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INTRODUCTION

T. CENERALITES. RESULTATS EXPBRIMENTAUX (Articles 1 et 3),

Le déplacement isotopique et la structure hyperfine sont les deux
effets qui traduisent 1'influence de certaines propriéiés des noyaux
des atomes. L'étude de ces phenoménes permet d'atteindre aussi bilen
des paramdtres nucléaires simples comme les moments dipolaire magné-
tique et quadrupolaire élecirique, ou plus complexes comme la dimen-
sion et la forme des noyaux, que des paramdtires liés aux électrons

comme les constantes de structure hyperfine électronique.

I'étude du déplacement isotopique offre un intéréi particulier
dans le xénon, & cause de la présence du nombre magique 82. Cette
notion de nombre magique ( 2 3 8 ; 20 ; 28 ; 50 ; 82 ; 126 } a été in-
troduite par la théorie des couches en physigue nucléaire. Le noyau
a une déformation minimale par rapport & la forme sphérique pour ces
nombres de neutrons ou de protons, cette déformation étant nulle si
les nombres de neutrons et de protons sont simultanément magiques
11 est donc intéressant d'étudier, auv voisinage de ces nombres, le

déplacement isotopique de volume, car il est 1ié aussi bien & la forme



qu'aux dimensions du noyau. Iles effets de volume vont en croissant
avec le nombre de maszse ; 1'étude des éléments ayant 82 neutrons est
donc d'un grand intérét d‘est pour cela que dans le Laboratoire Aimé
Cotton ont été entreprises les études sur ;

N = 82 81 80 79 T8 75 74
Baryum (2256)

=
il

C)E
[$3]

137 126 135 134 132 130

par D, 4 JACKSON et DUONG HONG TUAN [1] :

N= &4 82 80 78

Ceriuwm (2=58) o
A = 142 140 138 1%6

par R.-J. CHAMPEAY [2] ;

N = 90 88 86 &5 84 8% 82
Néodyme (Z=60)

A= 150 148 46 145 144 143 142

par J.-M. HBELBERT |3]

STRIGANOV et ses collaborateurs ont ¢tudié les isotopes du samarium [4]

N 92 90 28 87 86 85 82

IH

Samarium (2:62)
A = 154 152 150 149 148 147 144

I1 restait & mesures les déplacements isotopiques du xénon

N= 82 8 78 77 76 7% 74 72 70

Xérnon (7=54)
A= 136 134 132 131 130 129 128 126 124
Ce travail a été entrepris au Laboratoire Aimé Cotton, diune part
par R. VETTER [5] gur les raieg laser infrarouges, d'auvtre part par

D, A, JACKSON et moi-méme sur les raies visibles,



Le déplacement isotopique des isotopes impairs n'étant accessible
gue si la structure hyperfine est connue, nous zvons été amenés a me-
surer les structures hyperfines de ces isotopes dans les raies viasi-
bles, celles dans le domaine infrarouge ayant été mesurées par

S. LIBERMAN [6].

a) ~ Notations et conventions,

Sans vouloir reprendre la théorie du déplacement isotopigque, il
nous faut néanmoins préciser les notations et les conventions utili-

sées,

les niveaux 4'énergie seront toujours écrits dans la notation

proposée par RACAH [7].

Dans le cas particulier du xémnon, pour des raisons de quantité
dlisctope enrichi disponible, 1'isotope 136, le plus lourd, a été
choisi comme repére de tous les déplacements isotopiques ; son dépla-

cement a donc é+é fixé i zéro.

le déplacement isotopique dtune transition a , de nombre d'ondes
Ga , entre les isotopes de nombre de masse 1%36~-n et 1%6 peut
stécrire :

A - 36) = A K )
v, (136-0 , 136) = A I B, ,tAES B+ AV

’ 3 8,1

4 M B est 1'effet de masse normal ou de Bohr ; il peut étre aisément
calculé et sera souvent soustrait des valeurs expérimentales

o, [(136-n) ~ 126% -n o,
1836 (136-n) 136  18%6 X 136 x L 136-n)

LA M B
a



Ces conventions conduisent & un effet de masse normal négatif

dans toute transition.

AMS P, est appelé effet de masse spécifique.
]

k  [(136-n) - 136] -n ¥
AMS p = -
&t (136-n) 156 136 (436-n)

a

Ces conventions entrainent que si 1l'effet de masse spécifigue

by

est positif, il est de sens opposé & l'effet de masse de Bohr,

Ka est un facteur purement électronigue et ne dépend que de la

transition étudide,
AV est appelé effet de volume ou de champ,

av, = E 0(1%36-n, 136)

»

¢(136-n, 136) est un facteur nucléaire proportionnel & § <r2> ,

variation du carré moyen de la distribution des charges entre

les isotopes concernés,

Ea est la partie électronique du déplacement de volume et ne dépend

que de la transition étudiée.

Précisons enfin que, par convention, nous considérons le dépla-
cement isctopique pour une transition comme étant celui du niveau su-

périeur diminué de celui du niveau inférieur,
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b) - Techniques et résultats expérimentaux.

le xénon possdde 9 isotopes stables dont les abondances naturel-

les sont les suivantes
A ¢ 136 134 132 1351 130 129 128 126 124

Abondance
, G e
relative en %@’ 8,0% 10,52 26,9% 21,24 4,0% 26,24 1,91 0,088 0,09,

lLes isotopes pairs donnent des composantes trés voisines, car le
déplacement isotopique est de liordre de 2 mK {1 mK = 1077 cm“?) pour
une différence de 2 neuirons, ce quil est environ dix foils inférieur &
la largeur Doppler. ILes isotopes impairs donnent de muliiples compo-

santes & cause de la structure hyperfine. Ie xénon naturel n'a donc

pu &tre utilisé et il a fallu avoir recours aux isotopes trés enrichis,

le Centre de Spectroméirie de Masse du C. N, R. S. & ORSAY nous
s gracileusement fourni les isotopes 134, 132, 131, 130, 129 et 128
enrichis & plus de 95 9/, mais en trés faible quantité (quelques mg),
ainsi gque les deux isctopes rares 126 et 124 en quantité encore plus

faible (quelques microgrammes) .

L'isotope 1%6 a &té achetd en guantité suffisante pour pouvoir
servir de repére B tous les autres isotopes. Nous avons utilisé un
tube & décharge classique & électrodes froides, de type Geissler,
constitué par deux boules relides par un capillaire {Fig. 1).  Au
cours de la décharge, les parois du tube et les élecirodes absorbent
peu & peu le xénon ; le type de tube utilisé a été choisi pour mini-

miser cette consommation de xénon. Un tel tube a éié fabriqué pour



chacun des neuf isctopes. Pour diminuver encore la consommation de
xénon, nous avons introduit de 1'hélium & la pression de | Torr, ce
gqui ne nécessite qu'une pression de 1'ordre de 0,03 Torr de xénon

pour obtenir le spectre d'arc dans de bonnes conditions.

Ie déplacement dfi & la pression de 1'hélium est négligeable.
Nous avons mesuré ce déplacement dans le cas des transitions
5p5np - 5p56s , qui sont les plus intdéressantes pour i'dtude de 1'ef-
fet de volume. Avec une pression de 10 Torr {10 fois la pression
utilisée), le déplacement est resté inférieur aux incertitudes de
mesure (= 0,% mK). En fait, pour 1'étude du déplacement isotopique,

la différence de pression d'hélium dans les deux tubes était de 1'or-

dre de 0,1 Torr, d'ol un déplacement certainement inférieur & 0,01 mK.

Ie déplacement dl & la pression de xénon est de ltordre de 1,5 &
3 mK par Torr, il est négligeable, eu égards aux pressions de xénon

utilisées.

FNous nous sommes servis des mémes tubes que précédemment pour
mesurer la structure hyperfine des isotopes impairs, saul pour huit
raies Taibles de 1l'isotope 129 pour lesquelles nous avons eu Irecours

3 un tube spécial {voir Article III, experimental procedure, TFig. 1).

le fait que néanmoins nos tubes consomment du xénon nous & in-
terdit la technigue d'enregistrement photoélectrique raie par raie,
car nous n'aurions jamails pu étudier toutes les raies dont nous dis-
posions. Nous avons dl uwtiliser la technique photographique qui a
1tavantage de donner sur une seule plaque de grandes régions du spec-

tre pour une pose de quelques minutes,
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Nous nous sommes servi d'un spectrographe & prisme en montage
Littrow, précédé d'un étalon Fabry-Perot plan (rig. 2). Nous avons
¢ Q

pu couvrir ainsi le domaine spectral allant de 4 500 A & 9 045 A,

soit environ une octave.

Pour une raie donnéde, la structure hyperfine ou le déplacement
isotopigue s'obtient facilement & partir des interférogrammes car la
différence de nombres d!ondes est proportionnelle 4 la différence des

carrés des diamdtres des arnneaux du Fabry-Perot,

Intéressons nous a l'écart entre 2 compoéantes données ; sa va-
leur est cbtenue, pouwr un interférogramme, en effectuant la moyenne
des mesures réalisdes sur 5 ordres successifs, Pour connaitre les
incertitudes sur ces différences de nombres d'ondes entre composantes

rous utilisons deux grandsurs :

~ la déviation quadratigue moyenne qui est la racine carrée de la
somme des carrés des écaris i la moyenne, divisée par le nombre d'in-
terférogrammes, car chacun fournit une mesure indépendante. Pour une
raie donnée, elle est pratiguement constante quel gue soit le nombre
de mesures. Elle vaut environ 0,7 mK pour les raies bleues et 0,5 mKk

pour les raies infrarouges,

- l'incertitude statistique qui est égale & deux fois la déviation
gquadratigue moyenne divisée par la racine carrée du nombre dtinterfé-
rogrammes. La probabilité pour qulune grandeur solt en dehors de
1ltintervalle défini par la valeur mesurée plus ou moins 1'incertifude

statistique n'est que de 5 9 .



Pour réduire 1'incertitude statistique nous avong été amenés 3
mesurer’, pour chaque rale, entre 20 et %0 interférogrammes, pour cha-
que isotope dans le cas du déplacement isotopique, et enire 20 et 80

interférogrammes pour la structure hyperfine des isotopes impairs.

les tableaux sulvants permettent de se rendre compite de la quan-

tité des résultats expérimentaux.

Déplacenent isctopique

(l‘isotope 146 étant pris comme référenoe)
Isctopes 134 132 130 128 126 124 151 129

Nombre de raies e . B .
3 mesurées 3 37 37 37 5 12 10 23

Nombre de niveaux

reliés entre eux * 42 42 4e 42 - 12 E 19

Structure hyperfine

Isotopes 129 151

(1=1/2) {(1=3/2)
Nombre de rales mesurdes 38 9

Nombre de constantes A

déduites 23 8
Nombre de constantes B g
déduites h
Nombre de constantes A 26
A interpréter **
Nombre de constantes B 15

3 interpréter *¥

* les mesures de R, VETTER [5] sur les cing isotopes pairs abondants
nous ont permis dtatteindre les niveaux de la configuration 5p55d .
** les mesures de 5, LIBERMAN [6] ont é%é d'un grand secours pour

compléter et corroborer nos résultats,



Ie nombre des résulfats expérimentaux a permis une interprétation
paramétrique des phénoménes, sussi bien de déplacement isotopigque que

de structure hyperfine.

Une séparation des effets de masse et de volume a aussi été faite
pour évaluer les variations relatives des carrés moyens de la distri-
bution des charges et les comparer aux variations des énergies de

liaison par nucléon,

I1I. ETUDES PARAMETRIQUES (Articles 2 et 4, Annexes 1 et 2).

a) - Principes des études paramétrigues,

En spectroscopie atomique, le calcul des énergies par la méthode
paraméirique est devenu classique. Il repose sur l'hypothése du champ
central [8]. les édnergies des niveaux sont les valeurs propres de
1'Hamiltonien et les fonctions d'onde les vecteurs propres, La ma-
trice de 1'Hamiltonien H , qui est limité aux intervactions éleciro-
statiques @ , et de spin-orbite A , est construite sur les états
d'ordre zéro appartenant & une ou plusieurs configurations. ILa mé-
thode est paramétrigue en ce sens que les intégrales radiales néces-
saires pour la dizgonalisation ne sont pas calculées & ltavance, mais
ajustées de facon que les valeurs propres de H reprodulsent au mieux
les énefgies expérimentales, L'écart quadratique moyen au sens de

RACAH (AE) [9] permet de tester la qualité de 1'étude :
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1
ex . cal 2%
£ (8,7 -5 )7
AR =
N .?
exp . - . .
avec Ei énergle expérimentale du niveau 1
cal . , . .
Ei énergie calculée du niveau i
it nombre de niveaux connus
P nombre de paramétres libres.

Ies éléments de matrice sont de la forme :

n P
52

ij m

H =% «
ij n

ou les aij sont des coefficients purement angulaires et ol les Pm
sont les intégrales radiales d'interaction électrostatique Rk (in-

tégrales de Slater) ou d'interaction spin-orbite Cnﬂ

On introduit zussi souvvent des corrections effectives d'interac-
tion de configurations lointaines, en particulier la correction en

aL{I+1) (correction de Trees [10]),

La méthode paramétrigue est empirigue en ce sens gue, pour repro-
duire au mieux les énergies expdérimentales, les paramndtres tiennent
compte de tous les phénomdnes ayant une dépendance angulaire donnée ;

ce sont donc tous, en fait, des paraméires effectifs.

Ia chaine de programmes €crite au laboratoire Aimé Cotton [11]
permet d'effectuer tous lss calculs. En fin d'étude nous obtenons :
. . p cal
- les énergies calculées Ei .

— la décomposition des feonctions d'ondes Tj sur les vecteurs

de la base choisie,



-~ la valeur numérigue des paraméires Pm ,
-~ les coefficients des paramétres pour les différents niveawx

étudids,

Nous pouvons obtenir non seulement les coefficients des parame-
tres d'énergie mais aussi ceux de n'importe guel autre parametre, en
particulier ceux de la structure hyperfine et du déplacement isctopi-
gque. Le cas des coefficients des parametres de déplacemeni isotoplque
est remarquablement simple, car ils sont, pour la plupart, identiques

& ceux des paramdtres d'énergie,

Ies études paramétriques de déplacement isotopique et de struc-
ture hyperfine sont donc doublement paramétrigques. En effet, les
coefficients des nouveaux paraméires sont obtenus & partir de 1'étude
paramétrique des énergies et il ne reste qu'a déterminer les valeurs
des paramdtres de la nouvelle étude, par ls méthode de moindres car-
rés, de fagon que les valeurs calculées (de déplacement isotopique ou
de structure hypverfine) reproduisent au mieux les valeurs expérimen-

tales,

b) - Etudes paramétriques réalisdes,

L'interprétation parsméirique du dévplacement isotopique qui a
l'avantage de ne pas nécessiter de séparation en effets de masse et
de volume, a été effectude sur les niveaux des 4 configurations les
plus profondes pour les isotopes 134, 132, 130 et 128, repérés par

rappori au 136.



L'interprétation paraméirique de la structure hyperfine de 1'iso-

tope 129 & été effectude pour 5 configurations impaires,

{les interprétations passent obligatoirvement par 1'étude paramé-
trigue des énergies des niveaux ., Ce travail a été effectué par
S. LIBERMAN {6] sur les configurations paires 5p5(6p et Tp) avec
de bons résultats (écart quadratique moyen au sens de RACAH

'EE = 24,6 cm"1) , et sur les configurations impaires 5p5(6s et 5d)

avec des résultats moins bons (AE = 73 cm_1)

L'étude paramétrique des niveaux des configurations impaires a
été reprise et élargie pour englober les configurations 5p5(6s,7s,
5d,6d et 7d) . les résultats ont &té fortement améliorés
(EE.: 31,6 cmﬁ?) par la prise en compte des interacticns entre les

configurations 5p5nd et celle entre 5p56s et 5p57s . Bn ce qui

concerne l'interaction entre les configurations 5p56s et 5p55d ,
1'étude de la gtructure hyperfine a moniré que les résultats obteﬁus
ne sont gu'une premiére approximation : la seule certitude que 1'on
puisse avoir est gque le mélange de ces deux configurations ne se fait
de fagon appréciable gue par 1'intermédiaire des fonctions d'onde des
niveaux 6s' 1/2 0 aveec 54 1/2 0 et 6s' 1/2 1 avec 54 1/2 1,

mais les proportions indiqudes par les calculs ne sont qu'un ordre de

grandeur.

la configuration Spde a été étudide & part, car elle se mé-

lange treés peu aux autres {voir Annexe 1),
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STONE en 1959 [12] entreprend la premidre ¢tude paramétrique de
déplacement isotopique dans les configurations npS(n+1)s des gaz
rares, 11 faut toutefois attendre les cas du nickel [13] (BAUCHE,
1969) et du néon [14] (KELIER, 1972) pour avoir les premiers résultats
vraiment satisfaisants. 81 les études parsmétriques de déplacement
isotopique réussies sont si peu nombreusss jusgu'ad présent, c'est
gu'il faut rdunir deuyx conditions indispensables pour mener & bilen une
telle étude
~ 1l faut disposer de valeurs expérimenitalss précises de déplacement
isotopique des niveaux en nombre suffisant i
- 11 faut connaitre le couplage intermédiaire dans les configurations

dtudides,

Ie cas du néon est proche de celui du xénon & deux différences
prés
- l'étude porte sur deux isotopes du néon pour cing de xénon ;
- l'effet de volume est négligeable dans le ndon, alors gquiil est im-

portant dans le xénon,

Le point remarquable, que 1l'on refrouve dans les deux études,
porte sur les paramétres notés ZZp dans le néon et Z5P dans le
xénon, Ces paramdtres tiennent compte des effets des 5 dlectrons D
de la seule sous-couche incompldte du coeur. Le paramdire zzp prend
des valeurs numériques trés voisines dans les gquatre configurations ol
il a pu étre détermind : il en est de méme pour le paramdire ZBP , ce

-
gul indigue que le coesur np) varie peu dfune configuration & 1'autre.



les contributions des effets de masse et de volume des différents
paramétres ont pu &ire estimdées et compardes & des valeurs obtenues a
priori par des calculs Hartree-TFock ; l'accord est satisfaisant. &In
cutre, le paramétre g1(5p,5d) , qui tient compte des variations des

54, doit

effets isotopilques & 1'intérieur de la configuration Sp
étre théoriquement un pavaméire de pur effet de masse ; ses valeurs

nunérigques pour les isotopes successifs permetient de le vérifiler

facilement.

L'étude paramétrique des énergies des nivesux des configurations
impaires 5p5(6s et 5d) effectudes par S, LIBERMAN a €1t¢ choilsie pour
interpréter les résultats du déplacement isotopique, alors que celle
portant sur les configurations 5p5(6s,73,5d,6d et 74) a été choisie
pour interpréter les résultats de la structure hyperfine., Fn effet :
- le mélange des configurations 5p5(6s et 54} est mal connu dans les
deux cas ;

- les paramétres ubiles de structure hyperfine sont les mémes pour
toutes les configurations 5p5nd ¢ il y a done intérét & utiliser la
deuxieme étude, méme si nous connaissons peu de résultats sur les ni-
veaux des configurations 5p5(6d et 74) .

-~ les parametres de déplacement isotopique varient d'une configuration
a 1'autre et ne pourront étre déterminés que si il y a suffisamment de

résultats sur les niveaux de chaque configuration, ce qui n'est mal-

heureusement pas le cas pour les d supérieurs.

I1 faut donc s'attendre & une précision moins bonne dans la dé-
termination des parameétres de déplacement isotopique des configura-

tions 5p5(6s et 54) .
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Ies paraméires de siruciure hyperfine, comme les paramétres 4'é-

nergie ¢, , sont liés aux quantités <r~3>ﬂ£ .

o

les paramétres diénergie du coeur (CSP) dans les différents

configurations sont tous trés voisins et trdés supérisurs aux paramé-

tres diénergie des électrons extérieurs successifs. HNous avons

Cnd
donc pu négliger les parvamétres des électrons axitdriesurs ef nous con-
tenter de 4 paramétres, & savoir .

~ un paramétre g gul provient de la probabilité de présence de
ltélectron 6s  au noyau

~ trois paraméires pour l'électron Sp & s b, C (notation

de Judd) indépsndants de la configuration.

En l'absence d'effets relativisies et diinteractions de configu-

rations lointaines, le paramétre a est nul et les parameires b

op 5p

et ¢ 0 sont dgaux.

Il fant rapprocher cette étude de celles effectudes dans le méne
domaine des configurations SpNn,Z yar LUC-KOBNIG [15] et MORILICN [16]
sur le tellure, l%iode et le ménon, Ies calculs a priori de LUC~KOENIG
ot mentré 1'importance des effets relativistes. Ils domnent la valeur

du paraméire a_ a = 14,81 mK) et celle du rapport b e 0,74).
D 5p (5p 4, ) op 513/ Sp( 4)

Ies caleculs 5.U.H.F. (Spin-Unrestricted-Hartree-Fock) non relati~
vistes montrent que, contrairement au tellure, dans le xénon les effets
de pclarisation du cosur sont frés petits et ne comtribuent gue pour

1,6 mK au paramstre a .

5p
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L'ensemble des 4 paramdtres permet d'interpréter la structure
hyperfine des niveaux des configurations 5p5(6s,5d,6d.et 74)
1V interprétation peut 8tre étendue a toutes les configurations 5p5nd
ainsi gqu'a toutes les configurations paires 5p5np , I[n effet, nous
avens repris 1'étude de S, LIBERMAN sur les configurations paires,
nous y avons introduit les nouvelles valeurs des constantes que nous
avons mesurdes et nous avong fixé le paramétre a5P 3 la valeur cal-
culde ; les parametres b et ¢ ont pris alors les mémes valeurs

5p 5p

que dans les configurations impailres, aux dcarts types prés.

III. SEPARATION DES EFFETS DE MASSE ET DE VO LUME (Articles 1 et 2).

Il n'y a que dans les éléments trés légers que la séparation en
effets de masse et de volume se fait aisément ; car ... l'effet de
volume est ndgligeable pour les &léments dont le nombre atomique 2
ne dépasse bas vne limite qui peut &tre située vers 20, c'est-a-dire

juste avant la premidre série des métaux de transition,

Pour les atomes dits "lourds", les déplacements sont en général
treés importants, de 1'ordre de plusieurs dizaines de mK, et lteffet
de volume est prépondérant. Ia limite inférieure peut &ire fixée au
nombre de neutrons magique N=82 , les déplacements mesurés pour les
isotopes avec N > 82 étant d'un ordre de grandeur supérieur aux

déplacements mesurés pour les isotopes avec N < 82 . e cériunm,
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dont les isctopes stables s'étagent de N=78 & HN=84 , est un exempl

Trappant de ce phénomdne,

le zénon fait malheureusement partie des atcomes dits "moyens®
Les déplacements mesurds sont en général pelits, quelgues mK, et les
elfets de vclume, de masse normal et de masse spécifique sont du méme

ordre de grandeur,

Voyons quels rsnseignemenis nous pouvons sspérer tirver de la

masze de nos résultats expérimentaux.

Commengons par enlever l'effet de masse de Bohr, nous obienons

les déplacements "réduits".

Pour deux transitions a et b, ces déplacements s écrivent

-n K.

2 z g
FeTireay B, © (136-n,136)

1t

Av_ (126-n, 136)

-1 Kb
Avb (136mn,1)6) = ?EE_T?%EZET + Eb { (1§6mn,156) .

156=n et M 136=n elles sont

Formons les quantités Av v, ,
a 1%5n b 1%5n
liées par la relation linédaire
g B
py A2b-m &, 136w 1 K -2 x
a2 135n E, b 135n 136x 135 |"a B b

La quantité &va %%gig' est le déplacement "normalisé" de 1l'iso-
)

tepe  136-n & llisotope 135 , et —oo— =M 8 P, est lieffet

de masse spécifique de la tramsition a entre les isotopes 136 et

135



Pour "normaiiser" les déplacements des différents isotopes, il
P s

faut lesg diviser par les gquantités suivantes

isotope | 134 ‘ 132 | 1%0 l 128
diviseur !} 2,015 l 4909 6:23 8)44 s
- ol . . ._1.."72..6_:_11 » N Soa j—zg:-l-’-l-
Lrn portant en abscisses Avb 1350 el en ordonnées Ava 1350

nous obtencns une dreoite, dite droite de King [17], dont nous pouvons

tirer deux renseignements :

B
—~ la pente 'ﬁi , rapport des effets de volume des deux transitions ;
b .
Lq
- l'ordonnée » 1l'origine M S p_ - Ei'M S p, , différence entre 1'ef-
b

fet de masse spécifique de la transition a et le produit de la pente

par 1l'effet de masse spécifique de la transition b .

Mzlheureusement, il est impossidble de séparer les effets de masse

-

spécifique et de volume 3 partir des seules droites de King, méme stil
étailt possible de les tracer pour toutes les itransitions et tous les

isotopes, car les équations ne sont pas indépendantes. Il faut une

information supplémentsire pour obtenir cette séparation.

Cette information supplémentaire peut 3tre obtenue par une mesure
de déplacement isotopique dans le domaine des rayons X, pour lequel on

peut séparer ailsément les effets de masse et de volume,

Dtautres méthodes font appel & des mesures de déplacement isoto-
pique dans les atomes muoniques ou & des effets de masse spécifique

connus dans des atomes de méme nombre de masse et de numéro atomique



voisin., I1 est dangereux de tracer des drolites de King dans de telies

conditions, car les paramdtres nuclésires ne sont pas les mémes,

Dans notre cas, 1'informatiocn supplémentaire a £té apportde par
un calcoul Hartree-Fock effectué par J. BAUCHE f?S] en couplage L.3.

Ce calcul donne le déplacament de masae spécifigue des deux termes

1, ‘ .\ . . 5. ,
Russell-Saundars P oet 3? de la configuration 5p)6s par rappert

. o : ) : :
au centre de graviié (C.G.) de la configuraticon Sp 6p . Pour obtenir

5

les effets de masse spécifique des niveaux de la configuration 5p 68 ,

11l faut connalifre e couplage intermédiaire de celie configuration,

L'étude paramétrigue gue nous avons faite & ce sujet nous apprend

o

que les configurations 5p56s el 5p55d sont mélangéss par 1'inter-
médiaire des fonctions d'onde des niveaux 6s' 3/2 0, 6% 1/2 1 avec
54 1/2 0, 5d 1/2 1 et que ce mélange n'a pu &tre parfaitement déter-
miné. HNous ne pourrons pas en déduire 1l'effel de masse spéeifigue des

niveaux 6s' 1/2 0 et 6s' 1/2 ¢

Par contre les fonctions d'onde des niveaux 6s 3/2 1 et 6s 3/2 2
ont pu &tre parfaitement détermindes et nous connailssons leur décompo-
sition sur les vecteurs de base du couplage Russell-Saunders ; nous
pouvons donce raisonnablement calculer les effets de masse zpécifigue
de ces deux niveaux pour le couple d'isotopes 136 - 135

RET, 5p56p (C.G.) =0

6s 3/2 1 = 0,16 nk

68 5/2 o = W (,40 mi
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Hélas, les résultats des calculs Hartree-Fock sont rarement en
bon accord avec les valeurs expérimentales el il faut les utiliser
avec prudence. Ies résultats antérieurs dans les spectres des séries
3d , 4f , 44 et 5d mentrent gue le signe et 1'ordre de grandeur
sont bons, mails que les valeurs caleulées sont entre 1,5 et 2 fois

trop grandes [?9]v

Voyons si les résultats expérimentaux nous permettent de préciser

ces valeurs que, pour llinstant, nous sommes tentés de fixer &

6s 3/2 1 2 -0,% nk

6s 3/2 2 < -0,2mK .

Pour cela nous pouvons, par la méthode de moindres carrés, obte-
nir les déplacements résiduels (effet de masse normal enlevé) des ni-
veaux des configurations 5p5(6s,5d,6p et 7p) ., pour les isotopes 134,
132, 130 et 128 . ILe déplacement isotopique du niveau 6s 3/2 1, qui
intervient le plus grand nombre de fois, a été fixé a zéro pour tous

les isctopes.

5

Ia précision sur les 10 niveaux de la configuration 5p'ép est
de l'ordre de 0,2 mX , compte tenu que de nombreux niveaux sont déter—
minés par plusieurs transitions. On peut admetire une répartition
gaussienne de 1'incertitude de chague niveau, si bien gue le centre

de gravité (CQG,) de ces 10 niveaux est connu avec une prdcision de

1'ordre de 0,2 mx / V10 .

Ie niveau 6s 3/2 2 est relié indirectement au niveau 6s 3/2 1

de 7 fagons différentes ; la précision dans les 7 transitions el
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intervient le niveau 65 3/2 2 est de liordre de 0,25 mK ; on peut
denc dire que le déplacement isotopigue de ce niveau est connu avec

une précision de lfordre de 0,1 mK .

Tracons une droite de Xing (figure 3)9 de la Tacon déerite plus
haut, en portant en abscisse la transition fictive
C.6. 5P76p - 68 3/2 1
et en ordonnée la transition fictive

C.G. 5p56p - 68 3/2 2

les valeurs des déplacements des isobtopes 154, 1%2, 130 et 128
¢tant respectivementi divisdes par 2,015 - 4,09 - 4,23 et 8,44 , les
abscisses des points sont connues avec les précisions 0,0% mK ~
0,015 m¥ ~ 0,01 mK et <0,01 mK . Ies crdonnées soent connues avec

les précisions 0,08 mK - 2,04 mi -~ 0,03 nk et (,02 mK .

31 I'on se contenie de prendre la droite moyenne et les droites
extrémes qui coupent les 4 domaines diincertitude, ce qul est la fagen
habituelle, mais non rigoursuse, de procéder, Liordomnde A 1'origine
vaut GC,1 & 0,2 mK . Cette valsur "expdrimenials' est compatible avec
celie gue 1l'on peut déduire des calculs Hartree-Fock : 0,2 mK & partir
des valeurs brutes et 0,07 mK & partir des valeurs réduites (voir plus
haut les valeurs Hartree—Fock) ; mais elle n'apporte aucune précision

supplémentaire,

Hous admettrons donc les valeurs suivantes pour l'effet de masse

spécifique :
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5

C.G. 5p°6p~ 65 3/2 1 =0,1nK

i
C.6. 5p76p -~ 65 3/2 2 = 0,2 mk

It

L'incertitude, gui provient des calculs Hartree-Fock et de la

correction apportée, peut &tre estimée & 0,1 mK .

Nous touchons ici une difficulté propre aux atomes dits "moyens"
ol les effets de déplacement isotopigue sont trés petits et ol, malgré
une grande précision absolue, la précision relative est souvent déri-

soire,

Iv, DEPLACEMENT ISOTOPIQUE ET ENERGIE DE LIATSON PAR NUCLEON.

Simon GERSTENKORN [20] a fait un rapprochement entre le déplace-
ment isotopique de volume et la variation de 1'énergie de liaison par

nucléon,

L'analyse par S. GERSTENKORN des déplacements isotopigues rela-
tife de volume (DDI.R.)V , au voisinage des couches fermdes, l'a amené

& proposer la relation empirique suivante :

A O
1,2 2
(D‘I°R¢)v T AV B, -R_ ?
1,3 1 3

(D.I‘R.) est le déplacement isotopique relatif de volume pour les
v q
isotopes 1, 2 et 3

B, , E2 et E3 sont les édnergies de lisison par nucléon des isotopes
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1, 2 et 3 ; les valeurs en sont tabulées [21] et les rapports

L -5
_ 2 ; s
T T sont connus a quelques pour cent pres,
DI

Z

Cette relation, valsble au voisinage des couches fermées en neu-
trons ou en protons, se vérifie blen partout ou elle a pu étre appli-

guée., Iklls a, entre autres, permis diinterpréter

- llinversion de la position des isotopes dans les cas du chrome, du

strontium et du cérium j

=

- la distorsion entre les compesanies (%4, 136 st 1%8 du baryum j

- le "saut" aprés le nombre magique dans les cas du sirontium du
o Cl !
cérium et du plomb;

la Tigure 4 représente la variation des énergies de lialson par

"

nucidon B  au voilsinage de la couche fermée en neutrons W=82

Cependant, si cette velatlion rend compte des phénoménes cités
ci-dessus, il serait hasardeux de voulolr en tirer des donndes quanti-
tatives et de calculer & partir de la relation

5V, /b Vi SLE,, /A By
lteffet spéeifigue de masse dans le cas du xénon ol les effets mesu-
rés, et & plus forte raison leurs différences, sont particuligrement

vetits en valeur absolue.

Pour illustrer l'analogie entre dnergile de liagison et (D.iﬁf..ﬂ.)
neus avons construilt, pour chacun des éléments dont les nombres atomi-

gues Z sont pairs et vont de 48 & 56, un graphique ol sont portés en
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fenction du nombre de masse A
~ 1'énergie de liaison par nucléon E

-~ le déplacement isotopique relatif de volume AV entre isotopes
pairs consécutifs ; cette gquantité AV , pour les isotopes de nombres
de masse A et A-2 , est figurée par une fléche placée 3 1'abscisse

A-1 et de hauteur proportionnelle & AV .

Nous pouvons distinguer plusieurs zones dans les courbes d'éner-
gie E , en les considérant dans le sens des nombres de masse crois-

gants ;

une zone I ol la courbe est croissante ;

~ une zone II située dans la partie décroissante entre le maximum et

1'isotepe N-4 , "N" étant un nombre de neutrons magigue ;
- une zone III entre 1'isotope N-4 et l'isctope N

- une zone IV aprés l'isotope N .

Ues graphiques se trouvent sux figures 5 & 9 ; le cas du xénon
est & la figure 8, et est privilégié car il est le seul ol la suite
des isotopes stables s'étend sur trois zones. Nous n'avons fait fi-
gurer que les isotopes pairs pour lesguels les déplacements isctopi-
gues sont connus, ce qui explique qu'en général, sur les courbes d'é-

nergies nous ne voyons pas ll'ensemble des 4 zones énumérédes plus haut,

Dans ces 5 graphiques nous constatons une analogie remarquable

entre les énergies de liaiscn par nucléon et les déplacements isoto-
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igues de volume, en tenant compte deg correspondances suivantes
T b bl

aux incertitudes expérimentales pras

- dans la zone I, nous sommes prés du maximum de la courbe B o, ce
qui correspond au passage au fond de la vallde de stabilité : les AV
sont égaux. Dxemples : cadmium [22][23][24][25]{26]{27] et étain
[28][29] ;

- dans la zone II # décroit de facon moncotuome, il en est de ménme

pour AV . Exemples : cadmium, étszin, tellurs [BO] et xénon. Nous
pouvons penser que dans ceite zone, les neutrons supplémentaires se
placent & la périphérie sans qu'il y ait d'arrangement interne dans
EA1/3

le noyau, Ceci conduirait bien pour AV a une 1ol en , EXem

pression représentant le terme de "surface" de l'énergie de liaison;

~ la zone III reflete 1l'effet de fermeture de couche, les variations
de ® comme de AV dtant netifement plus importanies pour le couple

N,N~2 que pour le couple N-2,N-4 . Exemples : xénon et baryum [1];

-~ enfin la zone IV montre le "saut" aprés le nombre magigue aussi bien

dans la variation de ¥ que dans la valeur de AV . Exemple : baryum

[31].

Cette correspondance avec les énergies de liaison par nucléon

éclaire d'intéressante fagon le probléme du déplacement isotopique de

.

volume., Hous pouvons ainsi préveir les valeurs de AV pour les iso-
topes pairs radicactifs du xénon

~ pour 1l'isotope 122 1 A -

V124~122 V126m?24

car nous sommes dans la zone I
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-~ pour l'isciope 138 il y a saut aprés le nombre magique N=82
(zone IV)

A “ 404

Vi38- 136 V36134
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Isotope shifts in the are spectrum of xenon
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Tsofope shifts have been measured in the Hnes of the spectrum xenon 1
for all of the nine stable isotopes. For the five more bundant (heavier)
isotopes of even mass pinber the measurements include 37 lines in the
visible and the photographic infrared; but for the Hyhtesi isotopes 72Xe
and X e measurements could Le made ondyv invespectively 3 and 1 hines,

1 account of the very small amounts of enyiched jsovopes which were
available. For the isolopes of odd rass-pumber preeise measurements
cowdd be made only when the hypertine struetures were resolved. This
was possible for 22 tines of */Ne, which has a nuelear spin of 3 with corre-
spondingly simple hyperfine stractures but for only 10 lines of 8 XNe, which

3

has a nuclear spin of § with more complex hyperfine structures. with
mueh narrower separations, The Tines for whieh isotope shifts were
measured were (with two exceptions) due to transitions cither between
the eleefron configurations 5p*, 6 or 7p and 5p?6s or the confimuations
Sph, 6, 7, § or 5d and pPep. The shifts in 24 Jines due to the flest type of
transitions aye invariably in the opposite sense to the Bohr shift and {from
two 10 six times greater while those in 11 Vines due to the second type of
{ransitions ave in the same sense as tie Bohr shift, and two to three times
greater.

The isotope shifts show departures from a lineay relation between the
neutron unwmber and the isotope shift which resemble those found in
lines of barium and eacsium,

The large nunrber of lines in which jsotope shifts have been measured
permits an extensive test of the hypothesis that the ratio of the nieid-shifts
of theisotopes should be constunt in all lines; the validity of this hypothesis
is confirmed.

IntrODUCTION

“There is an approximately Hnear refation between the differences in the mass
numbers and the isotope shifts in the case of atoms which have nuclei with neutron
numbers well removed from the magic numbers of neutrons 28, 50, 82 and 126.
But if one of the isotopes of an element Lias a neutron number cqual to o magie
number, the isotope shifits (due to the field effect) are not proportional to the
differences in neutron numbers for the izotopes with neutrom numbers equal to and
close to the magie number. The isotope shifis in the sequence of elements caesium,
barium and cerium afford excellent examples of this anomaly. In the first two of
these elemoents the shift between the lines of the isotopes with nentron numbers 82

[ 277 1
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and 80 is much greater than thad between these of the isotopes with neutron
nwmbers 80 and 735, In the resonance line, 8321 A% of cacsiwm (Mithnermam &
Wagner 1966, 1607, 1908} these two shifts are 5.0 and 1.2 mic; in the resenance line
of harium (Jackson & Duong 1960) they are 3.6 and 2.3 mk, In the lines 5291 and
A615 A or ceritin (Champean & CGerstenkorn 19068) the lines of the isotope with
neutron number 82 e between those of the isotopes with neutron numbers 80and 78,
Abnormally large odd-even staggering has also heen observed in the fivst two of
these clements; this s particidarly proncunced in the case of barium. The shift
hetween the Hnes of the isotopes with neutron numbers 82 and 81 is 7.7 mk, which
is equivalent to 14.4 mk for a difference of two neuirons, which is between 3 and
4 times greater than the :1\761':@0 ol the shifts between two adjacent isotopes of
CVEI INass 14 3]"{])(;‘1‘.

The element xenon is of particular intevest for furthering the investigation of
these anomalies, since it has a sequence of seven stable isotopes of even neutron
number starting with the same magie munber, 82, and descending to 70; measure-
ment of the shifts of these isotopes enables a complete comparisen to be made with
the shifts of the isotopes of even neutron number measured in the spectra of caesium
anadd havium, and since the sequence extends farther from the magic neutron number
it permits a better test of the linearity between isotone shift and neutron number
when the neutron number is well removed from the magic number, The two odd
isotopes with neutvon mumbers 77 and 75 are farther removed from the magic
munber 82 than those of barium with neutron numbers 81 and 79 or that of caesium
with neutron number 79; it iz thus possible to determine whether the abnormally
large odd-even staggering abserved in the spectra of these two elements is associated
with the closeness of the neutron numbers to the magic nmnber,

Preliminary measurements ol isotope shifts in the visible and photographic infra-
red have been published previously (Jackson & Coulombe 1g70). These were both
less complete and less accurate than the measurements reported heve. After the
earlier publication photographie plates beeame available with sensitivity improved
by a factor of approximately 3 for both the visible and infrared regions; and the
enriched isotopes were available in greater quantities. On account of these two
{actors it was possible to use interferometers with higher reselving power and con-
sequently improved accuracy of measurement, high luminosity being no longer
the most important requirement. A greater number of recordings could be made,
with a correspouding reduction of the statistical uncertainty. The measurements
reported here ave the reswit of a new series of measurements made under the new,
improved conditions. The accwracy of the measurements was deseribed in terms
of the probable error in the carlier publication; this wag assumed to be the mean
deviation divided by the square root of the number of interferograms measured.
The criterion used here is the statistical uneertainty, which is the square root of
the mean of the squares of the deviations divided by one half of the square root of

* 1A = 10710 = 10T g 1omk == 10-% em~1; 1 Torr & 133 Pa.
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the number of interferograms measured. This is greater by a factor of approxi-
mately 2.5 than the probable exvor, butitis more useful for estimating the refiability
measurenients, since, in the ahsence of svsfematic errors, the chance ol an cyvor
exceeding the statistical uncertainty is very smali-—of the order of' 5 9%

The light sources

For cach isotope & different discharge tube was used since the method of
measuring isotope shifts was the conmparison of the wavelength of a line emitted by
136X e with that emitied by another of the isotopes. The method of mixing the
required even isotope with ¥¥Xe coudd not he used, sinee the shifts were to be
measured i as many as possible of the strongey lines in the blue and photographic
infrared regions and in many of these lines there would be overlapping of the
strong central components of ¥ Xe by the single component of the evenisotope.
The discharge tubes were Geissler tubes of rather large dimensions, fitted with
a side tube for storing the enriched sample of one of the isotopes of xenon. The
end-picces were approximately 60mm long and 50mm in diameter; they were
fitted with cold eleetrodes in the form of hollow eylinders of sheet aluminiam
approximately 50 mm long and 40 mun in diameter. The capillary had an internal
diameter of 5 mn and a length of approximately 100 mm. The tubes were operated
with helium as o carrier gas at a pressure of 1 Torr, nnd with xenon ata much fower
pressure. The partial pressuve of the xenon was normally maintained at .02 Torr;
this could be very conveniently controlled by observing the relative strengths of
the lines 4923 A of xenon and 5015 A of helium, sinee under these conditions they
are of equal intensity. For the very strong lives 8231 and 8314 A it was necessary
to use a lower pressure, not exceeding 0.005 Torr since these lines zeif-reverse at
higher pressure. The tubes were operated with an alternating curyent of 20mA; the
potential between the electrodes was approximately 420 YV oat the novmal pressure
of xenon but about 20-30V lower at the lower pressure. The requisite partial
pressure of xenon was obtained by condensing the xenon in the reservoir by cooling
with liguid nitrogen, opening the tap separating it from the discharge tube, allowing
the reservoir to warm, until the lines of xenon could be seen in the specirum,
removing the excess of xenon by condensing in the reservoir, finally closing the
tap when the lines of helium and xenon had the appropriate intensities.

When different tubes are used to compare the wavelengths of Hnes of different
isotopes it is evident that the shifts owing to inevitable dillerences of pressure, of
cither the carrier gas, helivm or of the xenon itscif must he limitad, To check this,
approximate measurements were made hoth of the pressure shifts due to the carrier
gas and due to xenon. With a difference of 10 Torr in the pressure of helium the shifts
were Jess than 0.2 mlk for lines of the tyvpe s-p. The pressure of the helium in the
discharge tubes was set to 1 Torr, to an accwracy of + 0.1 Torr; consequently the
shifts would be less than about 0,01 mk. Measurements were also made to determine
the effects of differences of the pressure of the xenon, The pressure shifts of lines
of the s-p type of transition, for a pressure difference of 1 Torr were found to be
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hetween 0.2 and 0.5 1wk (lowards Jonger wavelength) for the lines in the infrared,
and about twice as great for the lines in the blue, The partial pressure of the xenon
did not exceed 0.02 Torr and the difference in the pressure in the two tubes would
be substantially less than this, o that possible ervors owing to pressure shifts would
suve shilts (due to xenon) of

he unlikely to be a significant source of eyror. The pre
lines of the p-d type of ransition were difficult to measure beeause they become
weals when the pressure is increased; thev appeared to be smaller than those of
lines of the s-p type of transition, and in the opposite sense. The shifts due to
the helium are rather large for lines of the types Gp-7, 8§ or 9d, approximately
+ ¢85 mkfTore for Gp-7d and -+ 3mk/Forr for 6p-8d,

The spectrograph and nterferomeler

The spectrograph wasa prismatic instrument of the Littrow ty pewith a dispersion
of . 1mmjA in the blue deercasing to 0.02mm/A in the limit of the photographic
imfrarved, The Fabry-Perot interferometer was external to the gpectrograph and
an achromatic ohjective of 50 em focal fength formed an image of the fringe system
on the spectrograph slit. The capillary of the discharge tube was placed in the
focus of another objective, also of i em focal length, so that a sharply focused image
of the capillary was formed on the spectrograph split. The discharge tube was held
in a support with a fine adjustment which allowed the image of the capillary o be
exactly alined with the spectrographlsplit in a few seconds, so thav the operation of
changing the tube with xenon 136 for a tube with another isctope could be effected
in Jess than 1 min. A field lens placed close to the spectrograph slit formed an image
of the interferometer plates on the objective of the spectrograph. This optical
arrangement ensures that thelight entering the spectrograph passes throngh exactly
the same partof the etalon interferemeter plates and with exactly the same intensity
distribution when the diseharge tubes are interchanged.

The procedure for making the photographic recordings was designed fo avoid
systematic errors, A series of four exposures was made on: one photographic plate,
starting with one isotope, followed by two exposures for the other isotope and
finishing with the first isotope. This was immediately followed by another similay
series of four exposures bui starting with the other isotope. Iach series enabled
two independent measurements of the isotope shift to be made. In the case of the
lightest isotopes, available in very small quantities, this procedure was changed;
a scries of three exposures was made, starting and finishing with the isotope 136
with the rare isotope in hetween.

For measuring the shifts of the isoctopes with even mass numbers a spacer of
30 mm length was used. The reflecting surfaces were multilayer dielectric coatings.
For the blue, orange and red Hines 3-layer coatings with a maximum reflectance at
5000 A were used. The instrumental width was approximately equal to the Doppler
width for the blue lines; and about twice this for the orange and red lines; but ag
some of these are very weak, the corresponding gain in luminesiy was necessary
to avoid long exposures, IFor the infrared lines 3-layver coatings were used which
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gave instrumental wideh rather narrower than the Doppler width at the wavelength
of maximum reflectance (8000 A) and aliout 30 9 greater at the shortest and longest
waveiengths.

Uhe root mean square of the devintions of the values devived from the measure-
ment of one pair of interferograms averazed 0.7 mk for the bive lines, 0.8 mk for
the orange and red lines and 05 mk for the infraved Jines, In most cases between
20 and 30 inferferograms were measured; hut for some of the wealker lines only 12

were measured, in these cases two independent series of measurements of the inter-
ferogramsvere made. Lt was fownd that the root mean squares af the deviations when
the average of the two measurenients was taken was redueed in the ratio 1:1.5.

For measuring the shifts of the isotopes of odd mass munber the length of the
spacer had to be chosen to suit the requivenients of the hyperfine structure; in some
Hines this was as small as 02 i while for others it was 30 oin, Tt was also necessary
to use d-fayer coatings for the biue lines as well as for the infraved lines.

The enriched isofopes

The enriched isofopes were prepared and analysed by the Centre de Spectro-
métrie Nucléaire at de Speetrométrie du CONILS. (Camplan, Meunier & Sarrouy
1970}, except in the case of the isotope 136, which was obtained from Germany.
This latter was required in much larger quantity than the other isotopes, since it
was used as the comparison for ail of the others: the quantity available was large
compared with that used during the course of the reseavch, The quantities of the
other isotopes, with the exception of the two lghtest, 126 and (24, were approxi-
mately Smg {ol each isotope); this was amply suflficient to allow the requisite,
large numbers of interferograms to be made. But the amounts available of the
least abundant isotopes 126 and €24 were very small. Of the former there was less
than 0.0 mg and it was possible to make interferograms only of the three strongest
infrared lines, 8231, 8819 and 8280 A; however, as many as 40 interferograms could
be made of these lines so that the statistical uncertainty of the measurements was
not greater than that of the other isotopes (0.2 mlk). The amount available of the
isotope 124 was substantially Jarger (approximately 0,1 mg) so that interfcrograms
could be made of the four strongest infrared lines and also of the eight strongest of
the biue lines. Between 12 and 20 interferograms could be made of the blue lines
and the statistical nncertaimties were bhetween 0.4 and 0.6 mk, or about twice as
great as for the other isotopes.

The analyses of the enriched isotopes are given in table 1.

The measurements of the isotope shifls
The results of the measurements of the isotope shifts of 37 lines in the visible
and photographic infraved regions are given in table 2, In order to facilitate the
obseryvation of certain regularities the lines have been arranged in the order appro-
priate to their classification rather than in the order of inereasing wavelength, The
first and second columns indicate the wavelength of the line and its classification
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according to Humphreys & Meggers (1933) with the notation proposed by Raceah
(1942). The third column gives the value of the unit Bohr shift, 1/, the Bohy shift
between the isotope 136 and an imaginary isotope 135, In the remaining columns
are given the total {measured) isotope shifts of the cight other isotopes relative to
the isotope 136, The figure in parentheses alter the isotope shift is the statistical
uncertainty and that in square brackets is the difference between the measured
vaiue of the isotope shift and the value given by the diffevence of the shilts of the
two levels concorned, these being the means of either two or three values found
from different combinations by application of the Ritz combination principle. 'This
method can be used for 18 lines il only the lines whose shifts were measured by the
present authors ave used; bub i measurements of four of the fines in the fav infrared
made by Vetter (1g70) and of one line measured by Shater (1970) ave also used, it can
be applied to four move lines; these lines are identificd by @i asterisk.

Tanre 1. ANALYSES 0F EXRICHED ISOTOPES OF NENON

82 80 78 37 T T T4 72 0

136 134 132 131 130 12% 128 126 124
136 031 .9 — - o e — — e
134 0,04 03,22 2.32 2.16 0.5¢ 2,09 0.18 e -
132 0.579 0707 948 1.822 0.275 1.482 0468 R o
131 0.2435 $.297 G.734  08.08 0.112 0,541 — - —
130 0,092 142 0541 0.342  98.21 0,649 0.025 e e
129 0194 £.232 0.675 (352 0.009  98.4 - e e
128 0,44 8.61 1.02 1.55 0.31 3.06 92,1 — e
126 = 008 <401 = 0.6 0.87 0.28 3.54 .56 93.6 G.34
124 0.02 6.03 0.13 0.18 0,08 1.03 0.17 0.41 07.88

This comparison of the observed and caleulated values of the isotope shiflts gives
a good check on the consistency of the measurcments. It can be seen that none of
these differences exceeds the statistical uncertainty, while many ave substantially
smaller; the average difference for the 22 lines jg between one third and one half of
the average value of the statistical uncertainties, and is thus approximately equal
to the probable error. (The terms statistical uncertainty and probable ervor are
defined on page 278.)

Compurison with other measurements

Koch & Rasmussen {1950) measured isotope shifts in three lines, but only for
the isotopes 136, 134 and 132, Simultaneously with the present authors, Fischer,
Hithnerman, Krémer & Schitfer (1g73) have measured the isotope shifts of the
stable isotopes in four lines, but of these lines one, 8799 A, isnot among the 37 lines
measurcd by the present autheors, since it is beyond the limit of sensitivity of the
photographic plates used, Koch & Rasmussen gave no figures for the uncertainty
of their measurcments, but comparison with the uncertainties of measurements of
the hyperfine structures of the lines of the isotopes 129 and 131, made with similax
experimental equipment (Bohr, Koeh & Rasmussen 1932}, indicates that the un-
certainty is not less than 0.5 mk, and since the shift between 132 and 136 is found
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from the sum of those between 136 and 134 and 134 and 132 {the shifts measured
by these authors) the upeertainty conld be increased. Pischer of ¢l (1973) measured
the shifts with respect to the isotope 124; for comparion with the present authors’
results these have been converted to shif
would tend to inerease the uneertainty (except in the shift 120-1356) by an amount
less than 0.2 mk. The motope shifts, in mk, refative to 136, are given in table 3
1n the ease of the measurements by Pischor of of. of the shifts in t}m Hne $231 A,

s with reference to the isotope 136, This

it was neeessary o assume the present aunthors’ value for the shift 120138 since
this was not measured by the former: and for the isotopes 131 zmd 132, the dif-
ference of the present authors’ values fov 131136 and 132136 was 1 talen. The
wneertainties ore given in parentheses aftes the isotope shifts. In the case of the
measurements of 1ischer #f ol they are the wnceriainties given by these authors
without any inerease for the comversion of the reference {om the isotope 1249 to
the isotope 130,
The agreement between i’he values found by Fischer ¢f o, and those found by
the present authors is good. The average value of the differences is .21 mk and the
average value of the tlzﬂuonw from the mean vaiues of the two series of measure-
ments is 0.11 k. I only one instance, the shift of the isotope 134 in the line 8204 A,
is the difference from the mean greater than the statistieal wncertainties (by 0.1 m}\).
hut if the statistical uncertainty of the mewsurement by Fischer of al. is increased
by 0.2 mk {the value for the ahift 129136, which has been neglected) the difference
is reduced to within the limits of the statistical uncertaintics. The agreement with
the values found by Koch & Rasmussen is faivly satisfactary; the differences are
within the limits of the uncertainties.

King diagrams of the isolope shifts

The King diagram (King 1963, gy Stacey 166.4) provides a method of testing
the validity of the hypothesis of the constancy of the ratios of the field-shifts of
different lines in a speetrum by eliminating the nfiuence of the mass effects;
alternatively, il this hypothesis is accepted, it provides a means of testing the
accuracy of the measuremnents of the isotope shifts. It also gives the ratio of the
fickd shifts of any pair of lines and the difference in the total mass- shifts if the field-
shifts are approximately equal.

Tt would evidently be possible to make King dingrams of all the possible pairs
of all the available lines, but in the present case this weuld scarcely be pr actical
since the isotone ghilts in 37 lines have been measured and consequently the number
of possible pairs would be greater than 600, It was therefore decided to seleet one
line and to construct the King diagrams with this line as a reference line, providing
the values for the abscissac, and cach one of the other 86 lines providing the values
for the ordinates.

The line $280 & has been selected as the reference line for the following reasons.
It is sufficiently strong to permit the isotope shift of "X, which was available
in a very small quantity, to be measured; iv does not seif-reverse and is therefore
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not liable to shifts due to asymmetrical self-absorption which are a sowres of
diffieulty in the case of the much stronger lne 8231 Ajthe hyperfine strocture of
B0 js satisfactorily resolved, while that of the line 8231 A i not, and the other
nes in which the resolution is satisfactory are too weak to allow the isotope shifts
of 1 Xe (or PN e to be measured.

!

!
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Ficurn 1. King diagram of the isotope shifts of the bines 8280 and 4807 L of Ne 1,

"The method used for constructing the King diagrams can be scen from figure 1,
which is the diagran for the pair of lines 8250 A, the vefevence line and 4807 A, the
consparison line. The abscissac are given by the diflerences of the isotope shifts of
adjacent pairs of isotopes in the reference line and the ordinates are given by the
differences of the isotope shifts of the same pair of isotopes, in the line 4807 A, the
comparizon line. If the difference of the mass num bers of the pairs is 2 units (an
adjacent pair of even or of odd isotopes) these differences ave divided by 2; and if
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the difference of the mass numbers is & upits (The isotopes 128 and 124) the dif-
ferences in the isotope shifts are divided by 4. o enable a comparison to be imade of
the divergences of the points from the straight line and the statistical unceriainties,
vertieal lines bave been deawn through the polnts; the unhroken part of the line is
cqual to the statistienl wucertainty of the measurement of one of the pair of isotopes
and the broken part is equal to that of the other. When the mass numbers of the
pair differ by twe wnits the Jength of the line is one half, and when they differ iy
four units, one quarter of the statistical uncertaindies. It s appavent that the
divergences of the points are less than the statistical uncertainties (reduced to one
half or one quarter when appropriate} even when that of only one of the two measure-
ments s taken,

TARLE 4, AVERAGE VALUES OF DIVERGEXCES, d, OF POXNTs i o3l KIxNg DIAGRAMS
OF 30 TAIRS OF LINES OF Xe I AND OF THE STATISTICAL UNCERTALNTING,
w (1IN mk) OF THE 180TOYE SHI1FTS

isotope [ 136%  134%  133% I30%  128% 131% 32 131 1384 129

pair Lo—334 — 182 3§30 128 124 120 — (31 — 130 —§20 128
xAjn —-0.07 0.08 =003 —0.02 008 023 008 004 030 0.04
Eidln 0.15 0.19 018 0.1 ¢34 032 033 016 025 0.25
Taefn 0.30 0.64 0.67 0.02 0.76 037 054 039 0.36 0.60
pAFAYPIRYS 0.50  0.34 (.28 0.26 045 0.536 061 04D 043 0.42
il 36 36 30 36 o9 g 5 a2 22

* o multiplied by 2. T A multiplicd by 4.

Similar King diagrams have been made for ail the other Bnes whose isotope shifts
were measured, also with the Hine 8280 A as the veference line. A swmmary of the
information obtained from the diagram is given in table 4 {(average values {or the
differences of the mass-shifts of certain groups of lines were also derived from these
diagrams; these ave given on page 288). The fivst row indicates the pair of isotopes
concerned. The second row (X /) is the sum of the divergences (multiplied by the
factor 1, 2 or 4 according to the differences of mass 1, 2 or 4) for all the lines the sign
being taken into consideration, divided by the number of lines. Evidently if the
measurements of the isotope shifts of the reference line had been perfeet, this
quantity would be equal to wero to within the statistical uncertainty of the diver-
genees (rvespective of sign) of all the lines; this is of the order of 0.1 mk. This is the
case for all the pairs except 1294131, so that, except for this pair, the divergences
have not been mueh increased by attributing the whole to the comparison line and
none to the reference line. The small value of the quantity £.4/n indicates a high
degree of acouracy of the measurements of the shifis of the reference line; the
errors in the measurements of the shifts of the even isotopes are probably less than
0.t mk and probably less than 0.2 mk in those of the odd isotopes. The third row
is X]dlfn, the average value of the divergences when they are added without the
sign being taken into consideration; this is a measure of the average error of the
diffevence of two measurements of the shifts, which is evidently greater than




288 . AL Jackson and AML-C Covlombe

average of the two measurements, though probably less than the sum. The next
row gives the average vadues of the sum of the statistical uncertainties of the shifts
of the pair of isctepes, and the fifth row gives the yatio of the average values of the
divergences and the stalistical vneeriainties, The mean for all the isotopes and all
the lines of this ratio is 0.39 which is approximately equal to the ratio of probahle
ervors to siatistical uncertainties, The last vow gives the number of Bnes measured
for each pair of isotopes {the figures for the pairs 128126 and 126-124 have been
omitted since they cecur in only two King diagraims: the divergences ave hetween
0.1 and 0.3 mk and arce smajler than the statistical wieeriainties).

The divergences of {he points from the straight line ave in every dingram within
the limits of the statistical uncer 1.‘:-1111{,.(?,5 H s oadves o satisfaetory contirmation of
-shifts, in all Bones, {or both even and odd

the hypothesis of constant ratios of fick
isotopes; this hy pothesis has been guestioned by Hansen, Steadel & \Walther (1967}

The ratios of the field-shifts in lines due to transitions of the types 8-, velative
to that of the line 8280 A, can De found from the King diagraans with precisions of
(.2-0.3. They ean be separated convenently into three categories ~high, inter-
mediate and low—and their values are:

high mtermediate e

4501 1.5 1624 1.0 J()}’ 1.0 4543 0.4 88y 0.8
4524 1.5 4671 1.2 E 1.1 $916 0.8 967 0.9
4383 1.4 40687 1.1 1.2 4825 0.7 3649 0.8
4734 Lok 4807 1.1 a6 1.0 8932 0.8

4830 1.0 8408 1.2

88iH 1.2

9045 1.2

The lines in the oranee and red, due to {transitions of the types Gp~7, 8 or 9d,
have negadive slopes in the King diagrams, with an average value of approximately
—0.5. The ratios of the field shifts of the infrared lines other than those due to
transitions of the tvpes s-p are discussed helow (page 280),

Eraluation of the mass-cffeel of the isolope shifts of wenon

There are {four methods with which approximate estimates of the magnitude of
the total mass-shifts can he made, if calenlated values of the specific mass-shifts are
not available, Tirstly, the King diagrams can give the differences of the mass-
shifts of the two iino although they cannot give the absolute values; but if two
groups of lines, widely separated in thelr wavelengths, due to similar combinations
of electron configurations, have differences of mass-shifts which are small and are
approximately equal to the Bohr shifts, this is an indication that the total mass-
shifts ave unlikely to differ greatly from the Boly shifts. Sceondly, in the case of
spectra which have some lines in which the relation between the total isotope shifts
and the differences of mass numbers differs substantially from lincar, if there are
other Jines in which this relation is neariy linear, it follows that, for these lines, the
field-shifts are small compared with the total mass-shifts, and the straight line of
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a Wing diagram constoneted with a line of the first 1ype as the seference Tine, Js
pearly horizontal, Thivdly the empivies] relation b(-:i ween the r_h.hm,{\nc,:vs in nuclear
Linding energies and the velative isotope shifts (due to the field effeet) discovered by
Gerstenkorn (1969} hy means of which the field- and mass-efects can be separated
is applicabic to ihe stuble isotopes of xenon, The fowrth method of rvaluating the
iass-shifis depends on the (nrmwuau:i of a Wing diagram in which the veference

lineis adine of another elewent, with similar vatios of the fleld-shifts, due tea similar
combination of clectron configurations and with a known value of the mass-effect;
the King daar

apam gives an approximate vatlue of the difference of the mass-cfiect
of the two Hnes. Vhis method is, however, most uaeertaing it canpot be vegarderd as

{;1::1]'11‘:11:'li‘l\‘e:-.
Tn the are spectrim of xenon there are two widely separated groups of Hines due
to similar combinations of clectron confizuration whoese isotope shifts have been

measured by tie present anthors. The fiest i a gronp of 12 hnes with waveiongths
Between £500 and 4930 A due to transitions from the levels 7p or 6p' (o the Jevels
65 and the other is a wroup of 12 lines in the region 78809050 A due to transitions
from the levels 6 or 7p to the Jevels Gs o 687, The differences of the mass-shifts of
lines of these two groups can be found {rom the King diagrams; it is the value of the
ordinate ut the point at which the siraight line cuts the yaxis. The mean value of
the difforences per unit difference of mass of the blue wnd the infrared Hues is
0.24 4 0.15 mk, and with only one exception the greatest divergence is 0.2 mk (the
exceptionis the line 4501 Ador which the difference iz - 0.1 mlk, within the estimated
uncertainty of 6.5 mk). The mean values of the Bohr shifts for the hlue and {or the
infraved lines ave vespectively 0.62 and 0,35 mk and the differences is thus 0.27 mk,
This good agreement of the mean value of the differences of the Bohr shifts and the
mean value of the observed ditferences of the mass-shifts for two widely separated
groups of Hnes indicaies that the {otal mass-shifts are uolikely to differ from the
Bobr shilts by amounts substantially greater than the difference of the Bohr shifts,
There are 4 lines among the 37 Hines whose isotope shifts were measured by the
present authors which have shifts very nearly proportional to the differences of
mass. The straight lines of their King diagrams are nearvly horizontal, but in cach
ease there is a small slope which shows that the field offeet is not quite zero, but is
smaller than that of the reference line approximately in the ratio of the tangent of
the anele of the slope, The mass-shift per wnit mass, 3, is {found by dividing the
shift between the isotopes 136 and 128 by the factor .64 and applying the appro-
priate correction {to climinate the small field effect) found from the slope of the
straight line of the IKing dingram and the approximately known value of the field
effect of the reference line. The mass-shift, 3/, can also he found approximately
[rom the value of the ordinude at the pomf_ ui W hic:h the straight line ents the y-axis,
These four nes, (heir classifications and the unit mass-shifts are:

s7as A 8882 A 7583 A
(ipl1-6ag2 Gpii-Gadil BAT4-5025
0.4+ tJ 2 mk 0.5+ 0.2 mk 0.5 4 0.2 mk (L3 0.2 mk
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The values of the wnit mass-shifts were determined by both of the two methods
deseribed above: the differences ave fess than 0.05 mk. The corrections applied for
the residual field-shifts, necessary with the fivst method, are small, ranging between
0 and 0.07 mk., The shifts of the fivst three of these Hnes ave approximately equal to
the Bohr shifts (0.37, 0034 and 0.3 m k) the differences aveless than the uncertaimties
and the {unit) 'poc-ail(' masgs-shift must be less than 0.2 mic The shifts of the line
1585 A are, however, in the opposite sense to the Bohr shift and the unit specific
mass-shift must be approximately ~ 0.6 mk.

The isotepe shifts of 13 lines in the {or infrared have been measured by Vetter
{1970). Nine of these lines are due to transitions of the type 6p-5d, two of the type
Gp"-5d” and one of the type Tp-5d’. All of these 12 )ines have shifts in the samoe sense
as the Bohr shift and nearly proportional to the mass-shifts, with the exception of
the Hine 2,518 pm in which the shifts are very small. The univ mass-shifts determined
by the two methods deseribed above range hetween 0.6 and 1.0 mk; the field shifts
are small-Dbetween - and L of the estimated field-shifts of the line $280A.
Since (he Bohr shift for unit mass in this region is between 0.1 and 0.05 ml there
are evidently specific mass-shifts, in the same sonse as the Bohr shift, of hetween
0.5 and 0.9 mk for unit mass-difference,

The line 3.6518 van, Ts32-7pli, has isotope shifts of a type quite different from
Lhoxe of the 12 lines discussed in the preceding paragraph; they resemible those of
lines duc to transitions of the type Gs-7p. The fleld shifts are smaller than those of
the line 8280 A in the ratio 0.43: 1.

The empirical relation Between the differences of nuclear binding encrgies and
the field effect of the isotope shifts found by Gerstenkorn (1969, 1971, 1973) applies
to sequences of thres isotopes with even neutron mumbers, the heaviest having a
magic number of nentrons; the three heaviest stable isotopes of xenon satisfy this
condition. This relation is

Byv—Buy.y _ Fovn _p

ty

By=Fow Tov yo

where N isamagicnumber of nentrons: Ky, B pand £ _gare the binding energies
of nuelei with N, N =2 and N — 4 nevtrons; Fy y_g and iy oy ave the field QﬂC(.-{h
of the isotope shifts between izotopes with & and N —2 and isotopes with &V and
N —dneutrons, I the ratios of the field effects can be found by means of thisrelation
the value of the total mass-eflects can be calenlated for these isotopes, and hence
for all the other isotopes, This relation has been tested for six elements for which
the nuelear binding energies and the field effects of the isotope shifts are known;
it has been fowd to be correct within the limits of the experimental unceriainties
for all except one of these elements. The exception is bartum, for which the ratio
of the differences of the binding energiesis 1,560 + 0.1 (Wapstra & Gove 1971); while
the ratie of the field effcets of the isotope shl{{s is 1,35+ 0.1 for the line 3536 A of
Ba 1 (Jackson & Duong 1964) and 1,36+ 0.7 for the Jline 4934 4 of Ba 1 (Fischer,
Hartmann & Hithnermann 190g). The ratio of the differences of the nuclear binding
encrgics of xenon is 1.79 4 0,03 (Wapstra & Gove 1g71); if it is assumed that a
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shmilar difference between the ratio of the differences of the nuclear binding encrgies
and the field-shifts can be expected in the case of xenon, sinee the structures of the
nucled are similar, then the ratio of the ficld-shifts, 72, should be 1,56,
The total mass-shifts between the isotopes 136 and 134 have been calevlated for
the value 1.66 of the ratio i from the equations:
(1.56—a) I = (2.015a - 4.092) M,
o m
= (- A1),

where « is the ratio of the total isotope shifts of the pairs 136, 132 and 136, 135 and
A8 and 4 are the field, the mass and the total shifts between the isotopes 135
and 134, The mass-shift for unit differenca of mass (136135} is eqgual 1o M 2,015,
The values of 3/, thus caleulated are in agreement. with the Bohr shifts for the
12 Blue lines and for 12 infrared lines due to the transitions of the types Gs or
Gs’-Gp’, 6P or Tp; hut the uncertainties arc vather high (01.3-0.6mk).

Calculations made recently by Al J, Bauche (private communication to the
present authors) have shown that the speeific imass-shifes for these lines ave smaller
than the Boln shifts: {for the le 8280 A the ealeulated value of the total mass-shift
is within 0.7 mls of the value given by the present authors’ measuraments of the
isotope shifts 136-134 and 136~132 combined with the value of 1.56 for the Gersten-
korn vatio. 1tis 0.2 mk greater than the Bohy shift, but the mean value of the mass-
shifis of the other infrarved lines {of the type s-p) found from the King diagrams is
0.2 mk smalier than that of the line 8280 A, and thus equal to the Bohr shift,

From (i) the observed agreement between the diflerences of the mass-shifts of
fwo widely spaced groups of Iines with the differences of the Bohr shilts, (i) the
values of the total mass-shifts calenlated from the {corrected) Gerstenkorn ratio
and {iii) the values of the specific mass-shifts calenlated by M. J. Bauche it can be
concluded that the unit mass-shifts of the lines of xenon owing to transitions of the
type 6s or 68'--6p’, 6p or Tp are unlikely to differ from the Bobrs shifts by more than
a few millikaysers.

The field effect of the isolope shifls

The most suitable lines for investigating the field effect of the isotope shifts are
those due to the transitions from the p and p’levels to the s and ¢’ levels sinee in
these lines the ficld-shifts predominate and the mass-shilts have been shown in
the preceding section to be small, and approximately equal to the Bohr shift. For
these Jines it will be assumed that the unit mass-shift, My, is equal to the Behr shift
ealeulated for isotopes 136 and an imaginary isotope 133 (M = 2866/4): to obtain
the mass-ghifts for the other isotopes the value of 2 must be multiplied by the
{ollowing factors:

134, 132 131 130 129 128 126 124
—~202 --4.00 —~515 623 7383 -84¢2 —10.72 —13.006

it may be noted that the change of mass-shift with change of mass number differs
substantially from a linear relation; for the lightest isotope it exceeds this hy nearly
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1090, The field-shilts are found by sablracting the muss-shift from the observed
{totaly shift, and it s ovident that even aosmall error in the value of 3, can produee
aostgnificant arer in the value of the mass-shifts for the lighter isotopes, it is
assroned that the value of ) may differ by ondy 0.2k from that of the Bohr
shift the corvespouding ervor u the Seldshift for PINe s 0wk, inereasing to
uearly 3mbk for M Ne: thus for adb except The heaviest isotope it is large compared

with the statiatieal uncertaintios of the measuremonts.

Tawre & Fronn simvrsimk or wue nixes: 4361 axn 4524 A (Eax) ann $G48 5
OF Ne 1 S48 AN 3043 (vrany or Csg 5336 A oF Baox; 4034 A oy Ba 1

mass neber (Ne} L (13a) 134 152 126 128 126 124
neutron number L 41 80 i A FE ] T
Neo (4501 and 4524 A BT e BB (I2.8) 157 158 166 (2007) 4.0
Ne1 (st A) N 3.5 B T
Cs 1 (8371 and 8043 ) -~ 36 G0 L8 - FEG I S
I3ay (5536 4) TOB60 1060 R o188 e e

Beaar (4934 A) 100 7.2 140 10.2
Tn view of this it is considered wmecessary to give a table of the field-shifts of
all of these Nnes, but table 5 gives the field-shifis for two lines 4501 and 4525 A, which
bave the greatest, and the Hue 8649 8 which has the saallest field-shifts. The Held-
shifts for the resonance lines of Cs 1, 8321 and 89434 (Hithmermann & Wagner
1966, 1907, 1663; Otten & Ullrich 196g; Marrus, Wang & Yellin 146g), theresenance
lire of Ba 1, 5336 A (Jackson & Duong 1966) and one of the vesonance Hnes of Ba 1y,
4934 A (Pischer ef af, 160g) are alwo given. In the case of harinon 1 the mass-shift,
A, is assumed to be 073k, which is 0.2 ml greater than the Boby shift: for the
line of Ba ir it is assumed o be cqual to the Bohw shilt: foir the resonunce lines of
caesium it iz assumed to be zevo, since Bauche (see, for examyple, Marrus o ¢l. 1969)
has ealewlated that the specitic mass-shift is approximately eaual to the Bohr shify

bhut in the opposite sepse. The ervors in these values of M ave probabily less than
0.5 mk. The mass numbers refer to the isotopes ol xenen; Tor the isotopes of caegium
they are inereased by 1 unit and for those of barvium by 2 units, Por all of these lines
the transitions ave similar, a Gp clectron changing to a 0z electron consequently
similar valaes of the field-shifts Indieate nuclear field-offects of the same order of
magnitude. Lt s evident hat the field-shifts for both Ba Land Bar closely resemble
those of the lines of xenon with the greatest shifts while those of Cs 1 are more
similor to those of Xe 1 with the smallest shifts {no indication is given of the pre-
eision of these ficures berause the unknown uncertainties due to lack of exact
shifts are Jarger than the vneertainties of measurement),

values for the mas

‘There are eight fines between the waveleugths 3893 and 7120 A due to transitions
of the type 6p-7, 8 or 9d, which all have shifts in the sone sense as the Bohy shift,
The statistical uncertainties of the measurements arerather high {with the exception
of those of the line 7120 4), but it is appavent from the figures in table 2 that there
is for all of thege lines a similar departure from the Incar relation between isotope
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<hift and BiTerence of mass number, indieating a significant ficld effect. The di-

HA conot be determined for

ferences of the mass-shifts from that of the line
these lines from the King dingrams becanse the field-shilts arein the opposite sense.
However, il it i asswmed that the ratio, U s egual to 106, the value of the unit
mass-cfivet, My, can be calenlated; the values for the cight lines cover the range
0.040.3m (for the line 71204) to — 0.6 0.60mk (Jor the line 5934 A), with an
average value of —0.2mk). '

The differences of the otope shifts of the cight lines are within the range of the
stalistionl wneertaintios of the measurements, consequently it s of interest to find
the mean volues for cach isotape, since the statistica] uncertaintios are thus suh-
stantially rerdtueed. The values of the fotal shifts and the Held shifts on the assump-
ion that /i eqnal to 1.56 (giving the average value of W as - 0.2k} are, relative
to the isotope 136:

wsolopne
134 fa2 130 128
total shififink — 1.6, - 2 — 3.5 4.4
ficld shififmk - 2.0, — 3.2 4.7 —

The uncertaintics of the average total shifts are less than 0.3 mk but those of
the fieldshifts are greater due to the uncertainties of the values of the muss-
shifts, which increase from 0.5mik for the isotope 134 to four times this for the
ssotope 128,

The ratios of the ficld-shifts of the isolopes (relutive field-shifts)

To find the ficld-shifts from the observed shifts it is necessary to find the value of
the unif mass-shift, 17, and asmali errorin 37 gives vise fo errorsin the values of the
field ¢hifts up to 12 times greater. However, an acenrate knowledge of the ratios
of the field-shifts of the various isotopes is of great interest and it will be shown that
the ervors in the relative field-shifts due to errors in the value of 3, are propertionally
much smaller than the crrors in the values of the feld-shifts, The relative field-shifts
have been caleulated for all the lines due {o transitions of the type 0 or 650 or
Tp or Gp’, since the lines have relatively farge field-shifts. FPor each line the ratios
have been normalized so that the ficld-shift for the isotope 128 is equal 8.00. This
isotope was c¢hosen as the hasis of the nermalization heeause it is that with the
newtron-number farthest removed from the magic pumber, for which the shifts
could he measured in all the lines. The effect of changes in the value of M/ has been
ealenlated for the dine $231 3 which has approximately the average values of the
isotope ghifts of lines due to transitions of the type s-p. The fickd-shifts have been
caleulated first on the assumption that 34 3 equal to (.35 mk and then for a value
differing from this iy 0,35 mk. The results of these calenlations are shown in table 8,
in which the first row incdicates the isotope concerned, the second row the total
isotope shift relative to the isotape 136, the thivd gives the ratio of the ficld-shifts if
A s assumed to be equal to 0.35 mk {the Bohr shift) and the last row shows the
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amounts by which these ratios are changed if 4, 33 changoed by 0,83 mk. The change
is positive if ) s reduced and negative if it is inerea Ltis evident that except
in the case of the setope 131 the chan o not exceed the statisticat uneertainties
of the ratios, and in the case of the isotope 131 the change is approximately four
Limes smaller than the proportional change in the fleld-shif i

it In the case of the
gible compared with the wneertainties of the

Hghter isotopes, the changes are neg

meesurements, while the changes of the absolute values are ten times greater than

the uncertainties of the measurcments,

Tasnl G BrrEce OF CUANGING THE VALUE OF THE UNIT MASS-SILET
1Y (.33 mk OX THE RATIOS OF THE FIELLD-SHIFD

inotope 134 132 13¢ 130 129 128 126 124

totald staftfmk 3.2 4.9 7.0 6.7, 0.0 8.8, 152 14.0

ratio of field-shifts 2.0, 4.3 G.3; 6.9, 7.8 8.0, 10.7, 12.6
(AT, == 0.35 mk)

change of ratio 0.2, 0.1, 0.5 6.0, 0.3 0 4] 0.0,

(A, = © or 0.7 mk)

The relative fictd-shifts have been caleulated for all the lines due to transitions
of the types s or Gs'-6 or Tp or Gp'; but for brevity, in table 7, the mean values arve
eiven of all lines due to combinations of the saine two electron configurations. The
first colnmn gives the finni and initial electron configurations, the fignre in paren-
ve the relative field-

theses showing the number of lines; the next cight colmmng
shifts, the figure in parventheses is the mean value of the statistical uncectainiies of
the lines of the group and the second figure in parentheses is the number of lines
in which the shifts were measured if less than the number given in the first
colunmi.

The first two rows show the mass mumber and the neutron number of the isotope;
the next five rows give the relative field shifts of the five groups with transitions of
the type s~p, and the next row gives the relative field shifts for the group of eight
lines with transitions of the type 6p-7, § or 9d {the figure for the isofope 134 is in
parentheses, as it has no gignificance since it follows {from the assumption of the
value 1.56 for the ratio & for determining the value of the unit mass-shift), The
ninth row gives the mean values of the relative field-shifts for cach isotope, the
values for each of thie groups being weighted In proporiion fo the number of lines
measured and in inverse proportion to the statistical uncertainty; the tenth row
gives the statistical wncertainty of the mean values of the relative field-shifts
derived from the divergences of the values given by each of the groups from the

mean value.

It is evident from the figures given in table 7 that the valaes of the relative field-
shifts for the six different groups of Iines differ by less than the statistical uncertain-
ties for every isotope in all the groups.

The effect on the relative field-chifts of the addition of inereasing muonbers of
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pewlrons can be scen bost by o comparison of the differences of the relative feld-
shifts of successive pairs of even isotopes; these differences are:

o . [124 1206 £28 30 132 134
Jsotope poar LA, " - i e
; 1126 128 130 132 134 136

difference of
pelative Seldeshifes 2.8, (0.) 2.1, (0.3) 1.9, (0.1) 1.8, (00) 1 (6.1) 2.7, (0.03)

The addition of four stceessive paivs of nentrons, starting with the Hehtest isotope,

produces approximately cqual ehanges in the isotope shilts, althongh the ciffects
to the fivst two paivs of neutrons appear to be rather greatey than those of (he thivd
and fourth puizs, These small dhinnges in the ditferences are foss than the uncer-
taintics. Thev mwight be regarded as without sigmilicance: but the values of the
isotope shifis found by Fiseher of af. (1873) give differences of the relative field-

shifts of the fivst three paivs of isotopes which differ from those found by the present

Tavis 8. TRenarve FreLn-srrs ix Xe s, (s 1 axp Bax

s nnnbor (Ne) ... (135) 134 (183) 182 131 130 179 128 4% T4

neulron pwmnber L S YL N L S AL B I B S ¢ 270
~er e 25, - 42 G160, TG .00 101 12,43
Csy v 3.8 64 51 G855 e 800 1L e
Bat 4.6 8.4 6.8 4T - B4 e 800 e e

authors by only 0.1, the values being 2.4, 2.2 and 1.9;, owever, the ehanges in the
Biflerences of the relative field-shifts of the first four pairs of isofopes are com-
paratively small, This confirms the conclusions made from the values of the ficld
hifts of the resonance Hnes of barium (Jeckson & Duong 1960) thiat the addition of
pairs of neutrons to nueled of cven nevfron number produces approximately the
same change of the field-shift until the nentron number is four less than the magic
mumber: but in the case of xenon the observitions have smaller uncertaintios and

are more exlensive, and consequently of greater significance, They cover a large
range, ineluding four pairs, starting with the jsotope with the neatron number 12
less than the magic muanher, whereas in the case of barium there ave only two pairs,
starting with the isotope with the neutron pumber 8 less than the magic number.
A comparison of the degree of odd-cven staggering in xenon with thatin caesiom
and barium can be made by means of table 8 3 which are given the relative feld-
<hifts in the lines of Nezand in thevesonance Lines of Cs tand Ba L. Ttisapparentthat
the staggerving in Ba ¢ is mueh greater than thatin Ne 1 in the former, the ficld-
ahifts of the odd isotopes ave approximately equal to those of the even isofopes with
(hree Tower neutrons, whereas in the latier the Geldshilt of the jsotope 131 is only
a little greater than that of the isotope 150 and that of the isotope 129 s substan-
tially Jess thun that of theisotope 1285, Since the neutron numbers of the add isotopes
of harium diler by one and by three units from the magic number, while those of
the odd isotopes of xenon differ from it by 5 and by 7 units, it appears that the
much greater odd-even staggering in harium s related to the proximity of the
peutron numbers of the odd isotopes o the magic number. It should not, however,
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I overlooked that the slaggering of these Gwo isotopes s approximately equal
although the neulron number of the Hehter 323 unifs less than the magic mumher,
while that of the heavier Js only T unit fess than the magic number.

e been mensured

The izotope shifts of fwo isotopes with add nentron numbers i
in the case of caesimm; these are (he zotopes 134 and 132, with three and five

neatrons less than the magic number, Assessmont of the degree of odd-even stag

geving s difficult hoennse the selope 131 (N = 76) ap pears fo have a shift about
Tk too small in conpavison with the other isotopes of even neatren number and
the shifts of the isotopes 129 and 127 appear to be oo lght bt these last two have
uncertainties of neavly 2ink. Itos p}; rs cpnditatively that the staguering of the

wn that of

3

isotope witl three neutrons Tess ﬂn m thoe 113:1;;'if: nuwnher is rather los

ihe similay isotope of haium, tha roering of the sotope with five neutrons
less than the magiemuomber is fess 1t'1:.n'1 Ul_n; batmore than that of the corresponding
isotope of xenon, With the exception of 133, all of these isotopes of caesium are
artificial, vadioactive izotopes; the hanviest im.ﬁ 1 l:!o of 30, the next 3 1084, but
those lichter than 133 bave Iives decreasing from 7d fo 6h,

Tt can be coneluded that the oddeeven stagoering in(rre'!:\‘(*s as the newtron nunther
of the odd isotope approaches the magic mumber and {hat it inereases as the atomic

number increases from 54 fo 56.

The authors take this opportunity of thanking Professor Pievre Jacquinot for
muaking available the facilities of the Jaboratory and for the infercst he has taken

intheprogress of thisresearel, and the staff o the Centre de Spectromélrie Nueléaire
duo C.NIUS. for preparving and analysing the enviched isotopes.
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Interpretation of the isotope shifts in the are spectrum of xenon

By D, A Jacrsox, F.RS, ALLC.CovrnoMeE axn J. Bavenn
Laborataire Avmd Collon, C.N.JK.8. 1T, Facullé des Sciences,
01403, Orsay, France

(Leeeived 22 July 1074)

Trom the experimental resuits of Jackson & Coulombe (1974) and Vetter
(1970) in the are spectimm of xenon, the isotope shifts of 30 levels in the
low configurations 3p*Gs, 3p6n, 5p°3d and ap®Tp are obtained, for the
mass numbers 1368, 134, 132, 150 and 128, A parametric study of these
shifts for each isotope is made, with 3 parameters for the even levels and
6 for the odd levels, Following the conclusions of Jachson & Coulombe
(1g74), the respective contributions of mass- and field-efleets to the shifts
of the levels and to the parameters are evaluated from King diagrams. The

- ab inttiovalues obtained for the parameters through the Hariree-I'ock non-
relativistic and relativistic methods show a satisfactory agreement with the
experimoental values,

1. INTRODUCTION

The principles of parametric study of isotope shifts in atomie spectra were first
given by Stone (rg39) and their application to the configurations np*(n+1)s of the
rare gases.

In the case of the rave gases Bauche & Keller {xg71) and Keller (1973) have been
able to interpret, by means of the introduction of new types of parameters, the
measurements by Odintsov (1663) and Keller & Lospris (1973) of shifts in the ave
spectrum of ncon. The experimental values of the shifts in the are spectrum of
xenon found by Vetter (1970) and Jackson & Coulombe (1974) offer the possibility
of making a sccond extensive parametric study of the isotope slnfts in a rare gas.
There are two significant differences in this ease and that of neon: first the shifts
between seven even and two odd isotopes have been measared instead of ouly two
even isotopes; secondly the shifts ave due to both the mass- and the field-effects while
in neon the ficld-effect is almost certainly small compared with the mass-effect.

Experimental values of the shifts of the levels, found from he measured shifts of
the lines, are given. The method by which the mass-cifects of the lines are separated

from the field-cffect has been described in an earlier publication {Jackson &
Coulombe 1974).
2. THE ISOTOPE SEIFTS OF THE LEVELS

The isotope shifts of the levels relative to a reference level involved in the lines
whose shifts have been measured have been found by applving the Ritz combination
principle. The level 6pli has been sclected as the reference level because it is
probable that its ficld isotope shift is relatively small (the notation of the levels is

29 [ 443 ] : Vol. 343. A.
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that of Racal 19.42). The isotope shifts of a Iargenumberof Hineshave been measured
and a number of levels can be found from two or more differcat combinations.
The evaluation of the shills of the levels has been confined to the even isotopes
134, 132, 130 and i28, since the measurements of the shitis of the odd isotopes 181
and 120 and the rave cven isotopes 126 and 124 were not made for all of the Jines Tor
which the shifts of the more abimdant even isotopes woere measured. 'The resulis are
given in table 1. The values given ave the residual shifts of the levels, which have
heen obtained from the measured shifts of the Jines less the Bohr shifts, To obtain
the total shilts of the levels, the quantity 3T multiplicd by the factor --2.013,
—4.09, - 6.22 and — 8.44 respectively for the isotopes 134, 132, 130 and 128 must
be added. The values of 3, are given in table 1. For the s and p levels the speeitie
mass-shifts ave unlikely to exceed a fow millikayserst per unib mass, For all except
shift, 1y, 18 substantially lavger; this is con-

one of the 5d levels the specifie mass
sidered in detail helow. The value of 3]s given in the last coluran, To ¢hiain the
field shift the quantity 3/ multiplied by the appropriate factor must be subtracted
from the residual shift. The shift of & level is designated positive when the level of the
lighter isotope is higher,
 The residual shift S(I,4) of aJevel 4 for the isctope of mass 3 has been found for
each of the four isotopes by means of the metinod of least sqnaves for a system
consisting of 38 equations of the type

S, 3)— 8L, 7) = o (A, 4}
(whexe o(47,45) is the residual shift of the jine ¢ - j) and the equation

SALL6pi1) =0,

Of these equations, 12 were found from the measurements made by Vetier (1970),
one from the measurpments made by Shafer (1g71) and 25 from the measuvements
made by Jackson & Coulombe {1g74). The uncertainties of the experimental values
given in table 1 are /2 times the uncertainties of the measurements of the shifts of
the lines made by Jackson & Coulombe {1974).

A parametrie study of isetope shifts is feasible and significant only in configura-
tions where the shifts of many levels are known experimentaily; thisinvestigation is
thercfore limited to the even configurations Jp6p and 3p°7p and to the odd con-
fignurations 5p°3d and Sp°Bs, in which the shifts of respectively 10, &, 11 and 4 levels
have boen measured, out of 10, 10, 12 and 4 existing Jevels, Due to the configuration
mixing, all levels of o given parivy are treated together.

3. PARAMRETERS
Themain field-shift contribudion avises from the s electrons, and is constant inside
any configuration {Stone 1939). Therefore, in the cases where two configurations
ave treated together, e.g. 5p°Gp and 5p°7p, two parameters can be introduced: the

AL e [0 (180 - o (13:4)3/2.015.
i imk = 10-2em~1,



Interpretation of the isolope shifis in the arc spectrum of xenon 44

first, the parameter @ with coefficient unity for levels of both configurations, and
the other the parameter d whose coeflicient for a given level is equal to the fraction
of unity for which this level helongs to the second configuration. The parameter
d accounts at the same time for all the mass-shift contributions which are equal for
all levels of a configuration, 'The speeific mass-shift operator has exactly the same
angular dependence as that part of the electrostatic Coulomb operator which
generates the Slater integrals GRal, n'l) with k== 1. Following Stone (1939} and
Bauche (1969), weare thusled to introduce parameters denoted g1{5p, s}, g1{3p, 5d)
and »(5d5p, 5p6s) in the odd configurations apfsd and 5pits.

When the field-shift is the deminant contribution, itssecond order effects may be of
appreciable importance. They lead to the introduction of one effcetive isotope-shift

TasLE 1, RESIDUAL ISOTOPE SHIFPS OF TEVELS 0F Xe T

(136X ¢ = 0), {experhmental uneertainties: 0.3 mk for ¥Xe, 0.2 mk for
1B No and MXe, 0.5 mk for 12#Xe)
mass-shift

caleulated P e
value Bohr speeific
181 SRS 180N o 128X g 1IN M, M
6532 —4.1 — Gty - 0.2, -~ 12.2, — 6.5, 0.30 -~ 0.2
Gs3l - 3.0 —~ 4.7, — 6.0, —8.8; —4.8, 0.27 -~ 0.1
Gs' 30 — 3.5, —dudy - G.0, —~ 8.2, — 4.0, 0.93 - 0.3
Gs'31 1.8, 2.4, — 4.0, —~ 5.5, - 3.0, 0.00 —-0.2
5440 — 1.3, —~ 2.4, — 4.2, - 5.6, - 3.2, —0.08 ~ 0.3
Sdd L w1y - 2.7, —~ 4.1, — 5.6, 2.7 - 0.08 - 0.6
534 e 1,3, - 2.8 — 4.6, - 0.3 . —-0.09 —0.8
533 - 1.2,  —25, =39, —i.3 -2 —0.11 — 0.6,
5d32 -~ 1.3, 2.7, — 4.3, — 8.9, 2.4, —0.09 —-0.8
sd3t 0.3, 0.5, 0.8 1.1, 0.5, - 0.20 0.0,
5d§2 —1.0,4 — 2.2, — 3.5, — 4.5, — 2.4y —0.14 —0.6,
5d%3 —1.1, - 1.0, —3.2, — 4.4, ~ 2.4, —0.16 —-0.5
532 0.1, 0.0, —0.2 — 0.4, - 0.0, —0.42 — 0.5,
54741 o e — — 2.8, —0.49 0.0,
5442 0.3, — 0.1, —0.2, - 0.3, 0.0, —0.42 —{.5
5dE3 0.5; 0.1, -0.0; - 0.2 0.0, — .43 - 0.5,
Gpii 0 ] 0 0 0 0 0
opi2 — 0.1 —0.2, —0.3; — 0.4 0.0, - 0.03 0.0
6pia — 0.1y 0.0, — 0.1, - 0.2 0.0, - 0,04 0.0
6pit —0.04 —0.1, — 0.2, - 0.2 0.0, - 0.05 0.0
opi2 —-0.1, 0.0, — 0.2, 0.7, 0.0, ~0.00 0.0
6pil 0.1, - 0.2, 0.2, 0.2, 0.0, —0.09 - 0.1
6p’§1 1.1, 1.3, 2.3, 2.9, 1., ~0.33 0.0,
6p’'32 1.6, 2.4, 3.5, 4.0, 2.2, - 0,36 0.04
6pEl 1.2, 2.3, 3.2, 4.2, 2.0, ~0.36 0.0,
6p’30 1.3, 2.1, 2.9, 3.8, 2.1, - 0.38 0.0,
Tpil — - e — 0.6, ~ .32 - 0.0,
TpE2 0.1, 0.1, 0.0, 0.4, 0.2, - (.33 - 0.0
Tpi3 0.0, 0.4, ~ 0.1, 0.4, 0.1, - 0,34 —0.0,
Tpit 0.6, 0.7, L2 1.6 0.8, - 0,34 —0.0,
Tpi2 0.1, 0.3, 0.1, 0.4, 0.3, —0.34 — 0.0,
Tpio 0.4, 0.7, 0.9, 1.0, 0.5, —0.35 — .0,
29-2
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parameter for cach Slater infegral containing at least one wmpaired s-electron
(Bauche 1969). In our case, this gives two parameters with respectively the same
angular coeflicients as 7, (3p, 6s) and KH{5d5p, 5p6s), for the odd levels; these para-
mebers were already introduced above to account for mass shift. In all the con-
figurations 2pnl of Ne 1 (Keller 1973), a parameter denoted z,p was introduced,
having the same angular coefficients as the spin-orbit constant §p. In xenon, we
introduced one z;, parameter for each configuration, which accounts essentially
for all the field-shift contributions in the core, for example, those due to the 5py
clectrons.

In table 2 cach type of parameter is classified according to the isotope shift effeets
and orders of perturbation which it accounts for. The paramecter z;, contributes to
the mass eflect in the fivst order of perturbation oniy through the relativistic cor-
rections (Stone 1901, 1953).

rl‘ABLE 2, TY1Es OF TSOTOPE-SHIFT PARAMETERS IN
THE ARC SPECTRUM OF XENON
field shift

p -4 N mass shift,
first order sceond order first order
a . X X X
d X X X
gt(Bp, 6s) X X
¢(5p, Bd) X
r1{5pbs, 5d5p) X b
Zsp X X %

4. Resvrrs

The parametric determination of the wave functions of the levels of xenon 1 has
already been effected by Liberman (196g), for intermediate coupling and configura-
tion mixing. It has been seen above that each of the isotope-shift parameters has
the same angular coefficients as one of the energy parameters; constructing the
formal expansion of the isctope shift of each relevant level in terms of the chosen
parameters is a simple task.

An attempt has been made to solve for each isotope, by the least-squares method,
two systems of fifteen linear equations: one for the even levels, with four unknowns,
and one for the odd levels, with seven unknowns. The results for the parameters are
presented in table 3. In this table, the Slater-like parameters are replaced by
multiples, exactly as for the corresponding energy integrals (Condon & Shortley
19335): the definitions are:

g1(5p, 6s) = §g'(8p, 65), ¢4(3p, 5d) = {54 (5p, 5d).

The two parameters z.,(5p%7p) and r1(5d3p, 5p6s) could not be determined, the
former for lack of experimental evidence and the latter because the theoretical
unecertainty was too large.
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For brevity the calculated values of the shifts of the levels obrained from the
parameter values presented in table 3 ave givenonly for *¥Xe,in column G of table 1.
In this column the caleulated values arve also given of the only known levels of the
configurations 5p&7p and 5p®3d for which experimental values are not available;
these are 7pil and 5d°31 (the latter has the largest negative caleudated shift in
table I; the calculated values for the isotopes 134, 130 and 128 are respectively
1.8,, 4.3, and 5.7,

TaBLE 3, VALUES OF THE ISOTOPE-SHIFT PARAMETERS (k) (WITH STANDARD
DEVIATIONS) AND OF ITHE RS, DEVIATIONS FOR THE LEVELS

134}{0 132XG lﬁﬂxe 1281{0
@ (even levels) 0.52 + 0.04 0.83 4 0.06 1.18+0.07 1.49 + 0.08
d{5p¥Tp) 0.13 4 0.08 0.17 4 0.12 0.06 4 0.13 0.45+0.15
23(5p0p) 1.13 +0.06 1.67 4 0.09 2.59 4 0.10 3.92 4 0.12
AP {even levels) 0.12 0.14 0.19 0.23
a (odd lovels) 0.52 + 0.07 1.32 4 0.11 2,16+ 0.16 2.98 4 0.92
d(5p50s) —278+0.17 3854027  «510+040  ~6.70+0.55
24, (AP35} 1.05+0.10 1.65+0.16 2,53+ 0.23 3.3840.32
25, (3p*6s) 0.83 £0.16 1.16 4 0.26 1.924+0.38 2.43+0.54
7.(5p, 5d) 0.15 % 0.02 0.30 + 0.03 0.47 + 0.03 0.63 % 0.07
7,(5p, 0s) 0.96 4 0.21 1.65 4 0.34 2.36 4 0.49 3,10+ 0.68
AT (0dd levels) 0.20 0.32 0.47 .65

The specific mass-shifts of the upper levels 5d and 5d” have been found from King
diagrams (King 1964} in which the reference line is the tine 8280 A1 (6pL0 — 6s21)
for which the specific mass-cffect is assumed to be small. They are relatively large
for all of these levels except 5d$1. The experimental and the calculated residual
shifts can be corrected for the effects of these large specific mass-shifts; without
these corrections there are large variations in the values of the residual shifts of
these levels, over a range of 3mlk for ¥ Xe.

Tor all four isotopes and for both parities, the values of AT are also given in
table 3. AT is the root mean square of the differences between the experimental and
the caleulated shifts, as defined by Racah (1950).

The deviations in table 8 increase roughly in proportion to the value of the
parameter, with increasing mass difference; for a given mass difference they increase
for zgy in the order 5p36p, 5p°5d, 5pSts. This indicates that not the experimental
uncertainties but shortcomings in the theoretical interpretation are primarily
responsible for the lack of accuracy in the parametric results; secondly, these
inadequacies are more gerious in the odd than in the even system of levels.

In the interpretation, either the completencess of the list of isotope-shift para-
meters or the quality of the wavefunction expansions can be questioned. With
regard to the parameters, several separate and equally unsuccessful additions were
made, among which were: (i) the parameters z;4, z¢p and z;,, with definitions

t 148 = 107 m = 0.1 nm,.
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analogous to that of z;,; (i) instead of ¢ and the g* pavamcters, one payameter for
each term, as was done in Ne 1 (Bauche & Keller xg71); (ifi) one parameter to account
for the relativistic-correction operator Ay defined by Stone (1963). In addition, on
the principle of a method introduced by King & Van Vleck (1939) in the sp con-
fignrations, it was taken into ageount that, in an approximation better than the
central field, the Gs {or 5p) rzldidl function is cloger to (or further from) the nueleus
in the 65 than in he 6s levels: this phenomenon would yield different values of
¢}(5p, 6s) in the 6s and 6s' levels, but allowance for it did not improve the
interpretation.

As concemns the gquality of the wavefuuetion expansions, the ran.s. deviabion
between thearetical and experimental energies is 73 em=* for the odd configurations,
compared to only 25 em? for the even (Liberman 1909). Unfortunastely, it appears
difficult to improve the wavefunctions of the odd levels: the rapid convergence of
the upper odd configurations to the ground levels of the ion makes the clagsical
scheme of parametric studies inadequate for an accurate nterpretation.

Tt is concluded that the limiting factor in the accuracy of the parametrie results
is the quality of the wavefunctions. As a consequence, the stochastic parts of the
errors in the parameter valnes, in table 3, are mainly not of experimental origin;
the changes in the parameters from ¥Xe to 12%Xe are probably better detevmined
than the standard deviations indicate, because the same imperfect parameter
cocfficients were used for all isotopes.

5. BEPARATION OF MASS AND FIRLD EFFRCTS

In table 3, the parameter ¢,(5p, 5d) alone is noarly exactly proportional to the
Bobr shift. Therefore it is almost purely a mass-shift parameter, in agreement with
table 2,

With regard to the field effect, Jackson & Coulombe (1974) concluded that the
unit mass-shiftin the line A = 8280 A (6pL0->6531) is unlikely to differ from the Bohr
shift by more than a few millikaysers; lollowing this conclusion we can separate the
mass and field parts of the isotope shift and obtain the values of the relevant
electronic quantities {specific-mass-shift contributions and screening factors) by
drawing a King diagram. In this diagram, the residual shifts in the line A = 8280 A
are plotted on the horizontal axis and the parameter values on the vertieal axis.
Tlere it is not necessary to treat the even and odd levels separately. In a new caleula-
tion, the shifts of all thirty experimental levels were interpreted in one least-squares
fit with the same z,, and g, parameters as above, one parameter ¢ with coeflicient
wnity for all levels and one parameter d for each of the configurations 5p57p, 5p°sd
and 5p°6s. In this way were obtained the values of the d parameters listedintable 4.
With regard to the results given in tables 3 and 4 it has been assumed that the
coefficients of the g, and z,p parameters are those relative to the centre of gravity of
the relevant configuration, i.e. that their weighted average value in all the J-levels of
that configuration is zero.
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From table 4 it can be scen that d(5p®5d) is an almost pure mass-shift parameter,
and that d{5p¥7p) is very small and probably positive. The numbers in table 3 show
that the values of the parameters z;p(3p°6p) and z;,{5p33d) are not significantly
different: the latter will not be further considered.

If it is assumed that the mass-shift contributions in the transition A = 82804 are
approximately equal to the Bohr shift (J ackson & Coulombe 1974) the mass-shift
contribution, Py, to any plotted parameter and the ratio p for each parameter I
can be found from the King diagram; p is the ratio of the field-shift part of the
paramcters 22 and d{3p%6s). The quantity p is the extension to any parameter of the
definition of the sercening factors for the configurations. These results are given in
the second and fourth colummns of table 3. ¥or each quantity, the uncertainty is
assumed to be equal to half the difference between the values obtained from the
lines of maximum and minimum slope which can be drawn through the four
rectangles defining the uncertainties.

TABLE: 4. VALUES OF THE ISOTOPE-SHIFT PARAMETERS (k) POR THE CEXTRES
OF GRAVITY OF THIE CONFIGURATIONS

Y, 133% e 130X 125K g
a 0.52£0.05 0.8340.09 1.18+0.12 1.49+0.10
d(3p3Tp) 0.13+£0.10 017+ 0.17 .00+ 0.22 0.43 +0.30
d(Bp5id) —1.0440.07 -215+£0.12 - 3,34+ 0.16 —4.47+0.22
d(5pits) —3.820.14 —6.004:0.17 —8.,44+0,23 —11.17£ 031

TABLE 5. ELECTRONIC ISOTOPE-SHIFT QUANTITIES:
COMPARISON BETWEEN EXPERIMENT AND THEORY

mass-shift contribution I3, fmk

(for AM = 2) p = P J[A{3p*0s)},
A A

parameter P experimental  Hartree-T'ock experimental Hartree-Fock
d(5p®5d) ~1.140.3 —0.6 0.08 % 0.1 —0.09
d(5p6s) - 06407 —0.5 {1 (1
Za(5po0p) 0,14 4+ 0.27 — ~0.31 +0.13 —_

25, {5708} 0.07+0.7 — 0,23+ 0.3 —_

7 (5p, 5d) 0.15 £ 0.08 0.13 02004 0.01
g1(5p, 6s) 0.36:+0.9 0.4 —0.184£ 0.4 —~0.11

6, Ap INITIO0O EVALGATIONS

For mass-shifts, the Hartree-Fock method gives reasonable estimates for a
number of elements of intermediate atomie mass (Bauche 1g74). The Hartree-Fock
computer code of Fracse-Fischer (1970) has been applied to the centres of gravity of
the three lowest configurations studied and to some of their Russell-Saunders terms.
The results for the specific mass-shifts are given in the second column of table 6.
From these are derived the ab inetio values of the mass-shift contributionstothed
and g, parameters, which are given in column 3 of table 3.
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The Hartree—Fock results also yield some information concerning the field shifts,
through the evaluation of [¥(0)}%, as applied suocessﬁ:}ly by Wilson (rq68). The
quantities 4= ¥(0){* ave listed in column 3 of table 6, in atomic wits, with the
centre of gravity of 5p6p again taken as a veference. '.l.hc computed p factors arc
listed in column 3 of table 8. The fact that a second order isotope-shift ]nrameter
such as g,(5p, 6s) can be evaluated from the Hartree-Tock results for | P(0}]* follows
from Brillouin’s theorem (Bauche & Klapisch 1g72; Labasthe 1972).

The agreement hetween experimental and Hartree-l'ock quantities in table 5 is
good; the differences are substantially smaller than the estimated uncertainties of
the {ormer,

TaBLE 6. HARTRER--I'OCK VALUES OF THE SPECIFIC SHIFTS
AND OF THE BLECTRONIC DENSITIES AT THE XUCLEUS

speeific shiftfmk {clectronic density
(for AM = 2) at r = 0)fa.,
3pi6p ezt 0 0
SBp2ip 8 0.0 0
Sptid c.g. - 0.0 -2
Sptad s —-2.1 -6
Bpsad T2 0.6 0
Bpiis o.g. —-0.5 22
Spsta 30 . =038 24
HpPis i1 00 19

1 Reference stato.

It is satisfactory that the three z;, parameters, although determined inde-
pendently, have almost the same valae. They deal with the difference hetween the
isotope shifts of the core states, 5p® J = § and 3, which certainly does not change
much from one configuration 5p*nlto the other. They canuiot be evaluated by means
of the non-relativistic Hartree-Fock method, which ignores all magnetic interactions
in the atom.

The field-shift part of any z;, parameter is essentially due to the 5py field-shift
confribution and to the sercening effeet of the 5% subshell on the s electrons of the
corc. The 5p, confribution is larger in the 5p° J = § state, which contains two 5py
electrons. For the screening effect, Desclaux (1971, 1974) has communicated to us
the results of relativistic Hartree—Fock caleulations on the two ground levels of
Xeir, 5p3 J =% and 3. In these results, the quantity 4=|%(0}® for a dp, electron
amounts to respectiv ely 24.2 and 23.6 atomic units in the J = § and J = § states,
and its total valne for all s and p clectrons is respectively 3308233 and 3398273
atomic units. The resulting sign of z;p is confirmed by the experimental results given
in table 5.

It appears that the overall coherence of our interpretation tends to confirm the
conelusion of Jackson & Coulombe (1974) concerning the low value of the specific
mass-shift in the A = 8280 A line.
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New measurements of the isotope shifts of a group of lines in the orange and
red, due to transitions of the type 6p-7, 8 and 9d, have now been made,
since the uncertainties of carlier measurements (Jackson & Coulombe 1g74)
were relatively large, between 0.4 and 1.0 mk.7 The nincertainties of the new
measurements have been reduced to between 0.2 and 0.5mk and the
number of lines investigated has been increased from § to 13, The isotope
shifts of 2 lines due to the forbidden transitions 6s'-5{ and one line due to
the transition 8d-7{ have also been measured.

IxtroDUCTION

Farlier measurements of the shifts of 8 lines due to transitions 6p—7, 8 and 9d
indicated a significant field effect, of the ocder of one half of the average value of the
field-effects of lines due to transitions of the type Gs or 0s'~6 or 7p or 6p’, and in the
opposite sense {Jackson & Counlombe 1974). The detection of the field-offect depends
on the difference of {the ratio of the observed shifts 136--132 :136-134 from 2.03 or
of the ratio 136-130:1380-134 from 3.09 The observed shifts of the isotope 134.
differed by amounts between — 0.2 and — 0.5 mk from the values required by these
ratios, but the experimental uncertainties were between 0.4 and 0.6mk (the
uncertainties of the values of the shifts of the isotope 130 are relatively unimportant
since the uncertainty in the value of the shift required fozr the isotope 134 is only one
third of that of the isotope 130). Thus for any one line the difference between the
observed shift and that corresponding to a pure mass-shift was within the Iimits of
the experimental uncertainty; but for all of the cight lines this difference was in the
same sense and the differences in the values of the ghifts for the various lines were
within the experimental uncertainties. It appeared appropriate to take the average
values of the shifts for all cightlines, and thusreduce the experimental uncertainties.
The value of the field shift found from these average values was approximately
— 0.5 that of the field shift of the line $280 A and the value of the unit mass-shift
AT (mass+-speeifie) was — 0.2k, with an uncertainty of 0.8 mk.

In view of this rather wnexpectedly large fleld effect it seemed necessary to
measure the isotope shifts with an improved precision so that the experimental
uncertainties for individual lines would be smaller than the observed differences of
the isotope shifts from those required for pure mass-shifts; and also to find whether

timk = 10-%cm~1; 1 A = 10-%m = 0.1 nm; | Torr = 133 Pa,
[ 433 ]



454 D. A. Jackson and M.-C. Coulombe

$he small differences betweon the shifts of the different lines were significant. The
new measurements were made only with the isotopes 134, 130 and 128 (relative to
136), and for the three weakest lines, only with the isotopes 134 and 130, In this
particular instance this is not a serious shorteoming, sinee the relevant quantities,
the field-shifts aud the specific mass-shifts can be found from a King (1963) diagram
made with the line 82801 as the reference Jine whose isotope shifts ave known with
wncertainties of only 0,15 or 0.2mlk. The points defining the line are given by
dividing the shifts (136-134), (136-130) and {136-128) respectively by the factors
2,015, 6.28 and 8.44. The tangent of the slope of the line gives the ratio of the field-
shifts of the comparison line and the reference Jine and the amount by which the
(total) mass-shift differs from that of the reference line is given by the value of the
point at which the King straight line euts the y-axis plus the mass-shift of the
reference line multinlied by the tangent of the slope, The values used for the shifts
of the line 8280 A were not the direct measurements but were the values given by
the mean value of the differences of the values of the upper and lower levels found
by the application of the Ritz combination principle (Jackson & Coulombe 1974).
These are, in milikaysers (136 = 0)

134 132 180 128
2.4 3.4, 4.6, 6.1,

They differ from the directly measured shifts by —0.15 and ~0.05 mlk respectively
for the isotopes 184 and 132, and for the two other isotopes they are equal to the
direct meagsurements. The errors of these values are unlikely to exceed 0.15 mk. The
specific mass shift of vhe line 8280 A is assumed to be zero (Jackson & Coulombe

1974)-

THE EXPERIMENTAL PROCEDURE

The method by which the isotope shifts were measured was the same as that
deseribed in the earlier paper (Jackson & Coulombe 1974). However, for the stronger
lines 6184, G318, 6470, 6473, 6488, 6499 and 6504 A the Fahry—Perot interferometer
was used with a plate separation of 5cm, instead of 2 ez or 3 em used in the carlier
work; and special precautions were taken to ensure that the pressure of the carrier
gas, helium, was equal in the tube with #6Xe and that with either ¥ Xe, 150X e or
128¥ e, The pressure of the helimm was 1 'Torr and, in the carlier work, was adjusted
in separate fillings of the {wo tubes with a precision of & 0.05 Torr. For lines due to
transitions between the electron configurations 6s and 6 or 7p this precision is
adequate since the corresponding difference in the pressure shifts isless than 0.05 mlk,
The shilts of lines due to transitions between the electron configurations 6p-7, 8 or
9d are much greater, increasing from approximately 1 ml/lorr for transitions 6s-7p
to approximately 4 ml/Torr for transitions Gs~9p; in the latter case a difference of
pressure of the helium of 0.05 Torr corresponds to a diffevence of the shift of 0.2 mk,
which is not negligible in the case of the new measurements. To eliminate this source
of error the two tubes were connected to the filling system (each with the xenon
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confined in the reservoir) and filled simultancously with helium; they were left
connected for several minutes to ensure complete equilibrinm, When the tubes were
removed from the filling system the partial pressure of the xenon was adjusted by
controlling the velative strengths of the lines of xenon and helium (Jackson &
Coulombe 1973).

THr MEASUREMENTS OF THE ISOTOPYE SHIFDS

The resuits of the new measureinents of the isotope shifts are given in table 1,
These are the observed shifis {relative to the isotope 136) and are thus the sums of
the ficld-shifts and the Bohr and specific mass-shifts. The figures in carved brackets
after the isotope shifts are the statistical uncertainties of the measurements {the
root mean square of the deviations divided by one half of the square root of the
number of measurements). Comparison with the earlier measurements shows some
significant differences but in every case the difference is less than the wneartainty
given for the carlier measurements,

The figures in square brackets after the measured shifts of the isctope 132 are the
shifts found from King diagrams made in the manner deseribed above. Their
precision is better than that of the direct measurements since the uncertainty is
approximately the mean of the uncertainties of the new measurements of the shifts
of the isotope 134 and 136G, It can be seen that the differences between the direct
measurements and the interpolated values are several times smaller than stated
uncerbaintics in most of the lines and not greater in any line,

The ratios of the field-shifts of the lines, given in table 1 are the ratics of the field
shifts of the lines to that of the line 8280 A; the unit specific mass-shifts are derived
from the difference of the total mass-shift found from the King diagram and the
Bohr shift. o obtain the mass-shift for the isotopes 134, 132, 130 or 128 (relative to
136), the wnit mass-shilt is multiplied respectively by the factors —2.02, —4.09,
—0.23 or —8.44. The figures in curved brackets after the ratios of the ficld-shifts
and the specific mass-shifts are the estimated uncertainties.

The King diagrams were used also to check the consistency of the measurements.
The divergence of the peint given by the isotope 128 from the straight line drawn
through the points given by the isotopes 134 and 130 was measured; multiplied by
the factor 8.44 this gives the error of the measwrement of the shift of the isotope
128 assuming those of the isotopes 134 and 130 to be corvect. The values found
were between 0.2 and —0.2mlk, thus in every line less than the statistical
uncertainty.

The classification of the lines is due to Humphreys & Meggers (1933) and the
notation is that proposed by Racak (1942).
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T RATIOS OF THE FIELD-SRIFLS AND THE SPECIPIC MASS-SHIFPTS
OF LINEY DUX T0 THE PRANSITIONS 6p-7, 8 axp 9d

Tt can be seen from the values of the isotope shifts and the wicertainties of the
measnrements givenin table 1 that field-shifts can be detected in the fadividual lines,
as aresult of the inereased 131'&:(:35i0n. The amounts by which the shifts of the isotope
184 exceed one third of those of the isotope 130 are greater then the widest lmits of
the uncertainties {taking the lower limit for the isotope 134 and the upper Iimit for
the isotepe 130) in twelve of the thirteen lines. The ratios of the field shifts are
negative in all of the Iines and are thus in the opposite sense to that of the line
8280 A (and those of all the other lines due to transitions between the configurations
Gs5p® and G and Tpsp®); they are in the same sense as the Bohr shift. The mean value
of the ratios of the isotope shifts for the eight lines previously measured (Jackson &
Coulombe 1974) is — 0.5 inagreement with the carlier vatue of “approximately — 0.57,

The specific mass-shifts are all negative (in the opposite sense to the Bohr shift).
The mean value of A for the eight lines measured proviously is — 0.6 mk; the eartier
value was —0.2 4 0.5 mk. It Is apparent from table I that both the ratios of the
ficld-shifts and the specific mass-shifts are (numerically) greater in the lines due to
the transitions 6p-8 and 9d than those due to the transitions 6p-7d. There are
however within these groups differences of the isotope shifts 130-134 from the mean
value for the group which are greater in some lines than the experimental uncer-
taintics, These differences cannot e explained by differences in the field shifts of the
p levels. These are known, and are small (Jackson & Coulombe 1974); for the levels
6p32 and 6p)3 they differ from that for the level 6ptl by ¢.1; mk and for the isotope
130 the mean difference is 0.2; mk. A new series of Iing diagrams was macde for the
lines with lower levels 6p32 or 3 with the values of the shifts changed by these
amounnts to find the values of the ratios of the field-shifts and specific mass-shifts if
the effect of the differences of the shifts of the p levels from those of the 6p}ilevel is
eliminated. The changes are small compared with the cxperimental uncertainties,
and axre approximately equal for all the lines; the mean value is 4 0.05 for the ratio
of the field-shifts and --0.03 mk for the unit specific mass-shift, 77,

In the case of the first four lines in table 1 these differences may be due to the
different amount of mixing of the upper levels with 5 and 6d levels; but for the rest
of the lines the effects of mixing of the upper levels are negligible, It appears that
the possibility of small differences in the values of the field-ghifts and specific mass-
shifts of levels having the same clectron configurations cannot be excluded; but
these differences are smaller than the differences between the ratios of the field-shifts
and specific mass-shifts of Hines with the upper levels 8d or 94 and Iines with the
upper levels 7.

The isotope shifts of two lines due to the transitions 6p-6d (Jackson & Coulombe
1974) and eight lines due to the transitions 6p-5d (Vetter rgyo} have been measured,
conseguently & comparison can be made of the ratios of the field-shifts and specifie
mass-shifts of lines due to the five types of transitions, 6p-5, 6, 7, 8 and 9d. The
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ratios of the ficld-shifts and the specific mass-shifts of these lines have been found
from Iing dlagrams by the same method as that used for lines due to the fransitions
Gp-7, 8 and 9d.
The mean velues of the ratios of the field-shifts and specific mass-shifts of the lines
due to these five types of fransitions are:
transition Gp~dd Gp--0d Bp-Td Gp—8d 6p-9d

ratio of the field-shift 004 (0.1 -0.2{0.2) ~0.3(0.3) —~06(0.2) -0.8(0.3)
unit speeific mass-shiftymk 0.7 {0.2) 0002y —~0.2{0.3) -0.6(03) ~0.6(03)

The figure in brackets after the mean value is the greatest divergence from the
mean value; but for the transitions 6p-6d and Gp--8d the experimental uncertaintics
ave given, since they are greater than the divergences, The specifie mass-shift of the
Ene 265184, 0pio-5d21 has been excluded from the average since its value,
A == - 0.01 mk, is so different from those of the other lines due to the transitions
Op-5d that it can be regarded as anomalous,

‘The large changes of the ratios of the field-shifts and the specific mass-shifts
between the transitions 6p-5d and 6p-8 and 9d are probably due mainly to the
d levels since these quantities change relatively little between the various 6p levels.
The negative values of the ratios of the ficld-shifts are compatible with the attribu-
tion of the greater part of the ficld-shifts to the upper (d) levels; with a normal
field-shift, duc only to the volume effeet, if the shift of the upper level is greater than
that of the lower level, the shift of the line is in the same sense as the Bohr shift,
corresponding, in this case, to a negative ratio of the field-shifts of the lines.

" THE FIBLD-SHIFTS OF THE LEVELS
The relatively small differences in the shifts of the 6p levels (covering a range of
+0.15 mk for the isotope 184) and in the shifts of the 6p levels and 7p levels
(0.35mk for the isotope 134) suggest that the field-shifts of these levels are small
compared with those of the 6s levels. If the value of zero is assumed for the ficld-

TABLE 2. APPROXIMATE VALUES OF THE FIELD-SHIFTS 13 Xe-130Xe (mk)
OF LEVELS AND CONFIGURATIONS OF Xe I

Gsd1 6s32 7842 9:3f  6s'10 GsL1
-3.0 -390 ~0

7 — 1.5 ~ 2.5 - 1.8
6p 7p Gp’ 5d 6d 7d 8d 9d 5d’
0.0 0.3 1.3 0.0 —~ 0.5 —0.9 ~ 1.8 - 1.8 1.3

shifts of the 8p levels, the field-shilts of the other levels can be found from the ratios
of the field shifts of the lines given In table 1, and from the values of isotope shifts
previously published (Vetter 1970; Jackson & Coulombe 1974). These are approxi-
mate values, since for the d levels mean values of the different members of the five
configurations are taken although the range of the ratios of the field-shifts of the
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Hnes concerned is in some cases as great as + 0.1, (eorresponding to 5 0.2 mk for the
isotope 134); also the value zero assumed for the field-shifts of the p levels may be
incorrect, hut, here the correction required would be equal for all the levels, The
approximate values of the field-shifts of these confignrations are given in table 2,
and, for comparison the field-shifts of six s and &' levels ave also given. (A negative
sign signifies that the level of thg%{. Isotope 134 is the lower.)

The progressive increase of the (negative) shift as the configuration changes from
Sd to 8 or 0d (and from 7s to 9s) could be explained by a diminishing of the screening
of ths core. :

The authors teke this opportunity of thanking Professor P. Ja cquinot tor making
available the facilitics of the laboratory and for the interest be has taken in the
progress of the reseavch, and the staff of the Centre de Spectrométrie Nucldéaire du
C.NIR.S, for preparing the enriched isotopes.
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Résumé, — Aprés une étude paramétrique de Ia structure fine de I'ensemble des 5 configurations
5p3(6s, Ts, 5d, 6d et 7d) de Xe I, une étude paramétrigue de la structure hyperfine de l'isotope 129
est présentée. Quatre paramétres suffisent pour interpréter 'ensemble des résultats expérimentaux
et retrouver les constantes de structure hyperfine du cceur 5p°.

Abstract. — A phenomenological study of the multiplet structures of the mixed odd-low configura-
tions 5p3(6s, 7s, 5d, 6d and 7d) in Xe I is followed by a phenomenological study of the hyperfine
structure of the levels of the isotope 129. Four parameters are sufficient for interpreting the expe-
rimental results and for finding the hyperfine structure constants of the core (5p®).

1. Introduction, — L’extension des mesures de
structure hyperfine de Jackson et Coulombe [1} dans
Ie spectre d’arc de 1'isotope 129 du xénon a permis de
déterminer de nouvelles constantes de structure
hyperfine pour les niveaux suivants :

1 niveau de la configuration 5p* 5d
2 niveaux de la configuration 5p° 6d
5 niveaux de la configuration 5p° 7d

Une formule établic par S. Liberman {2] dans
I'hypothése d’un couplage j-I pur, ne donne des résul-
tats en accord avec les mesures que pour les niveaux
qui ne sont pas tributaires du couplage, comme le
nivean 7d 7/2 4 qui est le seul de J = 4 dans la confi-
guration 5p° 7d (la notation des niveaux est celle
proposée par Racah [3]); ceci est di au fait que le
couplage réel est trop éloigné du couplage j-1.

Une étude paramétrique de la structure hypetfine
du xénon a déja été effectuée par S. Liberman [4]
en 1969, sur les configurations paires 5p° 6p et 7p
d’une part et les configurations impaires 5p® 6s et 5d
d’autre part. Les résultats pour les configurations
paires sont excelients; ils sont un peu moins bons
pour les configurations impaires. (Voir dans le
tableau IV les résultats antérieurs.)

Pour interpréter I'ensemble des 19 constantes de

structure hyperfine maintenant connues dans les

configurations impaires, nous avons entrepris I'étude
paramétrique de la structure hyperfine des 4 configu-
rations 5p°(6s, 5d, 6d et 7d), en espérant retrouver
les constantes de structure hyperfine du cceur 5p°

(*) Cet article recouvre en pariie 1a Thése de Doctorat és Sciences
Physiques de M. C. Coulombe soutenue le 13 juin 1975 au Centre
@Orsay de I'Université Paris XI et enregistrée an C.N.R.S. sous
fe n® 11642,

établies avec précision dans le cas des configurations
paires [4].

2. Etude paramétrique des énergies des niveaux, -
Avant de procéder & I'étude paramétrique des struc-
tures hyperfines, nous avons dii entreprendre I'étude
paramétrique des énergies des niveaux de ces 4 confi-
gurations impaires, auxquelles nous avons ajouté
la configuration 5p* 7s pour essayer d’en déterminer
I'influence.

Les énergies de ces niveaux sont comprises entre
67000 cm™" et 103400 cm™! au-dessus du niveau
fondamental, Les configurations sont presque toujours
imbriquées les unes dans les autres, ce qui Jaisse
supposer de fortes interactions. Pour traiter ensemble
des 5 configurations, il faut introduire 52 paramétres,
alors que nous ne connaissons que 38 niveaux. Il a
fallu procéder & quelques approximations pour par-
venir & déterminer selon les méthodes de Racah [5], [6]
37 paramétres effectifs dont seulement 28 sont libres.

Pour construire les matrices de l'ensemble des
5 configurations, nous nous sommes servis des matrices
des coefficients des configurations Sp>(6s et 5d)
utilisées par 5. Liberman.

Le tableau I donne la liste des 37 paramétres qui
ont été déterminés.

Le tableau 11 donne, pour es 44 niveaux théoriques,
les énergies et facteurs de Landé calculés, en regard
des énergies et facteurs de Landé expérimentaux
quand ils sont connus,

Les paramétres sont classés en différents groupes.

1) Paramétres internes & la configuration 5p° 6s.
S* donne la différence des hauteurs moyennes de
5p® 6s et 5p° 5d,






ANNEXE 1

ETUDE PARAMIETRIQUE Dif LA STRUCTURE HYPHRFINE DiS N1ViSAUX

S5p 8d DU XENON 129

DE LA CONPIGURATION

I'étude paramdtlrigue des énergies des niveauvx des configurations
G 4

"

4 4 P g £ 2 . e
impaires montre que la configuration 5p73d ge mélange peu aux auirss

configurations,

tn effet, 1l'écart guadratigue moyen au sens de RACAH

-1 P ‘ . .
A = 22,3 cm , obtenu dans une étude de celte configuration seule,

est extrémement satisfalsant :

; 11 perumet de penser gue cette configu-

ration subit peuw d'influence de la part des auvires

ILe tableau ci-dessous donne, & titre de comparaison, les valeurs

des écarts quadratigues moyens obtenus pour les autres configurations,



Tableau I
Nom des configurations 5L en cm

507 64 98,4
590 7d 90,6
507 6s et 54 (S, Liberman) 73

5P5 6s,5d et Ad 57,3
5P5 6s5,5d et 7d &6, 1
5105 6s,5d,6d et Td 32,1
5P5 $s8,7s,5d,6d et Td 31,6
5p5 6p et Tp (S. Liberman) 24,6
éps 8d 22,%

Ce tableau montre bien la diminution de 1'écart quadratigue
moyen au fur et & mesure que nous tenons compte des influences réci-
progues des configurations 5p5(6s,7s,5d,6d et 7d) ; c'est pourguoi

5

nous les avons traitées ensemble, alors gue la configuration 5p 8d

»

a été traitée séparément,

Il est impossible de déterminer les paramdtres de structure hy-

5

perfine de la configuration 5p 8d avec les 2 seules valeurs de
constantes hyperfines connues, Cela est d'aillleurs inutile ; en effet
1'étude des configurations 5p5(6s,5d,6d et 7d4) nous a fourni tous
les paramétres utiles, car 1'influence de 1'électron "d" extérieur

eat absolument négligeable devant 1'électron 5p , dont les paramétres

sont ¢ a = 16,41 mK ; b = —-126 mKk et ¢ = ~-16 nk .
5p 4 ' T5p 5p 219



Connaissant ces paraméires et leurs coefficients pour chague
niveau, fournis par le calcul psraméirique des énergies, nous calcu-

lons Tacilement les constantes A
le tableau II donne les valewrs calculées des constantes A .

31 pour le niveau 8d 3/2 2 1'asccord avec la valeur mesurde est
satisfaisant, 11 n'en est rien pour le niveau 8&d 1/2 1, ou 1'écart

est d'une dizaine de millikaysers,

On peut remarquer gue la série nd 1/2 1 est extrémement perw
turbée car 1'évolution des valeurs des constantes A est trés irré-

gulieére
54 1/2 6d 1/2 7d 1/2 8d 1/2

A mesuré en mK -80,7 -1,7 +23,95 -24,8

Cette irrégularité est due & deux phénoménes,

5

Il premier est le couplage propre de chague configuration %5p'nd
qui est loin de tout couplage exiréme et varie d'une configuration a
ltavtre, A titre d'indication, en couplage ji-f la constante A du

niveau nd 1/2 1 vaudrait +28,2 mnX

Ile deuxitme est 1'influence de niveaux de méme J d'autres

configurations,

La figure I montre les différents niveaux qui perturbent la série

nd 1/2 1



Tableau 11

Constantes de structure hyperfine des niveaux

5

de la configuration 5p 8¢ , en mK,

Niveaux Calcul Mesures
86 1/2 1 ~14,5 -24,8 % 0,8
8d 3/2 1 + 28,6

8d 3/2 2 - 7,8 -6,5 * 0,5
8d 5/2 2 - 24,6

8d 5/2 3 - 16,5

8d 7/2 3 - 28,2

8d 7/2 4 - 21,2

8d'3/2 1 + 98,7

ga' iz/z] 2 - 92,7

gd' is5/2] 2 + 59,7

8d,5/2 3 - 65!7
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Ie calcul paramétrique des énergies nous apprend gue 21%@ du
niveaun 54! 3/2 1 participe a la configuration 5p57d par 1'inter-
médisire des niveaux 74 1/2 1 et 74 3/2 i, que 3,424 du niveau
5d' 3/2 1 participe & la configuration 5p56d par l'intermédiaire
des niveaux 64 1/2 1 et 64 3/2 1 et que pour environ 30% le

niveau 6s’ 1/2 1 se mélange au niveau 54 1/2 1

Ces différenies perturbations permettent d'expliquer la variation

apparemment aberrante des valeurs des constantes A .

Pour le niveau 8d 1/2 t , nous n'avons pas identifié le niveau
perturbateur., lous pouvons penser au niveau Ts' 1/2 1 gui se mélan-
gerait au niveau 84 1/2 1, en faisant wn paralléle avec les niveaux
6s' 1/2 1 - 5d 1/2 1 ; ou au niveau ¢0s 3/2 1 qui est plue proche,
ou encore, pour ne pas dire toujours, auw niveau 54! 3/2 1 . In effet
le calcul paramétrique situe ce dernier niveau 15 cmm1 trop haut et
1'influence du niveau 8d 1/2 1, si elle était prise en compte,

pourrailt le ramener & =a place,

L'infiuence du mélange des niveaux, sur la siructure hyperfine,
se falt par l'intermédiaire du terme diagonal, c'est-i-dire que les
nivegux Ts' 1/2 1 et 10s 3/2 1, qui ont des constantes A négati-
ves, vont tendre & diminuer la valeur de la constante A du niveau

8d ?/2 1, alors gue le niveau 5Hd! 3/2 1 aura une action inverse,

La réalité est probablement un mélange de ces trois actiocns, elle
est malheureusement impossible & déterminer paramétriquement car les

configurations 5p5ns n'ont gque 4 niveaux,






ANNEXE II

COMPLEMENTS SUR L'ETUDE PARAMETRIQUE DES CONPIGURATIONS

5(65,78,5d,6d et 7d) ET DE LA CONFIGURATION 5p58d .

oD

Lans cette annexe, figurent les résultats des calculs de 1ls dé-
composition des niveaux, c¢'esi-a-dire les carrés des coefficients du
développement de la fonction d'onde associde & chaque niveau sur les
vecteurs de base du couplage Russell-Saunders ; le signe -~ indique

que le facteur de phase correspondant est égal & -1 .

Ces résultats, qui ne figurent pas dans l'ariicle sur 1'étude
paramétrigue de la structure hyperfine, ont été obtenus sur les cal-
culatrices UNIVAC de la Faculté des Sciences d'ORSAY, en utilisani la

*
chalne des programmes mis au point au Laboratoire Aimé Cotton.

* A, CARLIER et Y., BCRDARIER, Programmes du laboratoire Aimé Cotton,

non publiés,



les vecteurs de base des différentes configurations sont notés

de la fagon suivante :

Tox
? 1

-

N configuration 5p56s

pE*

> configuration 5pb7s

1 configuration 5p55d .
Les vecteurs de base de la configuration
3 5p56d sont indicés U et ceux de la

2 configuration 5p57d gont indices W ,
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J =4
3« 51 3«
T Py Fy
5d 7/2 4 -0,9991 -0,0008 -0, 0001
64 7/2 4 -0,0008 0,9992
78 7/2 4 -0,0001 0,9999

I'ensemble des Tableauvx I montre la complexité du mélange entre
ces 5 configurations. Nous voyons gue de nombreux niveaux participent
de fagon non négligeable & 2 ou 3 configurations différentes. (e
n'est que par une connaissance yprécise de ce couplage intermédiaire
gue nous avons pu calculer la siructure hyperfine et en expligquer les
valeurs expérimentales, qui semblaient varier de fagon aléatoire, pour

ur: niveau de nombres gquantiques donnds, d'une configuration Sp'nd &
q s

iLlautre,

Le configuration 5p58d ayant été traitde toute seule, nous avons

adopté pour ses vecteurs de base la méme notation gue pour la configu~

5

ration &p’5d ,

Parmi les 4 niveaux bdtis sur le terme parent 2P1/2 , des confi-
gurations 5p5nd , seul le niveau nd' 3/2 { est connu & partir de
n=6t , car ils se situent au-dessus du premier potentiel d'ionisation.

les niveaux nd' 3/2 1 et nd! 5/2 % peuvent &tre identifiés sans

ambiguité, mais 1l est impossible de dénommer avec certitude, dans



chagque configuration, les deux niveaux nd' 3/2 2 et nd' 5/2 2. En

effet, le couplage varie beaucoup d'une configuration 5p5nd a

1'autre, si bien que 1'ordre des niveaux n'est pas toujours le méme,.

Tableaux 1T

Vecteurs propres de la configuration 5p58d

J =0 et J =1

3 1 % 3
Py P, P, D,
8d 1/2 0 1,00
8d 1/2 1 ' 0,0094  -0,8097 0, 1809
8d 3/2 1 0,6341 -0,0%46 ~0,3313
8d'3/2 1 -0,3565  -0,1556  ~0,4879
J=2
3 i 3 B

P, D, D, F,
88 3/2 2 0,5112 0, 1955 -0,2933
8d 5/2 2 0,4636 0,3091  -0,227%
gd' [3/2]2 0, 1365 0,0908 0,7727
8d'|5/2]2 0,4888  -0,2044 0,3068

3 1 N o
D, P, F, F,
8d 5/2 3 0,6881 0,2982  -0,0137
8d 7/2 3% -0,0863% 0,3658 0,5479
8d' 5/2 % 0,2256  ~0,3359 0,4384
8d 7/2 4 1,00



Pour indiguer cet état de chose , nous avons mis dans les ta-
bleaux des crochets autour des nombres quantiques 3/2 et 5/2 ,

afin de montrer que 1'identification en était incertaine,
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