.1 except that the P.M. 15 aimed at the gas cel!. In ordey 

~ 

" for this technique to be applicable, -ceY'tain cond1t'1ons must 
"1";' 

be met; the' probabil1ty of dee'(c 1 tat ion t hY' ough 

non-radi~.t1ve processes must be low, the Il fet1me of the 

exci ted state must be much smalley than the count 

integrat10n time (i.e. the excited atom must not drift out 

" 
of the sol i,d angle of the photodetector) and the detectoy 

must have a constant quantum 'efhciency over a w1de payt of 

the spectY'al yange. 

In the techniques descr1bed abovè, the 51 gnal s 

. i nvol ved .aye usuall y ver y small. The bac,kgyound nC'l se may be 

reduced by chopplng~ the laser beam ~modulat1ng the 

amplitude) or modulatlng the lasey frequency. The detected 

sign~l Will oe at a frequency CC,yyeSpOnd189 te· the 

-modùl ~t i on and may be discYlmlhately ampll fled by a 1 oc 1--1 n 

J 

amp 1 i f i eY' • More w111 be sald later on the frequerky 
li ,,-, 

Î • modul a't i on method sinc~ it l'S the one used ln • the present 

wOY'k. ... 
Still another technique is that of optogal vani c 

.' 

,. 

spectroscopy. It involves the measurement Ç>f t'he change ln. "c: . 

effective res1stanç:e insid~1 agas dlscharge whlch 
.. 

1 S • 

optl cali ;., 

tecrniqUe' 

\ 

\ 

• pumped wi th a 1 aser beam. 

i s shown on fig. 2. 2 . 

.. . 
A setup' for thlS 

• 
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' .... 
Ref 

CW 
Dye 

Laser 

-The laser. pumps a lowe-r level to an upper level, 

hence modi fying their respective 
r;' populations. Because of 

differences in ionization probability of these two levels, 

there resul ts a change in the d~ scharge resi stance)gi ving a 

change in the current at R. If the laser beam is chopped an 
\ 

a.c. voltage will be measured at R which can be fed directly 

into 'a loék-in amplifier. The voltage amplitude as a 

function of the laser freque~cy gives a spectrum. 

If the upper level of the transition is close to 
/! 

limi t, of ioni zation 
\ 

ionization the technique 

sp.ctroscopy may be used. The exci ted state may then be 

ionized thro~gh sever al processes. One of these is 

photoionization, and the whole technique is sometimes 

r.ferred to as -_ "two - photon ionization spectroscopy". Fig. . . 
• I""Y' 
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2.3 shows a set-up used in this technique and the vnergy 

level di agram. 

Gas 

Cell 

Collecting 
Electrode 

-, 

.Only the (beam pumping to~the lower level need be 
~ 

tunable, the other may be of fixed frequency but must be of 

sufficient energy to'bring the excited electron over the 

ioni~ation limit. 

In other schemes the excited atom may be ionized 

through collision with a buffer gas or through the 

application of a strong electric field. In aIl the methods 
. 

just d~scribed, the signal is made up of the collected 

• 
electrons. 

This concludes the overview 9f the ~oppler-limited 

techniques although other more 'exotic t.ch~iqu.s exist COem 

B1bl. 

o 

.... 

i 
.~ 
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The techni ques just descr:i bed are of 1 i ttle use 

for doing isotopie shifts measurements on Kr, which are all 

around 100 MHz, because thi sis the order of the Doppler 

broadening at room temperat~re. Doppler-free methods must be ., 
used. They involve the sampling and measurement of a 

transition on subgroups of atoms which have a very small 

velocity component along the direction of the lasey beam. 

Many of these te~hniques -are refinements of,the Dopple~ 

limited ones; they wiÜ be described in the present section. 

Let us fi rst examine the technique of 1 asey 

~ 

spectr'oscopy on an atomic beam. As stated befoye i t wa'7 used 

by' Champeau [Cha 78] on Kr in 1978. This techniques may be' 

J ' 
either of the absorpti,on or, excitation types: Fïg. 2.4 shows! 

.. 
a possible setup. 

\, 

.. 
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Atoms to be studied are ini ti ally eollected and 

put in an oven. The oven ls heated and the-atoms bol! off to 

form a narrow beam collimated through.a slit.· The prob1ng 

laser beam is irfcident at a right angle to the atom1e beam. 

Thus only the very ~ small transver se component of an atom' s-

veloc i ty contr ibutes te. Doppler broadenl n9 of the 

,transi tion. This technique offers the very 1 nter est! ng 

possi b 111 t'y çof spectroscopie measurements on short llved 

mass-separated isotopes p Slnce very rapld on-lire col"lectlon 

and reemlssion of these isotopes lS ptosslble. 

Doppler-free spectroscopy may 
J 

, , 

al so be clone on 

atems contained in a cell. One 6uch methoq is a modificatlon 

.-
?n the ab~orpt~~n technique just described and lS called 

saturat Ion spectroscopy. At any l,aser freqt,tency, the amount 

of absorbed intensi ty i s determlned by the popul at i on 0 f 

at,oms ava1lable 'ln the absorbing lower sta~e. In saturatlon 

spectIoscoPY a strong pump beam depletes the 

lower level, thus ef fechvely decreasing the absorption 

coefficient for a weaker.probe beam gOln9 thrqugh the sa me 

volume of gas. For thi s effec t to occur, the two beams must 

interaet wi th the same" group of atoms. 1 f the beams are made 

to go in'opp'oslte diree'tl0ns they slmul taneousl y i nterClC t 

\ 

only wi th- atoms at rest along the beam axi sr i . e. at the 

f"!atural line of the tr~ns1tion!: The laser linewidth becomes 

the 1 i mi ting factor on the resolution. Fig. 2.5 shows a, 

. 
rough schematic of a saturation speetroscopy setup. 

" 

&. 
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-' , 

.. 

, 1 

. ) 

Probe 

PM 
Gas Cell 

.. 

A saturation spectrum displays -'- peaks:' corresponding 
" 

'0lIl 

. to a maximum transmission -of the probe beam at the 

transi tion frequency. 

The next section deals with the polarisation 

spectOyO,scopy technique used in the present work. 
1: ,~ 

techniques are described in th~ literature [Dem 81c]. 
( 

'! 1 1 

Other 

\ 
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"" In the case of Kr the isotopie shi ft is ma~ked by 

the Doppler broadening of ttle tram:~i tion. Say v.' is the 

velocity eomponent along the laser beam axis of a certain 
, 

subgroup of atoms. The natur~l frequeney of the transition 

is Doppl er-shi fted ""i th respect to the laser beam aecording 
t, • 

to; 

..... ~ 
(2.1> W=<.tlo+k' v . 

': 

In' faet!~ due to the fini te li ne - width of the 

laser, ôw , interaction of the beam will oeeur with atoms 

whose' veloeities are within an interval Clv. of v. '50 that; 

(2.2) w+/-ÔW =(&lo+k· v.+/-k·,ôv ... 

Doppler-free polarisation speetroseopy relies on 

the anisotropie orientation of the absorbing atoms' angular 

momentum vector and on the birefringenee that is produced in 

an atomie vapor by an\,c intense polarised saturating pump 

beam. This will eause a linearly pOlari,sed pr~~. beam, .1;hAt 
. 

inteYaets wi th the same subgroup of atoms, to bRcome 

. - ----' 
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el'liptically polarised l ""ith its major axis tllted """ith 

respect - to the original polarisatio~. The technique is 

Doppler-fr.ee if the two' beams go in OpPosIte dIrections for 

the same reasons as 'in the case of saturation spectroscopy • 

rig. 2.6 show a schematic 
\, 

• of the experlmenta! setup needed 

for polarisation spectroscopy~ 

" ) 

• 

Probe Pump 

. , 

G8sCeli 

,The linearl~ polarised beam 1:2 is cIY'cularly • 

polarised as it g~es'thTough â quarter-""ave plate. As the 

laser frequency is tuned to the atomic transit~on 

, 
(JII,M>-(J' ,M+/-l), absorption of ,the pump beam occurs. 

Selection rules ~equire ~hat M=+/-l -for left and right hand 

polarisation, where M is 'defined along the z axis parall~l p 

to the beam direction. The result will_ be a non-isotropie 
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angul à~ mOl1l&ntum di str i bution of the population of atoms in 

the i ni ti al state J" and/or the fi nal state .1'. depending on 

the value of 6J. as shown by fig. 2.7 • 
• 

-1 0 +1 -2 -1 0 +~ +2 
.:1'=1 ... 

J'=2 

(TT (J. 

J"-=2 JU s 1 
.... 2 -1 0 +1" +2 -1 0 +1 

The counter propagilting linearly polarised probe 

beam -may be seen as the sum of a right and left hand 

1 • 
circu~arly polarised wave ( (J" and (J -). Due to the 

saturation effect of the pump beam, the available 

P9pul ations of absorbi ng atoms are di fferent for the (J+ and 

(J-. components of the probe. This amounts to having di fferent 

absorption coefficients a+ and ex -, and di ff,erent optical 

paths (giving two indices of- rèfraction n+ and n-) for the 

two components. Summing Qf the remaining waves after a path 

length L in the saturated gas leaves a net ell iptical 

Il 
polarisat~çn wlth the 'major axis ti lted with respect to the 

"-.. original, polarisation direction. 
/> 

A polarisation spectrum thus involv.5 measuring 

the light intensity of the probe beilm transmitted through a 
'1 

pol al" i ser .• whose axis is almost· perpendicular to, the 



o 

o 
,. 

-28-

> 

probe pOlarisation, 'as the 
; 

laser frequency i s original .. 
vari.d. 

In this section the equation' of a polari-satiion 

spactrum will be derived. Cali z the.axis parallel to tlie 

beam and x and y rtthe two perpendicular "di rections. The 

Une.rly polarised probe beam may be written as; 

(2.3) wi th Eo = (EOM , 0, 0) = (Eo, 0,05. 

We may treat E as the sum of a right and a left 
c 

circularly polarised wave ~y putting: 

(2.4) Eo = Eo /2+i Eo/2+Eo/2-i È~/2 , 

, a11 Amplitudes being equal becausè of circular polarisation.: 

Sine. eaeh component has in the satuy'ated gas 

ex and k, with k=Wn/c, we fint that after a path L 

through the gas: <.. 
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o 
At z=L the total probe wave is E-E++E-. Th. 

crossed polariser is along the y direction. Of relevance i5 

the y component of the fi nal wave; 

(2.6) E y = i E o /2 (et. cw.-te'- ......... c~~a)L .. :' -et. Cwtl-.!!&- ......... ca7aH .. :. ) 

. ' 
where <P=-k+· Land Eo'=Eo e- a"a L.. The term"b' in-the 

exppnent has been i ntroduced to account for bi re(t' i noenc. of .--

the cell windows. 

Usually ~k=k"'-k- and Ô a= a--a- are small and the 

o exponent may be expanded to fi rst order to get: 

./ 

whieh is the transmitted amplitude through the crossed 

po1.~riser. A constant term Eo'O has been introdttced to 

account for the transmitted a.mplitude if the polariser is at 

a smal1 angl e from the per fect crossi ng. 

The di ffeY'ences ôn=n+-n- and Cl a =(r-a- depend on 

the laser and atomic transition ,frequencies. Taking the 

absorbing atom as a damped harmonie 'osei llator, Wlt gat A 

Lorentz i an pY'ofi le 'for CDe,lll 81dl. Thuin 

o (2.8) ôa= (Xol (1+)(3) • \l1th x.(Wo~(d) ry. wh.r. -y 15 " 

1 

" 
, 

Q 

~c ., .. 
• -
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the transition linewidth. 

The frequency depeQQent absorption coefficient and 

index of refraction are related by' the 

dispersion relations [Dem 81e]. Thus 

(2.9) Oh =cfXo c/Wo x/<1+x 2 ) • 

II, 

Kr amer ~"Kr on ~ 9 
:-. 

, "r: 

o 

The transmitted intensity is I=Ey Ey*. From ~2.7) 
<Po 

through (2.9) we find 
" 

. . 
(2.10) 1. = 10 '-(~+8..2+b2+(bt~L-1/2@oL ) 'I<:/<1+x2 ) 

" 

/ where ~ has been introduced to account for a small residual 

'; 

transmission through the crossed polarisers. E~uation (~.lO) 

" thus becomes: 

(2.11) 

1 • 

whare the set of ~ayameters A, B, w and Y characterises a 

peak on the polarisation spectrum, and C is a constant 
~ 

(usually externally added) offset. 

The intensity of the slgnal I~ depends e~plicitly 

~on a, the difference between the absorption coefficient of 

left and right handclYCularly polarised waves. In terms of 
"1 

the cross-sections we may write: 

" 
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, (2. 12) 

where (J"''''- .3"03- ... refers to the tr ansi t ions J"M .:.. J'M+1 and 
, 

n .. is the volume density of the atoms in the sublevel M 9f 

the lower level 
~ _ t __ 

,]"-.' The ~ependence of the ars on M may be 
.... 

factored out explicitlyt·using the Wigner-Eckart theorem 

giving: 
( 

... 

(2. 13) 

, 
Thus the magnitude of the polar~sation signal will 

depend on the particular Iower and upper levaI and this 
" 

. dapendenc e shows up as a summatlon Of Clebch-Gordon ... 

coefficients. Values for (:lCX in terms of the C-G coefficients 

ha~e been tabulated explfcitly [Tee 77] for J=0,+/-1 for 

linear~y and circularly polarised pump beams. It - turns out 
;j ~ 

that for J=+/-1 it is advantag~ous to use a circuiarly 

'polarised pump; this is what· has bean used'in the present 

work. 

2.2.3) 

\ 
'. ~l In the pravious section it was found that the 

'.inten!!ii ty spaetrum as a tunc.on of the lAser fyequeney i s 

given by (2'.11>. Hence, determination of the isotopie shi ft 

-- - - ---
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bët",een isotopes A and -A' for a transition "i" involves 

'" ~ findinng the parameters of the equation -describing the 

intensity spectrum; one of them being W~&, the transition 
, 1 

frequency. In fact, the !,bsolute frequency i,s not found,on a ~ 

spectrum done over a limited frequency range, but 

'di fferences in frequencles are given. Thus the IS is: 

" 

(2.14) 

In a pr-actical sense the polarisation signal to be 

Jdetected . i s ext r- emel y weak and may not be detectable over 
( 

the background. In the pr-esent work this problem is sol ved ., 
by modulating the laser'frequency. This method was suggested 

by Pinard [Pin 86]. The polarisation signal will appear at 

-
the modulâting frequency and may be discr-iminately ampllfied 

usi n9 a lock-ln ampl i fi er. 

As the laser fr-equency .. W" is scar;me'd it also has 

6W/2. Th4s the polarisation 
o 

a small frequency modulatIon 

spectrum '1-.(W)" i~ sampled in small intervals of width Ôwand 
, 

the lock-"in ampliher receives a peak to peak signal of I-.(W 

+OW/2)'to It:(W-OW/2). The spectrum wIll then have the shape 

of the derlvative-'of'thé intensity, Le., , - . I t /6W and is , 
gi ven by: 

. 
(2. 15) dI./dW = 10 ', ( (A(1-x 2 )-2Bx)/(1+x 2 ) + C') , 

CJ . 
where C' is an'externally added offset, to keep the spect~um 
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pO:aitive, and 10 ' regroups aIl the multip.licative constânts. 
. 

ln the case of I~, the clppearance of resonanç:e shaped peaks 

is favored by th~ selection of a small crossing -angle of the 

p~larisers (i.e;,smaller than 1°) [Aud' 851. For the dI./dW 

spectrum the opposi te i s true. For aIl the speclra shown in 

this work the crossing ~ngles are around 2-. 

.. ... 

" 
\Or 

• 
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ï ' 

The following 1S a description of thé experimental 

setup and techni que, some elements of WhlCh wlll now be 

familial" to the reader' from the prevlous section on -
polar i satlon spectl"osc~PY.' Thi s sec t i on i ~ dl vi ded Into four 

parts: i) the vacuum and RF dl.schal"ge.systbms, il) the laser 

and optlcal compeonents, iil) the s~gnal, processing and data 

1 acqulsltlon system, and flnally, lV) a short section cln the 
.Iti 

SI gnal opt 1 mi sat i on. 

'. 

, .' 

Figure 3.1 shows a schematic of t~e vacuum system. 

As i s typi cal of sUl..h systems a roughlng 1 ine, which uses a .. 
mechanical pump, brings the pressure down to the operating 

range '-of a Th •. t e c apac 1. ance gauge t ur bo-mol ec ul al" .. pump • 

opera-tes in the mTorr range; it was checked with à McLeod 

mercury gauge and ft-und to be correct to withln +/- 5 mTorr:,. 

Two gas in~et valves make possible varied mIxtures of 
! 

nat ur a 1 -KI" and en rie hed i sot opes (stable and eventually 

radioactive). It. has been shown [Aud 85) that Kr pressures 

of SO to 100 mTorr give the best polansation signaIs • 

. . 

.1 
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The fi rst exc i ted state of Kr 1 i es 10 ev above the 

ground state. ror this reason the lower levels of optical 

transitions must be excited states. The lower level of the 

587 nm transi tion i s the short 1 i ved 5s[3/2] 1. The Kr gas 

cell is wound with a primary coil_ wh-ich carries an RF 

signal. . The 
'­• secondary circuit is an Le circuit with the 

secondary coil also wound around ,the gas cel!. The Kr gas, is 

excited via the RF discharge when the input signal lS at the 

reson~nce of the Le'" ci r cui t. Agai n l t was shown by Audet 

-
[Aud 85].that the best polarisation signaIs are obtained for 

transmi tted powers of 5 to 20 watts. The RF signal frequency 

is digitally varied around 30 MHz until' the best discharge 
.. 

and power transmissi.on are obtained. 

The schematic of the laser system, spectrum 

analysing instruments and relatêd optics. are depicted in 

figure 3.2. A C.W. ring dye laser is used to f)et a tunable 

b.àm of monochromatic photons. The dye used is Rhodamine 66 , . , 
which has, a wavelength range of 560 to 610 nm wi th a peak at 

roughly 580 nm. At 587 nm it is possible to get 300 to 400 

mW of continuous power. The dye laser i~ pumped with a 6 W 

beam of 514 nm photons from an argon ion gas laser. 

The signal processing technique described in 

chApter 2 calls .1or the frequency modulation ~f the dye 

----v 

-~----
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f,.. 

laser. The laser is equipped with a frequ.ency' stAbilizing 

feedback circuit which measures any dri·ft ln frequencyand 

sends a correcting signal to one 0I the laser cavity mirrors 

mounted on a picéz'oelectric crystal. This system reduce" the 

jitter to 1 MHz. The frequency is modulated by dYiving the 

crystal with a 1.5 KHz sine wave voltage of small amplitude. 
r , 

Fïne tuning of the sign.al frequency and ampli tude is done at 

the time of the experiment to optimi ze, the pol ar i sat ion 

signal. 
, .. 

A rough estimate of the laser wavelength is 

obtained from a wavemeter. 'The stabi 1 i ty of the 1 aser i s 

monitored using a spectral analysing etalon which has mode 

sp'ac i ngs 0 f 151.3 +/- 0.8 MHz. During the experiments, an 
't~ 

et~l on spectrum i s recorded for fi xed mirror spacing and 

th,is serves as a frequency calibration for the associated IS 

spectrum. The laser frequency lS scanned. over 5 GHz so that 

the outer Kr-:' hyperfirle. structure peaks may be observed. 7 

The dyEt laser beam is 1 inear ly pol ar lsed at P1. 

The thick glass,pJate S~3 is used as a beam splitter;-it 

gives two reflections, one on its front and the other on its 

back face. This double probe beam is"sent along the aXIs of 

the- gas cell. trhe left probe beam on fig. 3.2 is the signal 

beam 'Vhich is overlaping\'with the pump beam. The other ~robe 

.. 
beam gives' a reference 'signal at PM ....... which is used in part 

to cancel birefringence of the cell windows or the finite 

extinction of the crossed pol arisers, Pi. and P:;a. However, 

its main funct i on i s the '. . cancellation of the Doppler 

., . , 

i 
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broadened absorption spectrum. More will be said on this 

1 ater'. 

.The transmitted beam at SR3 carries about 90% of 

the original Inténsity., It becomes circularly polarised at 

the À/4 plate. It then reflec~s on M4 and cOl...lnter prppagates 

Inside the gas cell with a maximum volume overlap with the 

signal probe beam • 

. ', 

. 
Fïgure 3.3 shows the signal processing and data 

# 

anal ysis . ci rcui try. For e larity, some of the optical 

components are reproduced here. , 
~ 

The relati ve sizes of the PM.;'G and PMr_~ signaIs , 

,are varied before subtraetlon. This is done with a 

differentiai amplifier (DOP) which was built by Audet. [Aud 

85J. The resulting signal is amplified with a lock~in 

ampl i fier whose reference i s at the same frequelicy as the-

freQUZCY modulation oJ the laser. This eliminates the ,need 

for ~ n external beam chopper and ~ompletely cuts out any 

background light. This way one obtains the derivative of the 

polarisation ~peetrum as described ln chapter 2. 

The etalon and polarisation spectra are recorded 

simultaneously. A digital-to-analog converter (DAC) supplies 

the extern~l ramp vol tage to the' appropri ate component 

\li' inside the laser cavity! for frequency scanning. The size and 



o 

o 

duration of this ramp voltage is determined by the 

experimenter as the selections of scan time and width are 

made. 

The data acquisition system and scan tYiggering 

.. and éontrol are done .trom a computer which communl cates Wl th 

the analog-to-digi tal converter's (AOC) and the DAC through a 

.. - CAMAC inter face. 

",' , 

, 
Some addi tional precautlons aye taken in o'rder, to 

optimize the signal. .' 
"",,\ 

'he RF driven COlIs aYoun~ the cel~ emit mlcrowave 

radiation which may contribute to background noise in the 

el~ctronics, and distu~b the 'sc~nning of the las~r. The 

problem is solved by enc 1 osi ng the cell and coils lnside a 

fine wire mesh c;age that acts as a Faraday cage. As weIl, 
.. 

the windows of the cell are sllghtly angled to prevent 
. 

reflections of the pump beam back i·nto· the detectoys; 

\' 

because of its ci,yculay polarisation and inten$ity lt would-' 

not be completly cut at P;a and would saturate the detectors. 

Final signal optimisation is achieved 4 through the 

'pyoper balancing lof the yefeyence and signal pyobe beams, 

pyoper phase adjustement of 'the lock-in amplifier and 

maximum overlap of the pY~e and pump beam. 

, 
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In, order ,,--to cal ibrate the fr~quency axis of the IS 

" spectrum one records 'simul.taneou~ly an_etalon spéctrum. This 
lU 

':' , 

consists of the light intensity on the output side of a,F.P • 
• ~ 1 

etalon of fixed mirror spacing glving the familiar Airy 

function (see fig. 3.4b:>. The' spectrum calibrati.on is 

d.termined usin'g a specially written program which finds the 

centroi~ of each peak and aveyagés multiple )eaœl (which are 

due to slight laser instability and the frequency 

modul~tion). The averag~ interpeak distance is found and the 

spectrum is calibrated using the known mode spacing. 

Etalon pea~s are aiso used by the data acquisil:ion 

program to trigger scans when multiple scans and summing are 
-

desired. This, in principle, ensures per fect channel to 

channel correspondence between scans. This option could not 

be us~d in this work because of the frequency modLl\ation; i t 

g~ve widey etalon peaks of ~mperfect shape leading to an 

un.ven trigger from scan to scan. The spectrum shown in .~is 
... ~ 

woyk are made up of single scans ~hich were summed aft~r the 

exp.rimen~h pr~per horizont41 offseting. Typically, each 

-spectrum consists of the summation of • or 6 sca~s, but in 

one case 16 individual scans we~e added~ 
l 

.. 
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l' 

Isotopie shi ft measuyements . have been don. 

repeatedly on Kr isotopes in natural abundance and on 

~ mixtures containing enriched amounts of Kr?-. Sorne of the 

'resulting spectra will be shown in the following sectIon. 
\ 

!
efer.~,e may be maqe to app~ndix A for the description of 

d '" he KT spectra. > \ .. : 

Natural Kr consi,sts of five even and one odd 

isotopes in the followinQ abundances [Ger 77J; Kr 7 • (0.35 

7.), Kr-o (2.27 ï.), Kr-z (11.56 %), , Kr-~ (11.55 ï.), Kr-4 

(56.90 ï.) and Kr·· (17.37 7.). The transition studied is 

5$[3/21J=1 to 5p'[3/2JJ=2. 

'" Figure 3.4 a) shows a spectrum of 5_6 GHz width of 

natural Kr and 3.4 b) shows the related etalon spectrum. Th. 

, various peaks' ~ay be identified on the basis of their 

relative intensi"ties. One may also rely on the fact that the . .. 
.main con,tribution to the. total shi ft comes fyom the nQymAl 

. 
mass shi ft ~nd is given by: 

' . 
(3.,0 

. . /j"AA. ..:: 
l'tAA • M ......... i..~ . , . 

;< ... ..,."" 
'" ~ \ 

", . ~ . , 
<., . ,. .. 

~ " .. -

r 

"". 
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and,1s positiye for MA. greater_ than M ...... 

In the case of the hyperfine structure peaks, 

matters are a little more c omp 1 i c a t ed • The total angular 

momentulJ) J couples with the n~lear spln 1 to give F=J+I, 

where F may take any- v.llue from J+I to J-I in unit 

steps. The energ9 of astate defined ,by a particular J, 1 

and F is displaced from the uncoupled leve~ by an amount 

(3.2) 

with 
\ 

W(F,I,J,A,B) = AK/2+B (3/4 K(K+l)-I(~+l) J(J+l)] 
[21 (21 "7"'1) J' (J-1) ] 

K = F(F+l)-I(I+l)-J(J+l) CKlu 77J. 

Identlfica~ion of the hfs peaks calls for the 

evaluation of the A and B coefficieflts (one pair for each J 

level of the transition). The peaks have been identified on 

fig. 3.4 a); the ne,xt chaptel'" will' show in more detall the' 

data analysi s. 

Figure 3.5 a) shows a close-up view of the Kr?· 

and Kr·o peak region to show the sensitivity 6f the 

technique. Better statistIcs are o~tained by summ~ng a 
,,,,j 

large number of peaks. Figure 3.5 b) shows the same reglon 

as above on a spectrum made of the summation of 16 SIngle 
%; 

scans. In this case the total scan width is only 1.5~GHz 

1 
thus giving more points per peak. It was made'in the hope of 

,1 

getting a very precise value for the Kr-o -Kr-2 IS'to remove 

\ 

som. ambigui ty in the yesul ts ,obtained from wider scans. 

The resoRance-like shape of,the peaks is due t-o 

_ the',selection of a relative~y large angle (2°) away from 

) 

" 
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per f.ect' crossing of t.he two polarisers. The parameters of 

the, equttion <:2.15) descnbing these spectra ar~ found using 

a spe~ially ~ritten htting progr:am. A fit is shown 

overlapping the data Qn fig •• 3.5 b). 

.3.2.2) , Enr i ched Kr?lI. 

'\ 

, ' 

A sample of Kr enriched' up to ,991. i'n Kr 7 • is 'us'ed: 1 

It was mi xed in di fferent proportions t9 natural Kr. Figure 

3.6 a) shows a spectrum ,obtained for a mixtuyJf'of about 20 'Y. 

.. ~r""- and 80 ï. natural Ky. Figuye 3~6 b) shows concentyat1ons . ' . 
of 86 % natur al Kr. These rel atl. ve 

concentyations weye deduced fyom mix1ng of gas pressuyes. 

Note on these spectra the low intens1ty of the Kr'·O peak 

. ' 

.. compared ,to, 1ts neï/ghbo~. PreC1se positiomng of the I<r,·o 

" 

tyansi hon ~annot be done on 
, ' 

these because 1 t s 'peal< i s 

shi ftelj by' the tails of the two intense_c3:ct.jacent ones. On 
~ 0 1. ~ , 

"-,! 

lS obtcuned, and the 

"" -, KyIilO-Kr IJ2 shift i5 found from the natùral Ky spectrum; from 
, ~ 

,these two shifts·the Ky?IJ-Ky8Ô shi ft is then knolo,ln. . " 

" , 

, ' 

, 
é' 

, . 

,.' 

, , 

" 
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a) 5.6 GHz scan of nat~ral Kr 46 
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Figure 3.5 
a) close up of Kr78_ K r 80 47 
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Figure 3.8 Enrlched Kr78 spectra. 
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The shape of the pOllarisation spectrum is given in 

part by equation (2.15). Another effect must be taken into 
J 

account. The probe beam give~ a signal when its polarisat10n 

axis is slightly rotated due i ts interac t ion Wl th a 

saturated group of ~toms whose velocity component along the 

beam axis is close t~ zero. This probe beam however is not 

immune to Doppler bYoadened absorption at freqùencies other 

than the ~ransition frequency. This absorption curve follows 

a Gaussian profile, or: 

I(W) = 10 expC-(cCW-û)o)/Wovp ):2l, 

with 

However, the frequency "w" at whi ch an atom wi Il 

absorb the laser photon is dependent on the lifetime of the J, 

absor~ing transition. The frequency response of t~e atom is 

represented by a Lorentzian profile. As mentioned in the 

previous description of absorption spectroscopy, the overall 
~ 

absorption profile is given by a convolution of the Gaussian 

and Lorentzian functions; 

(3.4) I(W) = cS:PC-(cewO-(.c.)')/WOVP)2l 
(UJ-W' ) 2+('}'/2):2 

o 

. -

• 

dW' • 

d 
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The shape of 'this absorption curve is further 

complicated by the- fact' that at the center o~he spectrum 

we have not one, but four or five closely spaced transition 

frequencies. Equation (3.4) gives a familiar Inverted 

bell-shaped curve. However cfue te fr'equency modulahon we 

IlL 

get the derivative as sflown in figure 3.7 a). ThIs was 

obtained by deliberately blocking the pump beam and 
, . 

unbalancing the signal and reference probe beams. Proper 

balancin~ of the two probes may somewhat flatten out this 

curve. In practice however, this effect always remained 

present. Figures 3.8 a) and b) show the peaks of the even 

'" Isotopes SItting on absorption backgrounds of dlffer~nt 

shapes. 

If the 11 fetl me of .the transi t ï~m i s short, then 

the '1 i neWl dt h is large and (3~3) suffices to describe the 

background. In the fitting prdcedure the background is 

appro'Y.i mated wi th: -

(3.5) 

The "dummy" frequency Wl should be centered around 

the Kr-4 peak since this transition should contribute the 

most to the background. C:a characterizes the llnewidth and 

should be large since it is hoped that (3.5) descr.ibes the 

absorption curve of the five closely spaced transitions •• 

,Fïgure 3.7 b) shows the fit of f.igure 3.7 a) to equation 
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(3.5). As expected the fit is only apPl"oximate, but is very 

good in the central portion where the polarisatio~ peaks 
~ 

wi 11 appear. 

~ . ... , 
" 

The equat i Cln t 0 be f 1.t.ted to the spectrum i s: 

(3.6.) 

wlth XA = <J.J)cJ-p s. -W) l'Y 

The sum i? over the number of peaks present in .. 
regi?" to be fi tted. Each peak 

. . 
determi ned by 15 

pal"ameters and the background Is determlned by 

param!2ters as weIl. Because of the compl exi ty of 

equat~ on and the pl"oximi ty of the peaks Qne may 

the 

four 

four 

the 

not 

detel"mine the center c,f a tr'ansltlon by slmple observatlon. 

Thus a. fitting program called FITKP3 based on the subroutine 

CURFIT by Bevlngton [Bev 69J has be~n written. I~ employs a 

least sqyares fltt1ng procedure ln Whlch aIl the parameters 

are searched slmultaneously towalds a minimum chl-square. 

Many fits have been done on every spectrum to test the 

consi stency of the par ameter s found and to hel pin the 

estimation of errors. The fitting program is discusse~ 1" 

appendi x B. 

.. .. 
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A fit of the Kr 7 --Kr·o region has already been 

shown on fig. 3.5. The fig. 3.9 0 displays the fit of the 

central portion of the scan. Figure 3.10 shows the point by 

point subtraction of the fi t to the data to demonstrate the 

goodness of the fit. The reliability of a fit is assessed in 
. 

many ways: there must be4 a maximum overlap of the fit to the, 
, 

data, the parameter C:. describing t the constant vertical 

offset must be constant for aIl the fitted reglons of a 

given spectrum and the line width found must be realistic. 

Typically one tinds line widths of 35 to.40 MHz,- which is 
, 

very good considering that the laser line width is 20 MHz. 

The para~eter of most importance is Wo • .. 

correspon"ing to the channel position of the i trh peak of the -C fi t.' The isotope shi ft between peaks "i" and Il j" may then be 

determined fr:-om Wo. ,,-WO • .j and the calibration giveo by the 

1 

, 

etalon spec,trum. A 5.6 GHz wi de scan over 2048 channels 
\ 

gives a calibration of typicall y 2.780 +/- 0.025 

MHz/cl;lannel. 

Each spectrum gave a set of isOtoplC shifts, with 

&rrors based on the reproducibility of the fits. The finàl 

resul ts and errors are averages of resul ts and errors from 

individual spectra; t~~ fitting routine gave underestimated . 

errors. The Kr·"-Kr·· and Kr-2 -Kr·" shi ft resul ts are based 

on six multiple scans, the KrDO-Kr·:Z results 
l 

are based 

three multiple ~Çj.lns and finally two spectra gave consi stent . 
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Fïgure 3.5 b) shows that very' weak peaks may be 

obSéyved by' summing a very 1 arge number of indi vidual scans; 

the peak- on the left i S Ky?e of 0.357. abundance afld theo 

other lS Kr eo Of) 2.277. abundance. The relative sizes of 

these peaks set( a low~r detection llmit of about-O. 1% . The 

ideal gas equation gives an estlmate of the density of atoms 

l''equired 

(3.6) = nlV = P/RT N .... 

-"·"OY: p= 40mToyY = S.33 P. 
, T= 300 oK 

we find: n= 1.3 X 1018 atoms/cc , 

which is the densi ty' of atoms giving the desired\.operating 

pressure. Thus, a Kr isotope present in a density of 1.3 x . 
1 

1012 atoms/cc wi Il gi va a detectable si gnal. The probe beam 

volume inside the cell is estimated to -be 2 cc and the cell 
"'-
and 'adjacent valves and tubing volume is roughly 16 cc; 3 x 

1012 atqms of any Kr isotope in the beam <i • e. 2, =f 1013 

( 

atoms'in the cell) will give a sizable peak. 

From these numbers' one finds that 8 mCi of 

radioeacti ve Kr""" mi xed . 'wi th 40 mTorr of natural Kr are 

requi red to measure the shi ft of thi s isotope. Thi s amount 
, . 

is within the raach of the production reaction Br""'<p,4n) 

for long bombardment times. Thus, the present set- up glves 
• 

the possibi 1 i ty of spectrosçopy on radi oacti ve isotopes of 

mod.rate lifetimes,. i.e. a few houys. 

, 1 
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F"inally, this chapter will show the resultli 
o 

obtained from the series of spectroscopic measurements 
o 

'performed. The first section is on isotopie Shlft. The 

contr' i but Ions of the thyeE: ~ffec"t s to the tot al ShI ft wIll 

be examined and 'ô<r 2 ) evaluated for fouy isàtope p':urs. The 

results aye to be compared with those"obt,ained by Jackson 

CJac 801. In the second part, the A and B 'hyper fine 

styueture coefficients of t_e upper ~evel ~f the transition . 
1· will be denved enabling the idenhfication of the peaks of· 

the spectrum shown on hgur~ 3.4 a). 

/ , 
.. ~ 4. 1. 1) laot9Q!s'_.ibi.f1_.t.g!!!:!!~~~ 

Each spectrum gave a.set of isotopie shifts, IJ,itl:t 

errors refleeting the r epi,odll:c 1 bi 1 i 't Y of 
1 

the parêlmetJlrS 

ge~erated by the fithng' proÇlram. The final -results ,and 

er~ors are averages !{om individuai spectra. The resulting 

Kr-4 -Kr." shi ft val~ is" b'ased on SIX multiple scans, wh~lle 
the Kr eo-Kre2 result comes from three multiple scans, on~ of 

them being the sum' of 16 
, . 

slngl~ sèans. Two enriched KT'7e-

"-
shi ft 

' < 

speetra'give tjr Kr?'--Ky e2 and 
.~ 

th. Ky'7e-KYIlO sh~i ft so 

f 
is determined. 

, < 

Table 4.~ displa~s the total s~i fts, 'th. 

.. -

") 
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, 
calcul ated normal mass shi fts, the resi'dual shi ft (F'S+SMS) 

and the modi fi,ed residual shi fts. The mO,di fied shi fts are 

calcul ated using 

'. 

(4.1) ÔV AAP 
, "e'7 ......... M.= ..!:!!P, .. ..: .... ôv",,,,· a87 ........ .,M. , 

M",,,,. 

and displayed on a KIng plot. 

, Table 4.1: Kr Isotope shi fts (in MHz) feN the 587 nm 1 ine. . 
peaks Ô,,"'':-'''_1 ÔV NM• Ô JI ........ "'., .; ov' ""S~IIIM. 

, , 
78-80 131.3 +/- 3,.3 89.9 41.4 +/- 3.3 35.8 +/- 2.9 

80:82 125.8 +/- ") ") 
~. "'- 85.5 40.3 +/- ~.2 36.6 +/- .2. ° 

82-84 115.9 +/- 1.9 , 81.4 34.5 +/- 1.9 32.9 +/- 1.8 

84-86 112.4 +/- 1.8 77 •. 6 34.8 +/- 1.8 34.8 +/- 1.8, 
Q 

Fïrst eVldence of a vc;~lume, effect lS giyen on 

graph 4.1 where the total shI fts are plotted Wl th respect to 

~he normal mass shi ft. Without volume effects t~e total 

shi ft i s stri~tly proportional 

transition, as shown by: 

(4.2) 

, 
which i s l equa t ion (1. 25) rearranged. Departurë from 

linearity lS due to 'a non-zero field shift term, i.e. a 

-- non-zero Ô""A.<r Z ). ·The grapho show,? greater than expect'ed 

'f 
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shifts in the lightest isotopes. 

" 

Table 4.2 shows the Kt IS.measu~.mehts for the 557 

nm"line obtained by Gerhardt [Ger 79J~ 

Table "4.2: Kr isotope shi fts <in MHz) for the 557 nm line. 

peaks OV'tJ·~'tJ_1 OV NI'1. OV r ......... Ô,,' r ........... 

Q t 
78-80 102.3 +/- 0.8 94.0 8.3 +/- 0.8 7.2 +/- 0.7 

80-82 94.5 +/- O~B 89.4 5.2 +/- 0.8 4.7 +/- 0.7, 

82-84 84.6 +/- 0.6- 85.1 -0.5 +'/- 0.6 -0.47+/- 0.5 . \. 

84-86, 87/.5 Î/- 0.6- 81.2 6.3 +/- 0.6' , 6.3 +/- 0.6 
J '\ ' 

a 

''-
• -- ---.-

Plott i ng, ,the modi fled shi fts of the 587" nm l1ne 

, versus those' of the,557 nm line yields a Kir:a g plot'. A • 

st,r:aight, llne i s expected as predicted by <1.27>. Its slope 

gives,F(587)/F(557), .and the offset 1S: 

M .... _ ... ( M(587)·"'·-F(587>';F(557) M(557)·"'· J • 
, ~ " 

The 557 nm transition datà' i s--\:iSed-- because the el ectroni'c 

-factor F(557) is known and is equal to -0 .. 54 GHz fm-:-:a,' wLth 

no 'error gi ven [Ger 79J. 
, 

The King plot 1S shown on graph 4.2. ,Its slope is 

~ , ~ 

found to be 0.36 +/- 0.17 whièh gives F(587)= -0 .• 19.+/- 0.09 
'V 

,GHz fm-2. A' theorehcal estimate of 0·"-·&(1"2> has 'been done 
J , ,~ 

and gave -(32.1 +/- 20.1)x10-:lt 'fm-2 [Ger 7'3J. We nowhave 

ail the required informa;i;ion to calculate SMff 

contributioN to the" total shi ft and Ô ....... ·(rZ) for all the 
\ 

l, 

, \< 
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isotope pair,s. The following equations are used: 

The yesul ts are 1 isted in table 4.3. 

'\ 

For comparison the f,ollowing results obtained by' 

Jackson in 1980 are listed. These are used rather than 

Audet's [Aud 85J because they include measurements of the 
1 

Ky7_-Kr-o shifts. Table 
1 

4.4 displays the total shi ft, 

FS+SMS, and the modi. fied residual shi ft. The NHS are the 

'same as the ones gi ven in table 4.1. 
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Jackson's modi hed re~idual shi fts plotted a? a 

function of the 557 nm )shi fts from Gerhardt yield a KIng 

plot of slope 0.78 +/- 0.26. This gi ves an electronic factor 
/ 

/ 

F"(587)= -0.42 +/- 0.14 GHz fm- 2 • Table 4.5 dlsplays the SMS 

and the· OAA. <r 2 > obtained from these resul ts. 

T'abl e 4.5: SMS for the 587 nm 1 i ne and OA"'.< r2)-Jackson 

peaks ov· ... ·(MHiE) OA"'. <r~) ~ 10-3 fm~ 

\ 

78-80 25.1 +/- 11\.3 -44.0 +/- 3J .0 
/ 

80-82 23.9 +/- 10.8 -35.2 +/- 28.8 

82-84· 22.8 +/- 10.3 -23.3 +/-. 26.6 

84-86 21.7 +/- 9.8 -32.7 +/- 20.1 

.. -

\' 
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Graph 4.1 Tot a 1 shift versus specif le mass shlft 
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Graph 4.2 King Plot 
" , . 
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Th~ results of the present work confirm the 
\ 

findings of past experiments. The isotopic shifts involving 

j;he s levei ln krypton cannat be due totally to the mass 

e-ffect: volume effects are, present. 

" 
Our rèsults for ÔvA~·<r2) confirm the observation 

of Gerhardt who studied the 557 nm transition in 1977 [Ger 

, 77], Adding neutrons in the lower hal f of the g'''2 shell 

(A=78 to A=82) introduces the largest change inÔ<r 2)compared 

to ...... filling the upper half (A=82 to 86). This is also 

observed on graph 4.1 which shows shifts greater than those 

expected for the Kr 7 ·-Ky-O and Kr·o -Kr-2 pairs. 

As expected the J~"'·<r2)arB negative, as adding 

neutron pai rs br i ngs the number of neutrons close t a the 

magiC number. Radioactive Kr?''' is now believed to be one of 

the most deformed nue lei in the ground state [Mar 86], -while 

the closed -'shell Kra. 1S spherical. Thus, the J~~.<y::l;) give 
. 
evidence of a change in the nuclear shape from Kr 7A to Kr·A • 

The total shi fts measured in good 

Th i s 9 ives amp 1 e moti vation to perf1(m studies 

'" t* here are 

of the, 

agreement with those obtained by Jackson. However, the 

residual shi fts dv ... • ... • ... - are very close for aIl the 1sotope 
b 

pairs. These yield a King 
\, 

plot whose slope seems arbitrary 

consider ing the rel ati ve magni tude of the errors. The 

electronic factor obtained here is-F(S87)= -0.19 +/- 0.09 , 
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GHz fm-~, while Jackson's result is -0.42 +/- 0.14 GHz fm-2 • 

This discyeptancy 1S undeystandable; 'a dl fference of only 

one channel in a shift measured on a spectrum means 

eventually dlsplacing a point by ~.5 MHz on the King plot. 

Despite the diffeyence in F(587), the values for the 5MS and 

J"" ..... <r2)agree wi th' Jackson' s r esul ts •. The most that one may 

realistically hope for is to determ1ne unambiguously the 

slgn of <5 ......... <;..2) , rpnd est1mate the yelative contributions of 

the NM8, 8MS and ~8 to the total shi ft. 

On figure 3.4 a) four hfs peaks belonging to Ky- 3 

are labelled. In this sect1on, the A2 ' and B2 coefficients of 

the hyper fine splitting of the upper level 10/111 be 

~ deteymined bYinging about the identifIcatIon of ail vlslble 

hf. peaks. As shown in appendix A, the upper level of the 

transition 5s[3/2Jl-5p'[3/2J2 has flve hypeYfine sublevels, 
f 

while the lower transition has three, giv1ng nine allowed 

transitions. The difference in energy between an upper and a 

---l-ower sublevel may be written as: 

"\ 
'~) 

(4.4) = E2~~~~-(E1+W~1) = 

where E2 and El. aye the center of the uppey and lower 

levels, and W~1. and W~2 are the hyperfine splittings of the 

. . 
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t;:, 

particular sublevels. The quantity E2 -E 1 is the expected 
. 

transition energy in the absence of hyperfine splitti~g, 

which may be assumed to be at the centey of the spectrum, 

i.e. very clos~ to the Ky·· peak. The eneygy W ... ::z-W"':1 is then 

the distance of the hfs peak to the KY·· peak. 

The A and B- coefficients of the splitting of the 

lower level bave been found by Jackson [Jac 77]. They aye: 

A J -:1 = -160.4 +/- 0.6 MHz, 

8";'_:1 = -105.9 +/- 0.6 MHz. 

Thus the di'stance of any hfs peak to the Ky· ... peak is given 

by: 

(4.5) W(I=9/2,J=2,K')-W(I=9/2,J=1,K)=1/2 K' A2 +B2 /432 
. 

[3/4 K' (K' +1)-148.5J +80.2 K+1.47[3/4 K(K+1)-4'9.5J 

according to equation (3.2). Audet has done a thoyo~gh study 

of the hfs of Kr·~ and found the two leftmost peaks to 

b~long to the transition 11/2-13/2 and '9/2-11/2. On our 

spectrum these peaks are separated from the Ky·~ peak by 

-1011 +/- 17 MHz and -1874 +/-' 17 MHz respectively. Putting 
\ 

these numbers and the appropriate K values in (4.5) gives 

A2 =-295.4 MHz and B2 =143.5 MHz. 

With these values of A2 and B2 the two leftmost 

peaks may be i denti fled. One could try· the remaining-seven 

hyperfine transitions, put the appropriate K values in (4.5) 

and match the measured separ at ions to the ·calculated· ones. 

Using sorne foresight we try the 9/2-7/2 and 7/2-5/2 
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o transitions. Table 4.6 lists the measured and calculated 

separation of the four hfs p~aks ta the Kr-· peak. 

t 

( 
\ 

, --------
transition measured calculated 

11/2-13/2 -1874 +/-'17 -1874 

9/2-11/2 -1011 +/- 17 -1011 

9/2-7/2 1887 +/- 25 1987 

7/2-5/2 2337 +/- 30 2491 

/ 

The two last transitions listed are those which give 

the best correspondence between the measured and calculated 

separat i o~. Now that four hfs peaks are identified one may 

" find better values of Az and B2 which do not rely on the 
, 

ass0mption that the Kr-4 peak and the center of gravit y of 

the K~·~ transitions coincide. Instead the actual hfs peaks 

" separat i ons are used G • 

The separa~ion between ·the 'two leftmost peaks is 

,\ 874.5 MHz and yields the equation: 

-6.5 Az-.542 B2 =1854.3 MHz 

The separation between the two r.ightmost peaks is 

450.5 MHz and yields the equation: 

-3.5 Az+.437 B2 =1061.6 MHz. 

~olving these give A2 =-292.5 MHz and B2 =86.6 MHz. 

o 
This pl~ces the center of the Kr-~ transitions 53+/-34 o MHz 

to the 1 eft of the Kr-" peak; i. e. ,hal fway between the Kr-z 

\ 

a __ 
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and Kr-· peaks. The high error is a reflection of the 1 hlgh 

error in the ev~~ation of the position of the low intensity 
, , 

Kr-:» peaks (as shown on ,table 4.6). There is also a large 
, 

uncertainty associated with the spectrum ~ibration due to 

non-linearlty in the laser scanning. giving a large 

cumulative error over wide intervals such as those which 

characterise hfs. 
<-

The other five Kr·3 peaks lie between the four 

peaks studled. In Audet's work, the ~/2-9/2 and ~/2-7/2 

peaks were clearly visible, but theY,remain undetected here. 

However, the-9/2-7/2 peak is found here and was invisible to 

Audetj the reason for this is not known. One possibility is 

that the frequency modulation technique favors some peaks' 

over others due to the di fferent form of the l' W) spectrum 

(see ~quation 3.5) 

" ,­, 

• 

-
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o 

, Thi~O~k has demonstyated the usefulness of"using a 

double, probe beam and frequency modulating t'he laserr butput, 

as modi fi eat 1 ons to the technique of. pol arisat ion 

speetroseopy. Perfect elimination of the Doppler-broadened 

absorption background could not be aehleved, but it eould be 

substantlally reduced. The frequency modulatlon gave spectrum 

and baçkground WhlCh are derlvatlves of amplI tude 

modulated technique; ~hlS eomplieated~somewbat the spect~um 

i~tenslty equation. Hence, the positlonln~ of the transltions 

called for a lehgthy procedure. Howevey, the 
• r " 

sensitlvlty attained uSlng this background reduclng technlque 

allows isotOplC shift measurements for isotopes pyesent in 

concentrations as low as 0.1 ~ • 

Measurements of Isotope shifts weye done on the 

stable even Kr isotopes ln natuyal and enriched mixtures. The 

,resulting c~leulations yielded the sepayation of th~ field and 

the speclfie mass shlfts and the Ô<r2)were found. The ~nYlched 

mi xtUl'es were used te. enhanee the si gnal from the 1 ess 

abundant Kr?· isotope to Improve the preclslon over preVIOUS 

measuyements. Aiso the A and B' hyperfine Splltting 

c~efficients of Kr 83 were determined for the upper level and 

the center of gravit y of the'hyperfine transitions was found.' 

The high sen~itivit>, attalned( with the present 

technique should allow the determination of t~e-shlft between 

the radioactive Kr?& and the stable ir78 isotopes. ThIS should 
" 

be most interesti~g due to the strong deformation of Kr?A • 

.. -

1 

( 
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F"or rare gases L-S coupling does not hold and the 

excited energy· levels must be "found on the basis of jl 

coupling, where j is the angular momentum of the core ~hich 

has one hole due to the e~cited electron, and 1 is the 

orbital angular momentum of the electron. It turns out that 

'the levels are grouped ln pairs with the total an~~lar 

momentum J yarying by one unit. A conv~ntional way to 

describe astate is ni [K1J, where n and 1 are the principal 

and orbItal angular momentum Quantum numbe~s of the excited 

electron, K is the angular momentum obtalned from the jl 

coupl ing, and may take on the values from 1 J+II to jj-ll in 

unit step. J is the total angular momentum of the state 

obtained trom the vector add~tion of K ~nd s, the exclted 
, 

electron's spin. ror a given "nI" excited state it may 

happen·that this identification scheme yields more than one 

st.te of particular K and :J values. ror this yeason the one 

form.d using the lowest j value (hence, highest in energy) 

is written as nl'CK1J. 

In the case of Kr l, the grounostate i s 4p·1So .r A 

first set of excited levels is found from the .4ps 5st. group. 

-- -- This leaves a hole in the core having In=1, sn=1/2 giving 

j-3)2, 1/2. The exci ted electron 'has 1=0 and 5=1/2. The coye 

angular momentum j=3/2 coupl~5 with 1 to give the states; 

" 
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55['3/212 and 

55(; ~/211 
. 

Th~'angular momentum j=1/2 gives the primed 5tates; 

55' C 1/2]1 and 

5~' C 1/230. 

Th~ second group of exc~ted levels are from the 
, 

group 4plS5p 1, and i t 1 S now easy to show that the" fo11 OWl ng 

stat\s are obtalned; 

wi th j=3/2; 

5P-[5/213 5p[S/2J2 

5p[3/212 5pC3/211 

5prl/2J1 5pC 1/210 and 

wi th j=1/2; 

5p"[3/212 
'Y 

5p' [3/2l1 

5p' (1/2J1 5p' (1 /2JO • 

The energy leve! dlagram is shown on figure A~1; 

~he 557 nm line correspondig to the 5p'[3/212~5sC3/2J2 

transi t.i on and the 587 nm line corresponding to the 
.J 

5p'[3/2J2-5sC3/2Jl transition are shown. 

.. 

, , 
, 

The last neutrons in Kr fill the g.~2 shell. Kr·~ 

, 

has one unpaired neutron and thus posse5ses a nuclear spin 
. 

1=9/2. An electronic level of angular momentum J has th. 

hypel"fine .$ublevels give~ by ~=.J+I. Hance,' the upper level 

- .a. _ .. 

J 

,1 
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riS- A.l:'Energy levels of the 4pBSs1.and,4pB5p1 proups of 
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,Fïg. A.2: Hyperfine transitions of Ky·:'. 
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A few programs have been specially wri tten to 

an~lyse and display the spectrum. Little wUI be sald about 

the display program except that lt 1s based on a graphics 

subroutine package called HALO [HAL- 85J. The program, 

wrltten ln FORTRAN, allows ,the overlay of two 'spectra, WhlCh 

shows its usefulness when data and flts are compared. The 

étalon calibration and the spectrum fitting programs are 

described next in greater detail. 

u' ~ 

\ 

The listing of fhe etalon calibration program, 

called FPEAK, 15 given at the end of this appendix. Its 

purpose is to find the average etalon peak separation and to 

1 

find the calibratfon using the known mode spacing. It relies 

first on a lower' threshold parameter, LOTH" and conslders 

every channel whose content is greater than LOTH as belng 

part of a peak. The peak's boundarles are deflned by the 

first channel on the ieft to thë last channel on the Ylght 

which are above the threshold. After a peak has been found, 

its centrold is calculated <lines 72 to 75). 

o When aIl points have been analysed and a set of 

peaks have been found, the intervals between aIl the peaks 

.. -
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C· must be greater than a user-spec~fied lower limit (line 

104). Closely spaced peaks are considered as multiple peaks 

caused by the frequency modulation of the laser and a 

weighted average center is found (11nes 105 and 106). 

Fïnally, the average interpeak separation and avera~e 

, devi at i on from the mean are found, glving the spectrum 

calibration and error using the etalon mode spacing. 

1 , 

The fitting procedure consists of a main program 

and three related subroutines. They are: 

( FITKR2; main program which handles data input/output 

and the parameter senr~h, 

MATINV; matrix rnversion subroutine found in Bevington 

[Bev 69], 

FCHISQ; subroutlne to calculate X 2 , also from [Bev 69], 

FUNCTN2; function subprogram containing the 

polarisation equation to fIt to the data. 

FITKR2 is based on a parameter search subroutine 

called CURFIT written by Bevington. It does a simultaneous 

search of aIl the paramF-ters of the equation to be fitted 

through the minimization of the X 2. Following is a 

descriptIon of the fitting procedure. 

CalI y(i) the function to be fitted and y~ the 

data in channel Hi". The function y(i) depends on the 

, --



o 

-77 -

parameters a~ to be found. The function may be expanded to 

fi rst order in the parameters; 

"PA"" 
(b. 1) yU )=Yo(i)+ ~ [ÔYo(i )/ôa~ da.,,] , 

Jal. 

where the sum is over the number of parameters. The proble~ 

boils down to evaluat1ng the d aJ's to bring the function 

close tô the data. To do this the X Z i s min i ml z ed w i th 

respect te the p~ramete~ increments daJ's; 

(b.2) 

(b.3) 

(b.4) 

(b.5) 

first 

NÇIa\~ Ts. n PAt.l\ 

X z = LI/O't. Z [Yt.-Yo(i) -ITÔYo(l)/ôaJ daJJ] Z 

L J 

ôXzléMate=-24:1 lal.:Z ["yI. -Yo( i )UÔYo(i ) lôaJ d~J J] . 
~ ù 

ÔYo(i )Idate = 0 

This yields a matrix equat10n ln da~'s; 

with 

~~oi",.!> t 
{3te= -L 1/0'1. 2 (Yt.-Yo(i» Ôyo<i )/ôatc 

" 
N~\~~ 

a~k=~1/0'1.2 aYo(i)/Ôa~ ÔYo(i)/Ôak 

" 

.. 

The FITKR2 requires starting input parameters. The 

X2 is calculated and minimlzed giving the set of n 

equations. These yield simultaneously increments to aIl the 

parameters which are put back in the function te be fitted, 
"1 

and a new X2 is found. To accelerate the parameter search 

.. -
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and prevent divergence,; a special feature is used to va~y 

-~ . the direction of the seaq:h in parameter spa,;=e. The matrix 

equation (b.4) is rewiltten as; 

(b.6) 

'. 
h 

{3k=La" CX"k (1 +d"kÀ) 
.):.1 

Thé parameter À determines the search di rect ion. 

If it is large the matrix equation becomes n separate 

equations: 

(b.7) 

which gives °i"ncrements da" in the direction of the gradient 

In succeSSlve lterations, if the X:Z increases, 

is multiplied by 10 to accelerate the convergence. If the X:Z 

decreases, then À lS d1vided by 10 to slow down the search 

and prevent -di vergence. Other schemes to vary À may be used 

and the 'successfulness of a fit on this schem~ and on the 

initial input values of À and a,,'s. 

Now examine the FITKR2 pr~gram. The data and 

initial parameters are read in lines 60 to 118. Then the 

U~'s (WEIGHT(I» are evaluated fyom 1 ines 122 to 136. In 

lines 142 to 173 the {3k'S and a"k'S are evaluated calling 

upon the subprogram FUNCTN2. In lines 155 to 162, the 

partial derivatives of the function with respect to the 

parameters are found. At line 182" the initial X 2 is 

c~lculated. T~e matrix ex is inverted at line 197 and the new 
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parameters are found at line 205. These are put back in the 

function at line 216. If the new X2 is greater than the old 

one, À is multiplied by ,10 and new parameters are found. If 

the new X2 is smaller~ the new parameters become the Input 
" 

parameters to the fit, Àis divided by 10 and a new Iteration 

begins. When the X'2 decreasés by les5 than a user-speCI hed 

tolerance value, or wh en the number of 1 teratlons have 

reached a preset upper limit, the resultant parameters are 

put in a formatted fi 1 e (1 i nes 246 to 266) and the fi t to 

. the data is saved (1 i ne 272). 

The MATINV and FCHISQ subroutine have been 

borrowed unaltered from Bevington [Bev 691. The FUNCTN2 

funct i on subprogram contai ns the derivative of the 

polarisation spectrum Intensity equation (2.15). 

<, 
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1 
~I 
.L-

3 
4 
5 
6 
7 
B 
'3 

10 
1 1 
1.2 
13 
14 
15 
15 
17 
t8 
l '3 
'::0 
'::1 
-. -, 
-.,,:\ 
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'::5 
'::7 
'::8 
'::'3 
30 
31 
"":' -. 
-'-

35 
36 
37 
38 
3'3 

1 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
( 

C 
C 
C 
C 
( 

C 
C 
C 
C 

40 
41 C 
4':: C 
43 C 
44 
45 
4E. 3 
47 
48 
4'3 
50 
51 
c:- ... 
...J~ 

53 
54 
55 
56 
57 .2 
58 C 
59 C 
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14: 5'3: 5E. 
7 Microsoft FOPTPAN77 V3.'::O 02/84 
Program FPEAV used to analyse the etalon spectrum. It 
flnds_ the ,:enter ,;:.f gravit y of each pea~, flnds the 
number c,f pea~ s; t"be mean lnterpeak distance and the 
mean square devlatlon fram thlS mean. The program 
prompts the user f':'r the etaion spaclng and thLIS ':a11-
brates the spectrum. The program ellmlnates spurlaus 
pea~s WhlCh are usually below a certaIn threshold spe-
clfled by the use~. The prl~tout w111" contaln the mean 
lnterpeak distance and ItS error and the pOSitions of 
the peals. The followlng Integer variables are used: 

XI'::(48)= array of channel contents 
LOTH= lowwer threshold value 
WAPEA= we1ghted area (SUffi of chan.# * content) 
APEA= sum of channel content wlthln a peal 

The f,:,l1ol,.,I1ng real v,arlables are Llsed: 
DIF(E,OI= array contalnlng lnterpeal dlstan':es 
AVIN: average lnterpeal dlstan~e 

ETSP= mode spaclng of the etalon ln MHz 
ETEP'" en"or on ETSF: 
CAL= calibration 
EPCAL= error on the calibration 

~CMXIE,O)= array CQntalnlng the cm of ea~h peal. 
The TOLerance refers ta th~ wldth 1.n chanr.lels wltflln 
WhlCh multiple pea~s should considered as mallng up 
a s1ngle peal and be averaged. The cholce of LOTH and 
TOL must be optlmlsed to glve the smallest error. 

PEAL DIF(60),CMxr50 1 ,AVIN,SMEAN,ETSP,ETEP,CAL,EPCAL,EPPOP, 
FLOAT, TOL 

INTEGEP*4 X(4095 1 ,LOTH,WAPEA I 50 1 ,APEA(50 1 

CHAPACTEP*l ANS1,ANS':: 
CHAPACTEP*:::O DUMMY, F'EAf 

WPI TEl *, 50) 
CONT INUE 
WP 1 TE (*, 100 1 , 
F'EAD ( *,11(0) DUMMY 

\OPEN(UNIT=l,FILE=DUMMY,STATUS='OLD' , FOPM='BINARY' 1 

WP'ITE(*,150 1 

F:EAD ~*, *) N 

NOW RE AD ALL THE DATA FPOM THE ETALON FILE INTO X'Nl. 

READ ( 1) (X <. 1 ) , 1 = 1 , N 1 

CLOSE( 1) 

CONTINUE 
WP 1 TE (*,'.2ocn 
F:EAD <. *, *) LOTH 
WRITE!*,'::'::5) 
PEAD ~*, *) TOL 
WR 1 TE ( *, *) , MARI'~ER l' 
J=1 
1= 1 
DO .:: f~=l, 60 
APEA<.f )=0 
WAF~EA <.I.~) =0 
CONTINUE 

IN THE FOLLOWING LOOPS THE ETALON DATA IS EXAMINED. IF A 

t'\ 
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60 
61 

1 
C 
C 

1 
1 
1 

6':: 
63 
64 
65 
66 
67 
68 

C 
C 
4 

'-

6':1 5 
70 
71 
7':: 
7~ 
74 
75, 
76 <li 
77 
78 
7'3 
80 
81 
82 -
83 
84 
85 
86 
87 C 
88 C 
8'3 C 
'30 C 
'31 8 

'33 
94 
'35 
'36 
'37 C 
'38 C 
'3'3 C 

100 C 
101 
10::: 85 
103 
104 
105 
106 
107 
108 
10'3 
110 
111 '37 
11::: 
113 
114 
115 
116 
117 
118 '3E. 
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PEAI", 1 S FOUND 1 TS CM 1 S T ALCULATED. " TH 1 SIS DONE UNT,I L 1 =N. 

THE FOLLOWING TEST IS DONE TO ENSURE THAT WE DO NOT START 
IN THE MIDDLE OF A PEAK. 
CONTINUE 
IF (XCI) .GT. LOTHI THEN 

1=1+1 
1::'0 TO 4 

ENDIF 
CONTINUE 
IF (1 .GE. N) GO TO 8 
IF IXlII .GT. LOTHI THEN 

WAPEAIJI=WAPEAIJI+IXIIl-lOTHI*I 
APEA(JI=APEA~JI+XIII-LOTH 

IF IXII+l 1 .LE. LOTH) THEN 
CMXIJI=FLOATIWAPEAIJII/FLoATIAPEAIJ)) 

1=1+1 ' 
J=J+ 1, 
130 TO 5 , 

ELSE 
1=1+1 

GO TO 5 
ENDIF 

EL SE 
1=1+1 
(30 TO 5 
ENDIF 

-

WE NOW HAVE THE FOLLOWING; J-l PEA~S FOUND, CMX( ) 
WHICH CONTAINS THE J-1 PEAK POSITIONS. 

J=J-l 
WP 1 TE 1 *, * 1 ' MAP~',EP :2' 
IF IJ .ED. o~ THEN 

WF:ITEI *,'::50 1 
1::'0 TO 60 

ENDIF 

" 1 THE FOLLOWING LOOP DETEPMINE~ IF THE PEAVS APE SINGLE 
OP MULTIPLE PEAVS. 

L=l ~ 
CONTINUE ~~ 
WR 1 TE ( *, *) L ' U 

IF «CMXIL+l )-CMXcLII .LE. ToLI THEN 
CMX(L)=cCMXCL+l )*FLOATIAPEA(L+l)I+CMXCLI*FLOAT 

$ I~PEAILII 1/(AREAcL+l )+APEAIL~ 1 
AREA{LI=APEA(LI+APEAIL+l ) 
DO '37 I=L+l,J-l 

CMX (1 I=CMX (1+1) 
APEAI 1 I=APEAI 1+11 

CONTINUE 
J=J-l 

AIF IL .ED. ~I GO TO 96 
L=L-l 

ENDIF 
L=L+l 
IF (L .LE. IJ-11) GO TO 85 
CONTINUE 1 
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119 . 
120 C 

C' 121 C 
l -,-, C --1 -,,? _w 

124 
1 1-'c-_..J 

1 1.26 10 
1:::7 
128 C 
1.29 C 
130 C 
131 
13.2 
133 

1 134 
1 135 ':::0 

136" 
137 C 
138 C 
13'3 C. 
140 
141 
142 
143 
144 C 
145 
146 

( 1-17 
148 C 
14'3 
150 
151 
15.2 
153 
154 
155 
156 
157 
158 C 
15'3 C 
160 
161 
16'::: 
163 
164 
165 
166 
167 
168 
16'9' 
170 
171 C 
17'::: C 

C 173 C 
174 50 
175 100 
176 150 
177 ':::00 
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7 Mlcrosoft FORTPAN77 V3.:::0 O~/94 
WRITE<*, *) .' MAPVEP 3' 

NOW C~LCULATE THE AVE PAGE INTERPEAK DISTANCE 

AVIN=CCMX(J)-CMXIlI1AFLOAT(J-1) 
DO 1 0 1 = 1 , J - 1 

DIFCI I=CMX(I'+1 I-CMXC!> 
CONTINUE 
DIF(jl:::O 

CALCU~ATE THE MEAN SDUAPE DEVIATION. 

WRITEI*,*' 'MAPtEP 4' 
SMEAN=O 
DO :::0 1::: 1 , J - 1 
SMEAN=SMEAN+IDIF(II-AVINI**.2 
CONTINUE 
EPPOP=SDPT'SMEANI/FLOATtj-':::1 ~ 

PEAD IN -THE ETALON SF'EC IFICATIONS. 

WPITE 1 *,300 1 
PEADI*,*' ETSP,EPSP 
CAL=ETSF'/AVIN 
EPCAL=CAL*(EPPOP/AVIN+EPSP/ETSP~ 

WPITEI*,400 1 
READ(*, 11001 PEM, 
OPEN(UNIT=~,FILE=F'EA. ,STATUS='NEW',FORM='FOPMATTED') 
EN TEP PESULTS IN THE OUTPUT FILE. 
WPITEI':::,5':::5 1 PEAt , DUMMY 
WRITEI':::,450 1 AVIN,EPROP 
WPITE(':::,710 1 ETSF',ERSF' 
WPITE'':::,500 1 CAL,EPCAL 
WPITEI':::,505 1 TOL 
WPITE!':::,510 1 LOTH 
WPITE (~, 550 1 
WPITEI':::,600 1 lI,CMXCI1,DIF(Il,I=l,J) 
CLOSEI':::1 

DO AGAIN ... , 
WRITE(*,650) 
PEADl*,15(0) ANSl 
1 F (ANS 1 • EQ. ' N') GO TO 60 

WRITEl*,700) 
READ<*,15(0) ANS'::: 
IF (ANS'::: .ED. 'Y~ 1 THEN 

DUMMY=' 
GO TO 1 

ELSE 
GO TO 3 

ENDIF 

WRITE FORMATS: o 

FORMATl'O', 'THIS F'POGPAM WOR~S FOR A MAX OF 60 ETALON F'EAtS',/1 
FORMAT!' ENTER THE ETALON FILENAME :',/1 
FORMAT l' ENTEF~ THE Jf OF C HANNELS (.2048, 4(96) : ' , 1) 
FOPMATl' ENTER THE LOWER THRESHOLD :',/) 



D Llne# 1 
178 ::::5 
17'3 .250 , 

0 180 31)(1 

181 400 
18:: 450 
183 
184 500 
185 
185 5()5 
187 510 
188 C-.C' 

..J_..J 

18'3 :;50 
1'30 
1'3'1 600 
1'3:: 650 
1'33 700 
1'34 710 
1:35 
1'35 C 
1'37 ,-
1'38 C 
1'39 1100 
'::00 150(1 
::01 C 
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7 Mlcrosoft FORTRAN77 V3.::0 0::/84 
FORMAT l'ENTER PEAK RESOLUT 1 ON 1 N· # OF C HANNELS: ' , 1 1 

FORMAT(' NO PEAKS WERE FOUND ABOVE THRESHOLD',li 
FORMAT(' ENTER INTERMODE SPACING, ERROR IN MHz:' ,/) 
FORMAT(' ENTER OUPUT FILENAME :',/1 
FOPMATC' THE MEAN PEAt 8EPAPATION' IS ',F7.3,IX, 

$ 'WITH AN E~POP OF '"F5.3,' CHANNELS',/I 
FOPMAT(~ -THE SPECTRUM CALIBPATION IS ',F5.3,::X, 

$ 'WITH AN EPPOP OF ',F5.3,' MHZ/CHAN' ,II 
FGPMAT (' THE TOL,EPAN( E ,1 S ',F3.!),' C HANNELS' , 1 ) 
FOPMAT(' THE THPESHOLD IS ',14,' COUNTS' ,II 
FOP MA T ( , 1)' , 10 X , A 7 , 4 X , A 7 • 1 1 

FOPMATI'O', 10X,'PEAr NO. ',5X, 'PEAK POSITION',7X,'INTEPVAL', 
$ / " ',1 (IX, '-***.*****' , 5X, '*************' , 7X, , ********' ,11 

FOPMAT (' ',13X, I}::, 1 OX, F8. 3, 11 X, FB. 3 1 

$ 

FïO~MAT(' ,ANOTHER' TF:Y (Y/NI -" 1 
FOPMAT (' 'PEAD A ~EW ETALON SPECTF'UM (y IN 1 -",1 1 

FOPMAT(' INTEPMODE SPAÇING 18 ',F5.::,' +1- , 
F 4 • '::,' MH Z ~ , / 1 

1 _...-Il00---- __ _ 

"" F'EAD FOPMATS: t 

FOPMA T ( A20 1 
FOPMAT(A11 

'''-

'::0':: - 60 STOP 
END ::03 

1 

Name Type 

'ONS! CHAP*l 
ANS:: CHAP*l 
APEA '1 NTEI::'EP*4 
AVIN PEAL 
CAL PEAL. 
(MX PEAL 
DIF PEAL 
DUMMY CHAP*..20 
EF'CAL F'EAL 
EF'POF' F'EAL 
EF'SP PEAL 
ETEP PEAL 
ETSP PEAL 
FLOAT 
1 INTEGEF~*4 

J INTEGEP*4 
~' INTEGEP*4 
L INTEGER*4 
LOTH INTEGER*4 
N INTEGER*4 
PEA~, CHAR*'::O 
SMEAN PEAL 
SORT 
TOL PEAL 
WAF'EA INTEGER*4 

0 INTEGEF~*4 

Offset P Class 

17458 
1745'3, 
17106 
1740':: 
17430 
15855 

-, 

17346 
17434 
17418 
174'::6 
***** 
17422 

17370 
17386 
173'30 
173'34 
17378 
17355 
17438 
17410 

17382 
16626 

242 

1 NTPINSIC 

INTRINSIC 
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(, 

1 tNOF"LOATCALLS 
2 C Program F"ITKR to flt the IS spectrum over 
3- C 
4 C 
5 C 
E, C 
7 C 
8 C' 
'3 C 

10 C 
11 C 
12 C 
13 t: 
14 C 
15 C 
lE, C 
17 C 
18 C' 
1 '3 C 
:::0 C 
::1 C ..... , ...... C -..... 
-.;:, C' 
.24 C 
:25 C 
2E, C 
::'7 C 
:28 C 
.29 C 
30 t: 
31 C 
':''"J ....... C 
r:>'" .J-.I C 
34 C 
35 C 
36 C 
37 C 
38 C 
3'3 C 

fi/'tO C 
41 1"' -' 
4.2 C 
43 C 
44 C 
45 C 
46 C 
47 C 
48 C 
49 C 
50 C 
51 
5.2 
53 _lé' 
54 
55 
56 
57 
58 C 
59 C 

a predetermined range and hrïd the .:enters 
a maxi mum of 7 pea~s.' 

Based on the subrout1ne CUPF"IT by Bevlngton 
and qn MANFIP by Audet. 
Complementary subroutlnes: 

" F"UNCTN=parameter dependent equat 1 on c.f 
the spe.:tr-um tc. be fltted 
FCHISD=f1nds d1l-square ,:.1 the fLlnctlon 
MATINV=matrl~ 1nverSlon program. 

F"ITVR prompts the user for the channel 1nterval 
to be fltted and the startlng parameters. The 
du-square 15 then .:alculated. The mln1m1satlon 
to fl l'st .:.rder c.f the .:hl-square gl ves NTEPMS 
equatlc.ns 1.11 th an equal number c.f unkn.:.wns. The , 
matrp; 1S lnverted and new ,parameters are.fc.und. 
The prOQram l,:,o~ s f·:.r the best parameters ln the 
paramet~r, space ln steps sl:::e set by FLAMDA. 

Peal var 1 abl es: 
A(NTEPMS'=parameter ayray 
DELTAAcNTEPMSl=lnterval array for derlvatlve 
SIGMAACNTERMS'=parametel' errbr array 
BCNTEP.MSl=new parameter array 
DEP IV (NTEPMS' =par tl al den vat 1 ve ar r ay 
YFIT(NPTSl=fitted spectrum array 
FLAMDA=p'arameter space searc~, step size 
CHIS01=in1tlal chI-square 
CHISOT=test chI-square 

CHISO=final chI-square 
'WEIGHT(NPTS'I=statlstlcal weight c.f each datë\ pt 

for chi-square m1n1mlsatlon: 
BET A ~ NTERMS 1 

ALPHA(NTEPMS,NTEPMSI 
ARPAY(NTEPMS,NTEPMSI~lnverted ALPHA màtrl~ 

Integer vanables: 
Nl,N.2=flt,ting range ln channels 
NPTS=number of data pts 
NTERMS=number of flttlng parameters 
NFREE=number c.f oegrees of freedom 
IC'OUNT=number .:. fIt el' at 1 ons 
Y<1000l=data pts array 
IDUM( l~dumplng array 

Character varIables: 
FILN1=data fllename 
FILN::::~ fl t t ed par amet el'" ftl ename 
FILN3=fltted spectyum fllename 

CHAPACTER*20 rILN1,F"ILN2,F"ILN3,ANS*1 
REAL FLOAT,~(.29),FLAMD~,YF"IT(1000),SIGMAA(2'31 

o 

\ 

~EAL DELTAA(29),ALPHA(::::9,~91,BETA(2'3),B(:29),DERIV(29) 

DOUBLE PRECISION ARRAY(29,29 1 ,DIFF,CHISQ1,C'HISO 
DOUBLE PRECISION CHISQT,WEIGHT(lOOOl 
INTEGER Nl,N2,NPTS,NTERMS,NF"REE,ICOUNT 
INTEGER*4 IDUMC2048 1 ,Y(lùOO l ,IFIX 

. 
INPUT DATA 

. , 



o Llne# 1 
60 C 
61 

o 

1 
1: 

o 
1 
t 
1 

0 

6.3 
63 100 
64 
E,5 
66 
~7 
68 
6'3 
70 C 
71 C 
7'2 C 
73 
"74 
75 
76 6 
77 
78 C 
79 C 
80 C 
81 
,82 
83 
84 
85 
86 
87 
88 
8'3 
'::i0 
'31 
'3~ 1 () 
'33 
'34 
'35 
'36 
'37 
'38 
'39 

100 
101 C 
10'::: C 
103 C 
104 
105 
106 
107 
108 C 
109 C 
110 C 
111 7 
11'::: 
113 
114 
115 
116 
117 
118 

--------------
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WRITE<*, *) ',ENTER THÈ SPECTRUM FILENAME:' 
PEAO<*,100 1 FILNI 
FORMAT < A20 1 \. 
bPEN(UNIT=1,FILE=FILN1,ACCESS='SEDUENTIAL',STATUS='OLD" 

$ rOPM='BINAPY') 
PEI-UND ( 1 ) 
WPITE(*,*1 'CURVE TO BE FITTED FROM ,TO (IN CHANNELS)'~' 
PEAD ( * , -11-) NI, N'::: 
l':!PTS=N .2-N 1 + 1 

PEAD IN Y ( I 1 ONLY T,HE PTS TO BE FITTED 

PEAD( 1 1 IDUM" 
DO El 1 = 1 , NPTS 
y ( 1 , = I DUM ( 1 +-N 1-1 ) 
'::O,NTINUE 
CLOSE'( 1 ) 

ENTER THE VARIOU~ PARAMETEPS 

t-}PITE!'*,*' 'ENTEP THE 'NUM8ER OF PEA~S TO BE FITTEO (MAX 
PEAD(*,*' NTERMS 
NTEPMS=NTERMS*4+4 
WPITE(*,*' 'ENTEP .THE NUMBEP OF orrSET COUNTS:' 
PEAD (*, *, A ( NTEPMS-3Y 
lC=1 
DO 10 1 =1, NTEF'MS-7 ,4 
WP ITE ( *', *) , ENTEP A, D, W, GAMMA OF PEM, # ',1 C 
PEAD ( * , *) A ( 1 ) , A ( I + 1 ) , A ( I +.2 J , A (. 1 +3 J 
A ( 1 +:2 J =A (1 +.2 J + 1. -FLOAT ( N 1 ) 
lC=IC+1 
CONTINUE 
WP 1 TE ( *, *) , 

WPITE(*,*J 'THE DOPPLEP BPoAUENED ABSoPPTION ISIGIVEN' 
WF'ITE( *, *J ' SY C l*EXP( --1*( I-Wl )**2/C':::)*( I-Wl J. ENTEP' 
WP 1 !E ( * , * ) , Cl, C':: , W 1 : ' 
Fi'EAD ( *, * J A (NTEPMS-':: J , A (NTEPMS-l ) , A ( NTEPMS ) 
A(NTERMS)=A(NTERMSI-Nl+1 
WPITE(*, *) , ENTEP THE CHISa ToLEPANCE ~ ToL" '11:' 
F~ç:AD( *, *) TOL 

OUTPUT FILENAMES: 

WRITE(*, *) , ENTEP THE rINAL PAPAMETEP FILENAME: ' 
READ(*,l(H)) FILN.2 
WPITE(*,*' , ENTEP THE FITTE'D SPECTPUM Fl'LENAME: ' 
PEAD (*, 100 1 FILN3 

SET INITIAL FLAMDA AND WEIGHTS 

WRITE(*,*I 'ENTER THE NUMBER OF ITERATIONS:' • 
PEAD(*,*) NITS 
I (OUNT::: 1 
WPITE(*,*) 'ENTEP STARTING VALUE or FLAMOA (.0001 
PEADJ_ *, *) FLAMDA 
NFPEE=NPTS-NTEPMS 
IF (NFPEE .LE. 0) TYEN G 
WPITEI*"l 'THEPE IS NO DEGPEE OF FPEEDOM' 

.. -

'») : ' 

• 

D 



_D Line# 1 
119 
120 

0 1::n C 
122 ~ 
1-":>':' ........ C 
124 C 
125 C 
1'::6 15-
127 
1.28 
12'3 
130 
131 

1 132 
1 133 
1 134 
1 135 
1 136 
1 137 15 

138 C. 
139 C 

..- 140 C 
141 C 
142 ::5 

1 143 
1 144 
:2 145 
2 146 17 ' 

O-
.147 C 

148 
1 14'3 
1 150 38 

151 C 
152 C. 
153 C 
154 

~ 1 155 
< .-, 156 -"-

2 157 
2 158 
2 15'3 
2 160 
2 161 
2 162: 42 
1 , 163 
.... 164 .... 
2 165 
2 166 
3 167 
3 168 46 
1 169 50 

170 
1 171 
2 172 

(J 173 5:3 
174 C 
175 C 
176 C 
177 C 
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GO TO 800 
ENDIF" 

THE WEIGHTS ARE EVALUATED STATISTICALLY AND THE 
NUMBER OF" COUNTS 1 S T AVEN AS THE NUMBER AWAY F'ROM 
THE OF"F'SET. 

~ 

CONTINUE 
11=0 
CHISOT=O. 
1 F' - (1 COUNT • GT • 10 1 1::'0 TO 25 
LC=IF'IX(ACNTEPMS-3)+.51 
DO 1 5 1 = 1 , NPTS -
IF' (YI 1) • NE. Le) THEN 
WE 1 GHT ( 1 ) = 1 : / ABS ( F'LùA T ( yI 1 ) -u: 1 1 
ELSE 
WEIGHT< n =1. 
ENOIF 
CONTINUE 

CALCULATE THE DERIVATIVES SUMMED OVER ALL PTS 
(MODIF'ICATION OF BEVINI::'TON' S F'DEPIV 1 

DO 17 J=1,NTEPMS 
BETA(J)=O. 

- DO 17 K=1, J 
ALPHA(J, V) =0. 
CONTINUE 

DO 38 J=1,NTERMS 
DEL TAA (J) =ABS.<A (J) /100. ) 
CONTINUE 

EVALUATE THE MATP.ICES 

DO 50 1=1, NPTS 
'>[JO 4:2 J= 1 , NTERMS ; 
AJ=A(Jl f 

A( J) =A (3) +DELTAA (J). 
YYFlT=F'UNCTN2(I,A,NTERMS) 
A!J)=AJ-DELTAA(J) 
DERIV(J)= (YYF'IT-FUNCTN2'( 1 i A, NTERMS) ) / (2. *DEL TAA (. J.l 1 

A(J)=AJ 
CONTINUE 
DO 46 J=l,NTERMS 
BETA (J)=BETA(J) +WEIGHT(I) * (F'LOATCY (1) )-F'UNCTN2 

$(I"A,NTERMS) )*DERIY(J) ~ 
- DO 46 1<= 1 , J 

ALPHACJ,K)=ALPHA(J,V)+WEIGHT(I)*OERIVCJ)*DERIV(K) 
CONTINUE ! 

CONTINUE 
D~-53 J=1,NTERMS 
DO 53 1<=1, J 
ALPHA(I<,J)=ALPHA(J,K) 
CONT 1 Nl!E ",-

IF' THIS IS THE F'IRST ... ITERATION, F'IND THE STARTING l' 

VALUE OF' CHISCI. ~ ". 

*' 
....... -

• 

, -



D Line" 1 
178 
179 

G· 180 ~4 
181 
182 
183 
184 
185 
186 C -
187 C 
188 C 
189 71 
1'30 
191 

2 1'32 
:2 1'33 73 
1 1'34 
1 195 74 

196 C 
197 
1'38 
1'39 C 
200 C 
201 C. 
202 

1 203 
1 204 
:2 ~05 

,Ci '::06 84 
207 C 
208 C' 
209 C 
'::10 ( 

'::11 C 
':::1':: C 
'::13 

1 :::14 
1 215 '3:':: 

216 
'::17 
218 
21:3 
"''''0 c 

" 

-fA 
1 221 

'-1'-'·--_ ........ 
2':3 
224 
225 
226 
:::27 
z~e 
~29 

:::?30 
1 231 

(1 ,232 
233 103 
234 
23:5 
236"'C 
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1 F" (1 COUNT • EQ • 1) THEN 
DO ~4 1=1, NPTS 
YF" 1 T ( l ) =F"UNCTN2 ( 1 , A, NTERMS) 
'CALL FCHISQ(Y ,WEIGHT, NPTS, NFREE, YF"IT, CHISQ) 
CHISQ1=CHISQ' 
ENOIF 
WP.ITE<*, *) 'CHIsa1. FOUND' 
WPITE(*, * 1 "CHIsa1=', CHISQl 

NOPMALISE ALPHA AND INVERT USING MATINV ROUTINE 

CONTINUE 
DO 74 J= l , NTEPMS 
DO 73 1(= 1 , NTERMS 
APPAY,( J, ~~ 1 =ALPHA ( J, ~ ) /SOF'T ( ALPHA (. J , J'HI'ALPHAn~, ~') ) 
CONTINUE 
ARPAY(J, J 1 =1. +FLAMDA 
CONTINUE 

CALL MAT 1 NV (APPAY, NTEF~MS, OET ) 
WPIïE(*, *). , ALPHA INVEPTED' 

EVALUATE THE NEW PAPA.METEPS AND CALL THEM B(I) 

DO 84 J= 1 , NTEPMS 
B{J)=A(J) 
DO 84 ~:= 1 , NTEPMS ' 
B ( J) =B < J) + BET A ( K ) *AP.PA Y < J , ~' ) / SORT ( ALPHA ( J , J) *ALPHA ( !< , f:') 1 

CONTINUE 

PUT THESE PARAMETERS 1 N THE FUNC'T ION. 1 F THE NEW CH 1 sa 1 S 
(3REATEP THAN THË PRE V 1 DUS ONE THE SEARCH PARAMETER FLAMDA 

... 

rs MUL TIPLIED BY 1 OR 10. IF IT 15 SMALLER FLAMDA 15 DIVIDED 
BY 1 (1. 

00\ '3:2 1=1, NPTS 
YF 1 T ( l ) =F"UNCTN2 ( 1 , B, NTEF'MS ) 
CONTINUE ., 
CALL FC\;ITSQ<Y, WEU,HT, NPTS, NFREE, YFIT,èHISQ) 
WRITE<*, *) 'NEW CHISO 'AND YFIT rOUND' .. 
~ 1 TE (*, * ) , CH 1 sa 1'= ',C H 1 SO 1 
WRITE<*,~) -~CHISQ= ',CHIsa 

DIFF"=DABS «CHISQ1-CHISQ) /CHISO) 
U" (CHISQ • GE. CH IS01) THEN 
IF· (CH l SQ • EQ. CH l SOT ) \~D TO 110 
11=11+1 • 
1 F (1 1 • EO. 4) GO TD 110 
C'H 1 SQT=CH 1 SQ 
FLA~PA=FLAMDA*10. 
GCLLO_._7:..;:J.=--___ _ 
EL SE 
DO' 103 J= 1, NTERMS 
A(J)=B(J) 
SIGMAA(J)=SQRTCARRAyeJyJ)/ALPHA(J,J) 
CONTINUE 
FLAMDA~FLAMDA/l0. 
ENDIF 

", 

. " 

1 

, 

.. 

, 
1 



0 

0 
') 

1 
1 
1 
1 
1 
1 

. ~ . 

o 
1 
1 

0 

Llne* 1 
237 
238 
239 
240 
241 
.24.2 110 
7'43 C 

I~ .... f· .... ,44 _ 
~45 C 

.. ~46 

247 
::48 
~4'3 

::50 
251 

253 
~'::54 

255 
256 
157 163 
258 
25'3 
260 
~61 

26.2 
263 
264 
265 
:::66 
.267 
268 
~6'3 

270 
~71 400 

- .272 
'::73 
~74 C 
::75 
276 
277 
~78 162 
279 • 
280 C 
:S1 C 
28.2 C 
283 550 
284 
285 
286 551 
287 560 
288 570 
289 
290 

'" 291 580 
292 
293 800 
294 
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IF" (0 l F-F" • LE. TOU GO TO 110 

IF' <ICOUNT .EQ •. NITS) GO TO 110 
l COU,,"= 1 COUNT + 1 
CHISQ1 =CHISQ 
GO TO 16 
CONTINUE 

'Y '" 
~ -'SI!TUA, tHE gLITPJ.lT~ F" ILES,,; '" 

$ 

OPEN ( UN l T= 1 , F" l LE=F' l LN::, ST ATUS= , NEW' , F"OPM=' F"DPMATTEO' ) 
WP 1 TE (" t, 550' FI LN 1 , N 1 , N'=::' ' 
WFiITE ( 1,551' FILN::: 4\ 

WRITE ( 1, *, , THE NUMBEP OF ITEPAT IONS 1 S: ' , le OUNT 
,..,.te=l 
00 163 1=1,NTEPMS-7,4 
A CI+':: ') =M 1+'::) +FLOAT <"N1 )-1 
WPITE<.1,560) le 
WPITE( 1,570) A(II,SIGMAA(I),A( I+ÏI,SIGMAA(I+l l , 

A( 1+':::), SIljMAA( 1+2), A( 1+3'" SII3MAA( 1+3) 
lC=IC + 1 
CONTINUE "-
WRITE ( 1,*.1 ' THE NUMBER OF OFFSET COUNTS IS: " • 1 

$ IF"IX(A(NTERMS-3)+.5,,' +1- ',IFIX(SIGMAA(NTEPMS-~~ .... 51 
WR 1 TE ( 1 , 580 ) CHI SQ 1 , TOL .... 

$ 

WRI TE ( 1 , *, , FLAMOA=' , FLAMDA ' 
WR 1 TE, (" 1 , *.1 ' C 1 =' , A (" NTERMS-2 , , , + 1- ~ , S l ~MAA ~ NTE~'MS-::' " 
WRITE(" 1,*' , C2=', A(NTERMS-l),' +/-, ,SIGMAA~NTEPMS-l , 
flVNTEPMS)=A (NTEPMS) +Nl-l 
WR 1 TE (" 1, * , , W 1 =' , A (" NTEPMS , , , + 1 -, , SI t::'MAA ( NTEPMS 1 

. CLOSE ( 1 ) 
OPEN (UN IT= 1 , F l LE=F" 1 LN3, ACC ESS=' SEQUENT 1 AL' , 

, STATUS=' NEW' FDRM='BINAPY' I~ , ' DO 400 1=1, NPTS ~ 
1 OUM ( 1 ) = 1 FIX (YF IT f l 1 +. 5 ) 
CONTINUE . 
WPITE< II dOUM( 1.1, I=l,NPTS) 
CLOSEl. 1 l ' 

WPITE(*,*) , FLAMOA=' ,FLAMOA 
WRITE(*,*) "00 Ar:3AIN (Y/NI -" 
REAO<*,16.2) ANS 
FORMAT <AU 
IF' (ANS .EQ. 'V' • OF'. ANS, .ED. 'y') .GD TO 7 

WR 1 TE F"ORMA TS : 
1 

, ,A1S,' F,'ROM CHANNEL', 14, '}OPMAT(' F"ITT~D F"ILE lS: 
$ , TO CHANNEL ',14, . 
$ /,' ',' **************' , /) 

FORMAT ( , 0' " PARAME TER F' l LENAME lS: ',A.20, /) 

, 

1 

'7 . , 

F"ORM~ T < ' 0' " RESU~ tANT PARAMETEF?S F"OR PEAK NO: ',12, /) 
F"ORMAT(' A= ',F"11.4,' +1- '·,F'S.4,' 0= ',nf.4,' +/- ',F"8.4, .) 

$ 'J'," , J F"REQUENCY,= ',F Il.4,' +/- ',F'S. 4, 
$ , L,INEWI9TH= f,F8.4,'--+j- ',F7.4 .. /)· 0 

FORMAT(' CHISQ=", 030.17" '. 
$' 1,' ','TOLERANCE= ',F"1f.l.8,/:t 

. STOP 

" END 

< 1 
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o 

1 
1 ,-
l , 
1 -. .... 
3 
3 
3 

- .3 
3 
1 
1 

11"1-
1 
1 
1 

'b :2 
2 
,") .... 
1 
1 
1 
.2 
.2 
:2 
1 
1 
1 
1 
:2 

3 
3 

. 3 
3 
1 
:2 

<1 
1 
1 

1 ~F"LOATCALLS' 
'2 C Subroutine MATINV to lnvert a symmetric matrlx 
3 ,C 
4 C 
5 
6 
7 
8-
:3 10 

10 11 
11 !=-
12 C 
13 C 
14 
15 . 21 
16 
17 23 
18 24 
1'3 
20 
2'1 30 .., ... , C ...... 
23 C 
24 C 

. ~5 31 
26' 32 
27 ? 
28- '41 
29 
30 43 
31 
3~ 

33 50 
p4 51 
35 
36 53 
37 
38 
39 60 
40 C 
41- C 
42 C 
43 61 
44 
45 63 
46 70 
47 ",71 
48 
49 
50 74 
51, 7:5 
52 80 
53 81 
54· 
55 83 ,-
56 90 

<:> 57 
58 100 
59 C 

and find its determlnant (from Bevington). , ' 

SUBROUT 1 NE MATI NV (ARRAY , NTERMS, DET) • 
1 NTEGER*4 1 K, JK 
DOUBLE PREC~SION APPAY,AMAX,SAVE 
DIMENSION ARRAY(29,~9~,IV(:291.JK(~91 
DET=1: 
DO 100 1<= 1 , NTERMS' .. 

FIND THE LAPGEST ELEMENT ARPAY(\~J': .IN THE' REST O~.MAT,};,IX 

AMAX=O. 
DO 30 1 =K, NTERMS 
DO 30 J=K, NTEP.t1S \.... _' .-

-<7'IF" (DA_eS('ÂMAX)-DABS(~(LJ».1 
AMAX=ARP.AY(·I, .1) 
H'"fK) = 1 
JI<:(I<)=J o 
CONTINUE 

24,24,30 ,.. 

"lNTERCHANGE ROWS AND COLUMNS TO pUT AMAX IN ARRAY(K,K) .... 

IF (AMAX) 41,32,41 
DET=O. 
GO TO 140 
1=11<' 00 ') 
IF (l-K) 21,51,43 
DO 50 .1=1, NTERMS 
SAVE=ARR~Y(~,J) . 
APPAY (K, J.I =APRAY(' 1 , .1) 
AP.~À Y «: 1 , J) =-SAVE 
J=JK (I<~ 1 
IF (JLIO 21,61,53 
DO 60 1=1 ;NTEP.MS 
SAVE=ARRAYCI, Id. 
A~RAY ( 1 , K) =ARRêY( 1 , .1)' 
ARF~AY ( 1 , :n ::;-SAVE " 

ACCUMULATE- ELEMENTS ,Of INVEPSE MATRIX 

DO 70 1=1, NTERMS 
IF"- (I-K) ',63,70,63 
ARRAY ( 1 , K) =-ARRAY ( 1 , n / AMAX 

, CONTINUE 
-- DO 80 1,= 1 , NTERMS 

DO 80 .1= 1 , NTERHS 
IF" (l-K) 74,80,74-, 
.IF'" (J'-K1 75,80,75 
ARRAY <.1, J)=A~RAY('I, Jl +ARRAV( l, K)*ARR~V (K, .1) 
CONTINUE -' . 
D'O 90 .1- i , NTERMS 
IF" (J-K) 83,90,83 
ARRAV(K,J)=ARRAV(K, J)/AMAX l 
CONTINUE' ~ , .' 
ARRAV(R,K)=1. /AMAX , 
DETmQ.ET*AMAX • 

• 1 C> 

.-

.. 

-c 

'. 

" 

... , 
• 

, . 
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RESTORE,ORDER1NG OF' MATRIX 
61 C 

0 62 101 • DO 130 L=1,NTERMS 
63 K=I\1TERMS-L+l 

" 1 64' , J=IK(K) , 
1 65 IF <J-K) 111 , 111 , 105 . 
1 68 105 DO, 110 1=1, NTERMS 
2 67 '\ SAVE=ARRAY (I, K) 
--. 68 AP.RAY (I , t<'") =-ARP.AY (I, J) ~ 

~RF.'AY( I, J', =\'SAVE Q -.2 6'3 11q 
1 . 70 111 ' I=J~~(n , 

h 

1 71 IF (I-K) 1 30, 1 30, 113 
1 72 113 DO 1.20 J=1,NTEPMS 

.2 • 73 , SAVE=APRAY (K, J) 
-, 74 AF1't'A Y ("<, J) =-AP.RA Y ~ l , J) • -
2 75 1:20 ARRAY ( l , J) =:SAVE 
1 76 130 CONTINUE 

77 14('- PETUPN 
78 . END 

" 
• . 
Name type . --. Of fset P Class . 
AM~X REAL*S .24:: 
ARP.A Y: RElY-*~~ 0 -It. 
OASS fI_ 1NTF:tNSIC 
OET " REAL 
l l NTEGEP.*4 
IK " INTEGER*4 

l'tl I NTEGER*4 
UW ItIITEGÉR*4 

~' • INTEGER*4 
L INiEGER*4 
I\jTERMS .. INTEGER*4 
SAVy PEAL *8' 

Name Type 

~ 

8 * 
250 

2' \ 

'::58 
118 , , 

234 
310 

, 4 
* 

.38:2 

• 
Siz.e Cla~s 

MATINV SUBROUTINE 

F'ass .One 

o 

~t,,_. ~ __ .. " .... ,., 

No Errors Detec:1;ed 
78~Sourc:e l,.ines' 

\ 

( 

.. 

. , 

\ ' -
~ 

, 

f 

" 

.' 

.. . . 
.. ~ 

. " 

......... 

-

-

,. 

; 
'. 

c 

", 
.> -

t. \ li , . 

. ~ 
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o 
1 ·1 'NOF'LOATCALLS 

2 C F"untion F"UNCTN(I,A,NTER~) 1s the derivativ, 
3 C of the i ntan.si t y of a ! asey pol ay i sat ion spac t l"l.\m. 
4 C 
5 
6 
7 

F"UNCT ION r'UNCTN2 ( l, A, NTERMS) 
1 NTEGEF? 1, NTERMS 
REAL A(29),9,F"LOAT 

8C ...... 
'9 FUNCTN2=A(NTERMS-2)*EXP(-1,. *(I-A(NTERMS), )'~*2/A(NTERMS-1) 

$ . *<I-A(NTERMS\) )'+A(NTERM9-3). . _ \ . ~ ... tel • -poO-
1 12 . 

00 10 J= 1, NiERMS-7, 4 -
1 S=F'LOAT ( l) 

1 13 x= (A(J+2) -9) lA (3+3') 
1 14 F'UNCTN2=FUNCTN2+ (A(J) * (1-X*X " +A (J+ 1 )*X) / ~ l+X*X) **2. 

'..t 15 10 CONT 1 NUE ' + 
16 RETIrlRN C> .< 

17 'END 

Name 

A 
EXP 
FLOAT 
1 
J 
NTERMS 
9 

• X 

dO 
Name 

• FUNCTN 

Type 

REAL 

'INTEGER*4 
INTEGER*4 
INT~GER*4 
REAL:: 
REAL 

• 
Type 

REAL '\ 

Offset P Class 

4 * 

o * 
2 
8 * 

10 
14, 

Size 

INTRINSIC 
INTRINSIC 

Class 

F"UNCTION 

Pass One No E~yqrs Detected 
17 Source Linf?s 

<l', 

• '~ 

. , 

\ 
.... 

• 

f.ilt 
~ 

.. 

.-

• 

• 

1 

1 
/ 

l' 

.. 

.. 

/ 

'-

CI ••• • '. 

,.' 

" 



.-, -92-
Pag. 1" "1 
08-11-86 
141 ~e130 

f) 0 Line* 
1 

1 7 
SNOF"LOATCALLS 
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o 

1 
1 

Nàme 

2 C F'CHISQ SUBROUTINE ,T.O CALCULATE THE CHI-SQUARE 
3 
4 
5 

C Of THE F"ITTED F"UNCTION F'UNCTN <.1, A, NTERMS). 

G. 
7 

'8 

C 

9 " 
10 C 
11. 

,! 12 
13 
14 
15 

~ 
300 

IG C 
17 
18 
19 

4 (lI) 

.. , 

Type 

SUBROUTINE F'CHI,s!O (V, WEIG_HT, NPTS, NF"REE, YF"fT. CHISQ) 
DOUBL:E PREC 1 S ~ O~ WE 1 GHT ( 1 (l00) , CH 1 SQ 
REAL VfIT (1 000) ,~OAT , ' • 
1 NTEGER*4 V ( 1(00) 
1 NTEGEP NF'TS, rqF"PEE 

CHISQ=O 
1 F" ( NF'RI;E • LE. Ô.I Gd TD 41)1) 
DO 300 1 = 1 , NPTS ' ~. 
CHISQ=CHISO+WEIGHT ( 1) * (F'LOAT (V ( 11 " -'IF' ITn J " **2 
CONTINUE 

CHISQ=CHISO/F'LOAT (NfREE) 
RETURN 
END 

(!. 

Of1i~et P Class 

CHIsa 
F"LOAT 
1 
NF"PEE 
NPTS 
WEIGHT 

INTEGER*4 
INTEI!:JER*4 
INTEGER*4 
PEAL1I-e 
INTEGER~4 
PEAL 

::0 * 
:2 

12 * 
8·* 
"4 * 

'r 
INTRINSIC 

(JF"IT 

Name Type 

Pass Dn~ 

, " 

o * 
16 * 

o 

Si·ze Class 
" 

SUBPOUTINE 

, 
No Err cor s Dete"cted 
19 Source Lines 

'" 

.. 

- .. 

\ 

., .. 

. . 
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