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NUCLEAR~SPIN. AND lM'ERFINB•STRUCTURE 1-lEASURf:!·liUITS CN THE 

nADIOACI'IVR IODINE Al~D ASTATINE ISOTOPES 

iiuch L. Garvin 

Lawronce nadiation t.aborator:n University ot California, · 
· l3erlceley9 California · 

August 'l, 1959 

Atornio•beam magnotic-rosona.noe techniques have been used 

to meQ.surf.t the nucle~ spins or the tollow.tng :radioactive iodine 

and astatine isotopes& 

Isgt<zn& Hp.l.(~l.~{,g -~ ;tmctszna llttU:~tlt2 ~:om 

1123 13 hr 5/2 1132 2•3 br 4 

124 l . 4o.S days 2 11:33 21 br 7/2 

.1126 13 days :2 113.5 Gl?7 llr ,., /2 . 

:t13o 12.5 hr · ' 
At211 7~~r2 hr 9/2 

1131 8 days 7/2 

· In addition, tho magnotic•dipolo interaction consttmt, 

a, and.tho electric-quadrupole intoraotion constant• b; for 

x1'1 and.Il32 wore round to bot 

al:'31 • 575.90G ±. o.bl.S Nc/seo 

b131 • S7~•849 ~ 0.120 No/soc 

a1:32 ... t. $66 :!:. .S He/soc 

bl32 • !!:. 67 :t. :36 l-Io/soo~ 
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Theso interaction constants imply the followin~.valuas of 

magnetic-dipole moment,~, in nuclear magnotons (nm), and 

electrio•quadrupola moment, Q1 in centimeters squared (cm2 )a 

~lJl sa 2. 738 1. o. 001 nm 

q
131 

• -o.412 1. 0.020 X lo-24 cm2 

~132 • %. 3&08 j:. o.o3 mn 

~32 .. + o.o4S ±. o.o:as x 10•24 ctn
2• 

The ato.m.ic•beam apparatus used to perfonn theso measure• 

ments was $Specially designed tor use with volatil.e radioactive 

san:sples. 'rhfil! magnetic•resona.noe sicnals were observed by col­

lection of tbe radioaotive•beam atoms on silvQr-plated buttons 

l'lhieh were subsequently counted in 1ow-baok6round partial~ 

detectors. 

Tho theory or tho ex:p$rimental me~h:od; tb6 equipment used, 

and the sample-preparation techniques are desoribed-e A dis• 

cusrH.on .is included o~ the intorprotation ot tbtt :results :ln 

light ot the •ing1e""'Partiole shell-model theory of' nuclear 

structure• 

,. 
\r' 

v 



l• II\t"TflODUC'riON 

In rooent yoars atomic•beam toohniquos havo been used 

to cleterrnino certain propertios of num<:lrous atomic.nuclei. 

Of' particular !'tigni:fioanoe is tho measurement of' nuclear spins 

(aneular momenta) and oleotroma&~etic multipole moments by this 

technique., Those propo:rt-;1es rna.y bo inf'arred t'rom observations 

of' optical spectra, :from $xper-1ments using paramagnetic and 

nuclear-magnetic resonance toohniques 1 and by analysis of' the 

,15 and '(-ray decay properties of ra.dioaotive atoms-. In these 

methods, holifever, . tho x-esolution is gonol"al.ly lower than that 

obtainod in atomio•borun measurements or else th~ si.zo ot ~u.tmple 

required is much larger. Thus atomie•boam investigations are 

of' particu1ar importance in obsorvine tho nuclear propertios 

ot radio~otive atoms in s~n~les as small as to11 to 1olJ atoms, 

In studylng these nuclear properties; it is of interest. 'When 

possibio, to mal;:e moasurt>..ment s on a series of' isotopes of' the 

samo sloment,.:foJ:' in suoh a series tho tota.1 nuclear charge (Z) 

is constant, and tho variation in nucloar properties must be 

attributable to tho Ya.riation in tho number (N) of neutrons 

prQsent. Tho radioactive iodino isotopes constitute such a 

sorios. 

EXperiments with atomic nnd tno1coular beams date baok to 

1911 't1hen Dunoyor observed tho distribution of' neutral particles 

. effusing tdth thermal onoreios from the orifice of a. hontcd oven 
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chamber into an evacuated reeion.
1 

In 1921 Stern and Gerlach 

demonstrated in a beam experiment the spatial qttantization of .-

2 atomic systems subjected to applied .magnetic t'iolds, and in 

19:38 nahi and collaborators ro:fined the technique to obnorve 
. .. ,.., 

resonance transitions botuoon atomic hypcr.fine states .. ..:> Sev-

oral treatises havo boon. t>~ritte.n rocently tlll,1ioh describe in 

detail tho development of molecular-beam techniques and pro-
. . 4-a 

vido a:;;::oe11cnt ref'orences to present applications. 

Tho majority of the haloGen isotopes lie in tho mass 

re(~ions uhoro the oollooti ve o:ff'eots in nuclear structure are 

not expected to domitu•vtc,9-l 2 and thus tho e~GX'imontal evi­

dence oonccrn:i,ne those isotopes should serve to test the 

applica'bility o£' tho sinelo-particle shell model of' tha nucleus. 

Atomic-beam investigations of the properties of the stable 

halog&n ;tsotopos include the \lTorks of' navis, Feld.t Zabel, and 

. '7 14 7 Za.ohari,as.on cl:3S and Cl J or King and Jaooarino on Br 9 and 

ar81,l.5 and of Jacoarinq1 King1 and Strok~ on I 127.16 · Con­

ourl:"ont with the radioactive iodino and astat:l:ne investigations 

f'GJlO·rtcd herein, somo radioactive bromine isotopes are being 

17 investigated and will be reported elsa'l.mere• Appendix o 

in¢lude.s a survey o.f tho measurements ot tho properties or 

iodino by optioa1 and microwave spectroscopy and by analysis 

or tho f3 n.nd "( •ray decay sohotnCJs. 

Tho particular atomic-bcrun nmcnetic•rosonnnco technique 

used f'or many current investigations is tho ttflop-in" technique 
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proposed by Zacharias in 1942.
18 

Since the measurements 

reported herein were made by this same method, a brief des­

o.ription or the technique is appropriate. 

Figure 1 shows a schematic representation of the 

components used in a f1op•in experimento The beam is formed 

by ool11mation ot the atoms that thermally effuse from the 

source chamber (0) into the main chamber Which is evacuated 

·by diffusion pumps • The pressure in this region is low enough 

that an atom or molecule admitted bas only a small probability 

of collision with a molecule of the residual gases present, 

while traversing the leneth of the apparatus. Thus neutral 

particles are eXpected to travel in straight lines throughout 

the evacuated system until they collide with the walls unless 

their paths may be det'lected by applied maenotio fields (A a.nd 

B)• Only a small portion (about 10•4 or lo-5) of tho total 

number of atoms that effuse from the sou roe have their velooi• · 

ties directed approximately alone the center 11ne of tho 

apparatus so that they travel to a detecting device (D) at the 

other end• The path of' the atoms between the source and the 

detector pasees between the pole p1eoes of' three e1eotromagnetsa 

At Ot and B in that o~dero Magnets A and B provide stronely 

inhomogeneous fields with the Br&dients directed perpendicular 

to the beam direction and to the length of the source slit. lf 

the beam atom has an effective magnetic dipole moment (duo 

primarily to the electronic magnetic moment), the titrtld gradient 
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Fig. lo Schematic arrangement and trajectory in an 
atomic-beam, flop-in apparatus. 



tl 

produoes a deflection of tho atom that is proportional to this 

effective moment. If the gradients o'f the t'..ro magnets are 

oppositely directed, the deflection caused by tho first mnenot 

may be exactly ccunterbnlanoed by tho second with the result 

that the atom-ronchos tho detector by an S•shape path rather 

than by a straight l:tno. nut, l'llum the magnets are arra.ngod 

With their gradient& in the samo direction thon an atom ,..,hioh 

bas been deflected in the first magnet will oontimtc to be 

turther deflected by the second magnet (see trajectory 1 in 

Fig. 1) and wi11 miss the detector. !t, after the atom has 

been deflected by the first magnet, a transition is induoGd by 

.a radio•froquoncy (rt) oscillating f.ield 'Which reverses the 

sign ot its oftectivo magnetic moment, then the atom will not 

bo lost £rom the beam but be rofooussod (see trajectory 2) onto 

the deteotor and recorded as a resonance sittnal. TiliS reversal 

ot atomic moment and rosulting rofocussing ot tho atoms of tho 

beam is tho basis of' the "flop•intt technique. 

In order to exclude baol~ground sienal caused by molecules 

or high-velocity atoms present in tho beam (since these part­

icles are not sufficiently dof'lootod by the magnetic fields to 

miss tho dot eo tor}, o. stoptrlro ( s) is inserted into the -pat~ 

ot tho boron. The atoms which havo· undoreone the flop-in 

transition nro deflected around this stopldrc. Hone~ tho flop­

in method has tho desirable feature that thr, detector si.-::-:n::\1 

is very low unt1.1 tho rf transition is induced and the 
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resonance signal is observed. 

'lbo qtamti.z..ation of angular. momentum results in dis­

crete mncnetio stntGs o!' tho ntom, The si~ reversal in 

macnotic moment required f'or re:fo·oussing tho atomic beam is ~~ 

accomplished by inducinG trnns:ttions behll'een t'l-.ro of these 

macnetic states. These transitions take place in the third 

field reeion, tha C .field., located bet"ttoGn the de:Clect.ing 

magnets. Tho C t'ield is homogeneous and generally weaker 

than the A and a fields. A small osoillating magnetic :field 

is superil'l1posed upon the homoeeneous C field to prod.uco a 

magnetic torque on the atom and causG transitions ~ttlfeen 
. . 4 

magnot:to states. Tho magt1itude of.' the statio c .f'ield and the 

frequency o'£ the oscillating f'iold required f'or resonance 

transitions batween disoreto states nre related to the nuclear 

propertios o!' the atom o.s · ldll be sholm in the next section. 
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II o THEORY OF NUCLEAR-SPIN AND HYPERFINE-STRUCTURE MEASUREMENTS 

A.. UXperfine Struet!t:r;:e in [ield-Free Regign 

The hyperfino energy level structure of an atom is due to 

the electromagnetic interaction between the nucleus and the 

electrons. This interaction is measured by the energy re• 

quirod to change the relative orientation o£ the nuclear and 

electronic angular momenta. 

Ir• the absence of external fields, the Hamiltonian 

describing the hyperrine interaction in terms of' the angular-
~ ....lo. 

momentum_ operators ( I for the nuclear and J for the electronic 

momenta•) is 

...Jo, ....). 

a ( I • J ) + b Q0 p + c O~P + • • • (1) 
~ ~ 

Where ( I " J ), Q
0 

• and 0 0 P are the operators for the mag• p 

netic-dipole, electric-quadrupole, and magnetic•ootupole int~r· 

actions, and ap b• and o are their respective proportionality 

.-rt1e usua1 notation· is useda 
~ 

angular momentum • 1i I or 
...:.. 

~ Jo The magnitude of the nuclear angular momentum, 1 1 is re-

:rerred to as the nuclear spin. Here i1 is 1/21'(' times Planck's 

constant, 6.6252 X lo-27 erg-sec. Nuclear and electronic mag• 
...:to. - ..:to. ...:... 

netic moments aro given by ~I • e1 ,;M-0 "L and ,AJ • eJ ~oJ• The 

respective nuclear and electronic g factors are g1 and gJ 

( g1~ 1 gJ ) , and /A 01 the Oohr magnet on is 
2000 

Oo9273 X lo-20 erg/gauss. 



constants. In this form the interaction is expr-essed in terms 

of successively higher multipole orders starting with the 

magnetic-dipole interaction.•· 

·-In field-freo regions tho total angular momentum, F, is IJ 
-lo. ~ 

'the vector sum of I and J such that F • I + J M1ere F, ! 1 and 

J,are the quantum numbers of these vectors and m11 , m1 , and mJ 

are their respective project ion.s on a reference direct ion 

(usually taken ns the direction of nn applied field). ln an 

( F , mF ) representation, neglecting con!'iguration inter­

actions, the matri.x elements of the dipole operator are di~gonal 

in F and are.5 

(2) 

Tho Q
0 

term denotes the electric quadrupole interaction which p . 

arises from a nonsphorioal charge distribution of' the.nucleus 

in the pr0senco of an electric fi~ld gradient due to the eleo­

tronio confieuration. Here too the operator is expressed in 

"''fhe highest possible moment that oa.n be obs&rved by 

atomic-boam methods ·is the 2k moment t.rhere k is the smaller 

of 21 or 2J. Parity considerations exclude the electric multi• 

pole moments of' odd-lc order and .magnetic moments of' cven-k 

order. 
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terms of I and "J.5, l9, 20 giving 

~"""" 2 - ~· 
Q • 3 (I•J) + l/2 (I•J) - I(I+l)J(J+l). 

op 
. 21 (I •1 ) J ( J •1 ) 

The maenetio•ootupole interaction, Oop' as shown by 

• ~ Schwart221 is 

;r.. 

4 (!.j)2 

2I(I+l)J(J+l) + J(J+l) + ']- 4I(I+l)J(J+t)} 

4 I (1•1 )( 2I•l ).J (J•1 )(2J•1) 

(4) 
I 

For a single non•s ~l~ctron the magnetic•dipole-intar-

action constant, a, can be related to the nuclear maenetic 

moment, · /I• and the electronic radial operator (r•j) by 

a .. (5) 

as shown by Casimir. 22 

The electric quadrupole constant, b, was also evaluat~d 

by Casimir and, may be written 

(6) 

In .these eXpressions lie have g 1 • m A A being the nuclear 
H ~· / I 

magnetic moment in nuclear magne-tons, nnd Q is the nuclear 

-2ll· 2 electric quadrupole moment in units of' 10 em • 

. The relativistic corr~otion factors are ':J- and tR.., ., Fo.r 
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iodineJ we have 

c;J , 1. 061 and tR. • 1.128 (see Appendix C). The other 

terms have their usual rneaninss• 

/ot the Bohr magneton • 0.9273 X to"*20ergs/gauss 1 

h 1 Planokfs constant· a 6,625 X to•27erg•seo, 

e, the charge on the electron • 4.80:3 X lo•loe.s.u., 

~ and(/. t the electronic orbital and total angular 

momenta ( tor iodine, .L • 1 1 cf j '3/2 ) • ~ . 

<r•3) t the expect at ion value of' the radial operator • 

mt the mass of the electron • 9•108.'5(6) X to•2Sgm, 

and lot; the mass ot the proton • 1~67243(10) X io•24gm. 

The solutions of' Eq~ (1) ~or given values ot I and J in 

an (F, mz) representation aro the energies of' the hJPertine 

levels• These are denoted by wF, where F takes on values be• 

tween tho ma:timwrt or (I+J) and the minimum ot (J•I) 1fhen J ~I 

or (I-J) \dum I~ J. The trequency separations ot two s.uch 

l"'ets, L:lz) ( &o8•, ~11.2. bet,,roon :r1 and :r2 or .6l?a3 between F 2 and 

J'3), etbtained by using Eqs. (2) 9 (:3) 1 and (4), are 

*The halogen atoms each have one electron missing from 

the noble•gas oontieuration. Hund• s rulee pr·edict a 2P'3/2. 

atomlo ground state 'Which has been oonf'innod spectroscop:lca11y. 23 

The •eparation ot the 

to be 7G03 cm·1. 24 

2 2 P3/ 2 and P1/ 2 levels has-been observed 
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a 
lbealie u 

2 
(7) 

a -2 

~ore we have c • [F (F+l) ~ J (J+l) • I (I+l)), and the oct• 

upole int«traot:lon is neglected. Thus the measurement of' two 

such separations pro·vides unique solutions for the values of 

a and bo 

Be JitlUtrf1Ui,..,SttY..U?J:UU .ill f't.~Ull2.!. 

Stt ixtetnfll .. .MaenmUc F~!td. 

b'hett an external magnetic tie1d ii!ll applied to the atomio 

system, tho enerey ot intoraction ot the nucleus and the elec• 

t:-on• with the field. must be inoludeda and. the HamiU:;ord.an 

beocme$ 
.- --" - .-.b 

}ita a fi«tJ) + b Q
0

p .;. gJ.)"oJoHo ""' e1_.;"lo:;pHO f 

were t:he minus t~igns are consistent with the definitions in 

section A"'' 

(8) 

Ficure 2 illustrates the energyelevel diagram appropriate 

to this Nami1ton1e.n tor ths case 1ifhere J !.11 'J/2t I. • 7/21 and 

b/a a 1e005 (as fer iodine=131). At the extrome lett in Fig. 21 

When the applied field is i'<er-o, the energy l()vels, WF' are just 

those ot the hypertine structure discussed in Section AQ 

The application of a small magnetic field, H0 , splits 

the hyperfine levels into components 111tlioh may be labelled by 
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m1 , the projection of P on the field directionA At low field 

values (e.g., between 0 and 30 gauss) the splittin8 is essen• 

tially linear, (the Zeeman region) and if we neglect o£f­

diagonal elements in~ • the energy of each component is given 

to a good approximation by7 

(9) 

Where g 1 is defined by 

gl • g f(F+l) t J{J+l)- l(l+l) + g F(F+l;) + J!ItJ.)•.l(~+J.) 
J 2F ( F+ 1 ) I 2F ( F+ 1 ) 

0 

(10) 
Figure 3a shows a pictorial representation of the manner 

--!0 -'" ~ 

in 'Whioh I and J couple to form a resultant F Which precesses 

in a weak magnetic field. At higher field values, however• 
_.., 

When the interaction of J with the field is comparable to or 
..... --"' 

greater than the interaction between I and J (see Fig~ 3b) 1 
....... 

then the nondiagonal terms in F in the matrix equations can 

no longer be neglected and the Hamiltonian must be solved ex-

act1y to determine the values of the energy levels which are 

depicted in Fig. 2. An IBM-6S3 computer has been programmed 

to facilitate the solution. A complete description ot the 

method of solution is given else,mere. 2.!>-27 
28 Electromagnetic theory predicts that an atomic system 

may transfer from one of tho magnetic hyperfine states to 

another upon the absorption or emission of the proper multipole 
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radiation. In atornic-bsrun magnetic-resonance experiments, 

transitions aro inducod by means of magnct.ic dipole radiation 

and the transitions allo,~ed obey the selection .rulesa 

~F • ±. 1 or 0 

L:l m:s a .t. 1 or 0. 

For an atom to undergo a. trans1.tion and reaoh the detector 
~ 

as a flop-in rosonanee, tho projection, mJ• of J on the f'ield 

direction must change f'rom + 1/2 to - 1/2 or vioe versa. E:x• 

amination ot the level diagram sholtS that in only t'lii'O cases 

can this condition (plus tho soleotion rules) be satis1'1ed f'or 

tl1I'O lovols td.thin the same F state.. Those t1.ro transitittnS may 
I 

be dcnotodoC andjS' o For J • "J/2 (I) 0) and normal (numer• 

:l.eally oonsooutiv()) ordering of' the F levels~"' tho.se ar<H 

oCt (F•I+:l/2, mll ,. -I+l/2)~{F•I+,/21 mF • •1•1/2) 

(F•l+l/2, -I+3/2)~(F•I+1/2 1 -I+1/2) o 
(11) 

;s• m e m}" a F 

c. Nucl,e-ar Sein Det et,rry,WillRJl 

In the weak fiold region, Eq.., (9) gives the a11.ergy dit':fer• 

ence betueen two levels with ~F = 0 and L.\ mF • .t,. 1 as 

•cases have been :found (e.g., in the hyperfine atruoturo 

76 29 ot Br ·, see Garvin .~t ~" 'tmere tho quadrupole interaction 

is large enough to cause an inversion or F levels. When this 

oeours additional flop-in resonances may be allowedo 
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or as a rrequency of transition 

z}(~m • + 1) • g ~oHg_ 
F - F h • 

(12) 

Using thE) fa.ot that s1 is much tass than €,1 , Eq4 (10) ' 

mny be anproximated by DF • gJ f(F~·J:.l+J(J+1.l-I{;{+J.) (10') 
r l;) 2 Il 1.F+ 1) • 

The!~ nuclear spin, I, will be integral for nuclei with 

even atomic numbor, A • Z+N, and half'•integral for nuclei with 

ocld A. 'rhus, 1"or gbrcn values· of g3 , IF, and J, Eq. (10•) 

indicates that e.F will tal!o on only the discrete values asso­

ciated \dth I. At a knoWn value of H0 ; the observation of: the 

1'1op•in d:. andf3 resonance frequencies for an isotope determines 

its value of gF and thus its nuclear spin. 

TI1e value of tho magnetic field is measured by observ­

ing a 1'1op-in resonanoo of a calibration beam of.' atoms (e.g., 

of potas~ium or ootdum) whose ep is well known. From Eq. (12}, 

ve have 

and 

(13) 



.. 

so that at a particula1· fiold setting tho spin may be detorm:i.t1ed 

by comptlr~.ne the rf :frequencies at l-Jhich the resonanees occur 

in the sample beam and in tho calibration bcarn • 

The haloge~ ntomic-b1'run apparatus has a resonance lino 

width of approximately 0.1 Mo at low C field values.• Con-

sequently, in this 't1resk field range• h:tgitJ•,-spin resona.ncos may 

not bo soparatod enough t'or resolution. In order to determine 

the value or tho spin unequivocallY; oC and ;S spin resonances 

aro observed at sevGrn1 valu~s of: the magnetic field '\'-ih(>;}re the 

rosonanci3S ar.~ resolycci. T!his prooo~lure was used f'or tho 

measurement of' the nuclear spins of.' iodine ... 12)1 ... 124t •126 11 

-1:30;.-1:31, -132, -13), -135SI and astatine-211o 

Tho best valuos of' the interaction constants, a and b, 

are obtn.ined. by tho direct observation of: the a:ero-tiel<l hyp.,r• 

tine S¢'parations by inducing Ll!s- r;o z. 1 transitionst1 Before a 

setU:>ch for the direct transitions is undertaken~ however 0 it 

is advisable that good estitno.tos for hyperfino separations be 

obtained. (l!'¢r some stable isotopes tho zoro-field h)'TH~r:finG 

!lt'J.'he resonance line 1rtidth is due primarily to inhomo­

geneity ot the C field anc~ the characteristics of the rf' loop 

't\1hieh incluoos tho transitions • 



atruoturo may:bo inferred from spectroscopic analysis, but 

thiR is seldom the;, case for radioactive isotopes). 

In order to obtain good ostimntes ot the LJ..,) values, 

the d. nnd jS resonances o.re obs.-rved at successively h1Bf1er 

tield values until shifts from the Croquenoies prodicted by 

.Bq. (12) aro observ~d. Thoac shifts may be related to the 

Ll7J valuos by e.. pertubation calculation to sooond order .:tn K
0 

which gives 

1 

for the shi.f't in tho d. resonance, and 
.. 

.. [(21+1) 2 (2!•~] 
(2I+9) 2 

X [ -GI(I-1) . 

. ( l -t 1 ) f .2I • 3 ) 2 

(14n) 

(14h) 

for the shif;t in the _/3 resonancee This calculation was mad.e 

!'or J • 3/'a and 1 > 1/'J. Tha LJ:V val~1es o:re rlE<f'lned as 

Lll{2 • W(F .., J + J/?)- 'v{F ,.. J .. l/2) 
rmd 

and V
0 

refers to the .:frequency predicted by ~;q. (12). Clearly· 

/.I ,,, 
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a calculation to higher order in H
0 

is required 'for shifts in 

tho j9 resonance if I • 1. 

The values of ~ 7) 12 and ~ v23 from the pertub~t ion 

cnlcul.ntions may not be precise enoueh to permit a sc>nrc~'l for 

the direct transitions, but they do give preliminary values of 

a and b by Eq. ( 7). For better values, the IB'r-1-6.5:3 procrnm 

must be used to solve the Bamiltonian exactly. 27 The program 

starts with the preliminary values of a and b and calculates 

the theoretical transition frequencies to be erpeoted at C field 

settings where resonances ltere actually observed. It then 

performs a X 2 test• of the closeness of fit of the theoretical 

30 
and observed frequencies. The parameters a and b are then 

changed within the program until the be~t fit of the theoretical 

to observed frequencies is obtained. Resonances are then ob• 

served at higher fields, and the results are added to the 

previnus information until the uncertainties in a and b are 

small enough that ~J)12 and Ll)J
23 

can be predicted accurately 

and the search for the dircot transitions can be undertaken. 

This procedure was followed in the determination of the nuclear 

moments of I 1 :31 and I 1 32 • 

•As applied in this case "X. 2 is 

N (fi . i · , 2 
·~ observed - f theoretical where each value of 1 refers to 
t~(uncertainty of meas~rement), 2 

a particular observation. 
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The observation c: ~v12 and ~V 
23 

determines the values 

of a and b by Eq., (7). The constants a and b are in turn re-

lated.to~I and Q by Sqso (,5) and (6). In these equations, 

hcwe•er • the val uo of ( r •)) is not known precisely, because 

of th~ unQertainty in values of th0 electronic wave functions, 

therefore the valu~a or ~I and Q are cAlculated in an al.tor• 

14 
nate manner proposed by Davis P Fe let, Zllbel, and :Z.aeher ia.s • 

For two isotopes of th~ same element, ( r-)) will be the 

sameJ thus it is f'lO&sible to relate t!r\e constants of' two such 

isotopes by 

., ( 1.5) 

127 
The value of/A for· l was measured by_ Walohi by 

direct comparison to· the moment of the proton in a nuclear 

. Jl 
magnetic resonance eXperiment, and the interaction oon~tants 

•127• b 127 , and c
127 

11tere me-asured in an atomic-beam experiment 

by King and Jacoar1noo 16 Therefore the value of,P- for any 

other iodine isotope may be directly related to ~127 by use 

of Sq. ( 1.5) • Furthermore• on eliminating <r-3) from f.qs. ( .S) 

and (G). one obtains 

i • ~2 ~- J-l+i}{2f+3} gl ~ 0 -bl e2 til 1 ( 16) ~ ~· 1) -Q-

/t-<2 c;7 . 1 

Jl+ 11 '2i•Jl bl or 'h -- s 
8y1· e2 (fL ~ (.}+1) 

. al 

li 

\1 
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Again, using Eq. (1') to substitute for a 1 , tho value of Q 
..;. 

for any iodine isotope may b~ related throu~1 its b value 

to the measured value of' ? 127 • The value of' Q determined 

by Eq. (16) represents the experimentally observed value of 

the quadrupole moment. This value differs from the true 

quadrupole moment of the nucleus by a factor c, the Stern-

heimer corre'ction for tl1.e deforrnat ion of tho eleotron~.o charge 

distribution due to tho nonsphorioal nuclear charge distribu­

tion.32, 33 For iodine, q of' nq. (16) must bo mult~plied by 

c .. 1.029. 



III • EXPERUtENT AL APPARATUS 

The atomic-beam apparatus used for the work reported 

herein was.especially designed for use with.volatile.radio• 

active mate~ials. , Although the theory of operation and basic 

components are the same as those describ.ed earlier, 34, 35, 3~ 

t.he apparatus is unique in some of its design f'eatu.res. As 

shown in Figs. 4 and S the machine has essentially an"inside• 

outtt construction in that .the A, o, and 0 magnets are mounted 

external to the vacuum system. This manner of construction has 

certain advantages& (1) apparatus alignmen~ is easily per• 

formed, (2) sections may be removed for repair or replacement 

with little disturbance of the rest of the system, (3) the C 

field region is accessible for insertion and modification of 

the rf loops, (4) the C field magnet pole pieces are easily -. 
adjusted to vary the resonance line width, (~) the component 

parts may be readily decontaminated or replaced (if this should 

become necessary because of accumulation of long•lived radio• 

active material). 

The oven and detector chambers are brass cans 'Which are 

mounted approximately 30 inches apart ast.ride Dural runners. 

Three smaller vacuum chambers span the distance between the 

oven and the detector can and provide the low-pressure region v 

through which the bo'run passes. In the early stages ot 
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MU-13930 

Fig. 4. Schematic view of the atomic-beam apparatus. 
A, B, C - magnets; D - detector can; E - oven can; 
F - ca~ibrating oven; G - button ioader; H - stopwire 
assembly; I - liquid-nitrogen traps; J - valves. 
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construction, stainless steel tubes of 0.080 in. and 08375 in. 

diom. 'tore pasaed bettvcon tho A and B maanot gaps in order to 

carry tho beam. However it was found that only extremely weak 

beams tvould reach the detector through these tubes, and it be• 

came necessary to surround the A and 8 magnet gaps by manifolds 

which were pumped soparately. Thus the pumpintt takes place 

through the long slot between the pole tips (see Fig. 6). Tho 

C field chamber is a rectaneular box with the pole tips ex­

ternally mounted. In this box are mounted the rf-loop assembly 

and the collimating slits, lihioh are adjustable by micrometer 

scre1.1s from outside the vacuum chamber. 

The oven and detector chamber are evacuated by :r.ICF 700 

oil-diffusion pumps.• Tho II. field manit'old and the C field 

regions are· each pumped by ~!CJ.' JOO pumpsJ the B field manifold 

is evacuatad by a 2-in. pumping tube into the detector chamber. 

Rapid• notion vacuum valves are included in each pumping lin& 

above the liquid-nitrogen traps. ·These valves allow the vacuum 

system to be brought up to atmospheric pressure for repair or 

modification liithout cooling the pumps or warming· the traps • 

"'The NC}~ sorios of' pumps i·s manufactured by Consolidated 

Vacuum Corp., Rochester, N. Y., a subsidiary of Consolidated 

Eleotrodynamioa, Inc. Tho Temosoal valves employed in the 

system are p~oduced by tho samo company. 
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~I INC'tl 

CROSS SECTION B POLE TIPS 

MU -18036 

Fig. 6. B - Magnet cross section with vacuum manifold. 



The system can be pumped from atmospheric pressure to ' X lo-6 

mm TTg in approximately S minutet~• 

The solid angle of the beam reaching the detector is 

determined primarily by the detector-can entry slits (0.100 in. 

wide) and the collimating slits (o.o42 in. Wide). As noted in 

the Introduction• a stopwire serves to intercept fast atoms or 

molecules ~1ioh are not deflected by the A and 0 magnetsJ it 

is located at tho position of maximum beam· deflection in the 

B magnet. In this apparatus, the stopwire is a blade with 

cross sectional dimensions 0.0.52 in. by 0.100 in. which can 

be rotated to intercept more or less than the geometric beam 

width (0.072 in.) It can be adjusted laterally in tho beam or 

withdrawn completely from the path.of the beam. A small back­

ground aienal may be detooted due to beam atoms wich are 

def'leoted aroundtho stopwiro by small•angle scatter-inc off' 

of' the r.osidual eases. 'I'herefore the collimator slits • instead 

of' being set to the geometric width determined by the solid 

~,tnele formed by tho source slit a11d the detector wic!th, ar~& 

set slightly narrol~er to reduce this signal. 

B. Tho Narmet Syst£!]1 

The A and I3 mnenets used f'or beam dotlection arc similar 

to those described in earlier literature.36 They are 2-1/2 in. 

and 21•1/4 in. lone respectively and constructed of Armco iron. 

Fig. 6 sho,,.s the cross section or the B magnet pole tips 'tmioh 



produce tho inhcmoeonaous do:flootine f'ield. The A magnet is 
. t ¥ • ' -~ \ 

similar in design but reduced in. sizo. The A magnet has a 
~ '_ -: .:. f . 6 \ .• 

gap o~· 0.100 in. \nth maximum field of Gooo causs and field 
' "'! : 1;··.: 

eradient. of about :30;000 .gauss/om. The a magnet produces 

approximately the same f'iolct, but. ha~ a gap of' o.41.S in. and 

field gx-adisnt ot about 7,200 eauss/cm. J'hosa magnets are 

onoreized by wire-'IOiound coils of' approximately 1200 'turns each, 

and tha current (1.3 to 4.o amp) iS provided.by an adjustable 

'oo-v regulated supply (stable to 1 part in :30,ooo). The 

details o-r the chopper amplif.'ier and current-regulation system 

are described in the th~sis of Gilbert Brink.'6 . 

Tho C tield-maenot.pole pieces are 2•1n.•long (along 

the beam) and 1•1/2-in.•hieh. T.l'.ro .coils of approximately 

1500 turns each enorgizo this magnet to fields strengths of 

0 to 1200 eauss. The ourront {0 to 20 ma) liaS originally 

. provided by 6•v tiot-cell battorios, but lmcn measurements liTOro 
' ~ ~ 

to be mado at high f.iold values (requiring 300 ma). it became 

n_ooessary to incorporate n nc current-regulating supply. This 

supply uses a Delco 2Nl74 transistor as a ourrent~oontrol 

element and a I<intel ?>~odel lllBF high•gain amplifier to regu ... 

late the ourrento TI1e stability is one part in 10.5. 

111e majority of atornie-beam el..--perimcnts use a heated-

oven systent from '\"hieh the sample e:ffuscs to form tho beam. 



Such an oven is used to produce the potassium or eesiutn cali-

bration beam in tho present apparatus. The calibration oven 

is constructed on the end of a shaft that extends dotm into 

the top of tho oven chrunbor. As tho oven is heated by a small 

nichrome heater to such a temperature that tho vapor pressure 

of tho potassium increases to approximately o • .s l'llm of Hg, 

tho atoms of potassium effuse from tho 0.003 ... by-O .. OltO-ir1. 

souroo slit to·form the boam.• 

·At room temperature, the vapor pressure or iodine (O.) mm 

of Hg) is suf'f'iciont for beam production. ThereforG the iodine 

sample is attached externally to tho apparatus and allowed to 

d.i:f:fuso into tho apparatus through glass tubing; Iodine vapor 

is primarily diatomic molecules (I2 ) and it is neoest;ary to 

dissociate those molecules to form the atomic beam. The mole-

oulos are dissociated by (a) an r!' discharge which is ma1ntain€td 

in the quartz tube containing the 0.00.5- by-0.,0:30-in .. sourtJe 

s1it (sea .r'icr. 7), or by (b) thermal dissociation 'tiithin a 

platinum ~ube heated to approximately 900°C (see Fie. B). 

Eithor tochniquo produces a beam of 80 to 90'1~ atomic iodine. 

Tho second technique was found moro desirable to uso because 

*l!'or a narro'h•-sli t source of at oms, the pressure wi th.:tn 

the oven must bo lolt cnouch that the mean free pzi:h is ~reat::er 

[ ] 37 
than tho width of the slit the Knudsen conditicn • 
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Fig. 7. Radio-frequency discharge tube and discharge­
stabilizing circuit. 
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BEAM SOURCE 

Fig. 8. Platinum thermal-dissociation beam source. 

MU-15447 



tho electrical discharge cc.uscs a deposit in the quartz tube 

\-:hioh frequently clo(.l;s tho l'li.rc-drmm slit opening. The pro-

duction of' a bca.'1l of atomic astntlno requires special te-chniques~ 

.. ,,f.dch tdll bo discussed in Chapt cr IV. 

Tho radioactive sumplo is attached cxtorr1a.lly to the 

atomic-boom machine in a Borkoloy-typo glove box (see Figs. 

~ &rld 9). 'l'ho oven end of tho apparatus is scaled itzto this 

box, and the box is closed and vontod through a ra.diea.ctive 

f'iltcr system. 'rho box a!'fords protection to tho operator 

1Jhon handling samples and also permits safe removal of one 

typo of sour~e assembly and insertion of another without ox-
. 

J)OSUl"O of' the apparntus interior to tho room .. 

I-~otallio potassium or oc:Hdum mo.y be used intereh.aneeubly 

for the calibration boo..m. Duo to tho comparatively lOll hypor­

fine structure of' potassium. as 1~>cll ns its lO'\'V spin value., 'J/2, 

its frequency of' rosor.anco transition increases much more 

rapidly than for cesium as the c field is increased. Tims it 

becomes awlovnrd to uso for ldeh-fiold studies. However, the 

potassium metal is oasior and safor to handle than cesium. 

Therefore, :tt is used for tho majority of lo't·r-f'iold measure­

ments, and cesium is used only when hicrh-fiold rosonano0s are 

to be observed. 

The alkali onlibration beam ir; detected by sur£ace 

,, 
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ZN=2212 

Fig. 9. Sample vial attached to atomic-beam apparatus. 



ionization o~ tne bea..m atoms on a heated tungsten rlbben.. 1'?.10 

positive ion current oC lo-12 to 10-9 amps is nmplificd by a 

vibratinc--reed P-leotrornotor {.\ppliod Physics Corp, 1 rasn.donaJ ~ 

Model. :31) and displa.yed. on a Speedomax roo order • 
., 

The radionot:ive borun is· detected by allo~rlng the beam 

atoms to tall upon small metallic buttons (soo Fia. 10) which 

are inserted into th() vacuum. syatom. .Tho· size of tho .beam 

siannl is determined by doteotion of tho radioactive 'decay or 
tho atoms deposited. The buttons are coated ldth ;a suitable 

·, 

surtaoe tor o:f'tioicnt collection or tho beam atoms.• :xn the 

case ot the halogens, early experiments sho11l'ed that. troshly 

vacuwn-p1atod silver. surf'acos aro the most ef'fioiont and ro-. . . -
;, ..... ;·- -

producible ~or collection • It lfa$ noted that electr6ptated 

. silve~,su~iaccs aro only about lial:f' as efficient as vacuum-

.:':. ···.Plat:ed;·:•-~d :that the crricionoy or colt cotton or tho. $itver 

. ·sur:t~ch~' decreases by a factor of about four 'Whe~ the buttons 

are exposod to air for 1.!) hr. Thus, it is necessary to store 

treshly coated buttons in vacuum jars until roady £or use. 

~Ref'er to the work on the radioactive rubidium and 

galliuni :lsotopes-38 t' :39 A recent survey has also been made 

cf' the characteristics ¢f' atomic deposition. 40 



Fig. 10. Cyclotron tar get holder; tellurium target foil; 
collection buttons for the radioactive atomic beam. 
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'.l'he transitions induced bct11eon atomic hYPerfine states 

aro broueht about by the superposition of: c.n oscillating 

macnotic :fiold o_n the static hol'~'logoneous c f'ield. Th& atemie 

system is chnneod bott1oon maenotic substatos by tho cbange :tn 

magnetic torqu3 produced by the superimposed static and oscilat­

ing :fields• :S For OC or,~S resonanceS; the frequencies of trans• 

itiori. •'nay be in tho l'"aneo of' 100 ko. to .$00 No, ~'lereas :for tho 
; 

direct transitions (A:b"" = t. l; ~"'.It= 0 or .t. l)i the t'r~quencies 

will be of' tho ordor of the hyporf'ine splittings of tho atom, 

l11hioh .for xl:3l are erentcr .than 2000 Nc. lt is apparnnt, 
" 

therc:f.oro1 that. a wido ranee of signal-eonorating equipment is 

required. Fi&"tlrc 11 shot\"s the equipment used in per.f<>l''n1ine 

tl10S9 ·measurements and Table I idonti:fics tho models and their 

opbratlne ranges. Since one :frequency is required for the 

oalibrntion o:f tho C field and anothcr·for the Sa.tnt:>1e transition, 

somo frequency ranges of' oquipment/~r.:c:dtiplicnt;ed. 111~ oscillators 
.::,. 

provide the signals ''.i.lich are 'f'ed to' the' rf'. loop through coaxial 

,, 

In orcler to observe resonances of' the radioactive beam, 

the rf' input is first se•t to tho desired frequency of'. potassium ... 

resonnnoo, then the C f'io1d is adjusted so that a resonance is 

observed. Tho ca11brati.on oven is r~moved from the line of the 

bca.'l1 1 the sample frequency is fedl into the rf' loop, the button 
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Fig. 11. Radio-frequency equipment. 
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. Table I 

Radio -frequency equipment 

Model · '•Frequency range (Me/ sec) 

. . 
Oscillators 

General Radio 805-C 

Tektronix Type 190 

Hewlett Packard 608 A 

Hewlett Packard 612 A 

Airborne Instruments Lab. Type 124 C 

Amplifiers 

Hewlett Packard 460 A wide -band amplifier 

Hewlett Packard 491 A, wave -tube amplifier 

Other equipment 

Hewlett Packard 524 B frequency counter 

Bird Electronic Corp. 718 coaxial switches 

. ' ·.~: 

0.100 to 50 

0. 350 to 50 

10 to 500 

450 to 1250 

220 to 2500 

0. 500 to 180 

2000 to 4000 

.. 



is inserted, and tho exposu~e is started. After the desired 

exposure time (usually .5 to 10 min), the button is removed 

tor countine, tho calibrating oven is lowered into the line 

of the boam and the calibration frequency i~ aca.in applied. 

If' the ma£.,"11otio fields have not ohaneed in value the. resonance 

of potassitun \'iill still. appear. If the apparatus is no longer 

set to resonance, then the field must have drifted during the 

timo or tho exposure, so tho exposure must pe ropea;tod., The 
. . 

stability or the mat.?flet-ourront regulators is such that :field 

drifts are obsorved.~nly inf'requently. 

The :froquenoies aro moaoured by a Howlott ... Paokal .. d Model­

$21H3 troquoncy counter uhich is accurate to 1 part in 106 by 

comparison with tho .sicnal output of the Atomichron (oesiun~­

borun atomic clock) • 

The osoilla.tina maenotic field is oausotl ·by rf current 

flo\fing in a loop device ldthin tho C field region. Simple 

hairpins of 1-rirc are ouf:ficient at low frequenc~.es to provide 

tbo rr signnl required for rosonanoe observation. However• 

tor the 1ddo frequency range involved 111 those e-xperiments, n 

more efficient loop was developed. As sho'm in l!'ie;. 12, the 

loop is essentially a section of shorted .50-ohm coaxial line. 

'I11e dimensions are ke-pt omall fol"' maximum influence of th.e 1··f' 

current d.n the beam atoms. By the use of this loop, re-sonances 

in tho .5• to 10-Mo range were easily observed witl't less than 

10 mi1li'tvatts of rf po'ttcr. The loop is dual-:t_:lurp.ose in dcsign 1 
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MU-18042 

Fig. 12. ·Dual-purpose radio-frequency loop. 
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since tho soloction rules alloltf tlvo types of transit ions a 

(a) Pi transitions ( ll mF • t, 1) aro caused by oscillatinc 

components of tho.rt :fiold in directions porpcndioular to the 

C field. (b) Si~na transitions (~mE • 0) are caused by 

osoillatine cor:rponents of the rf' field in tho direction parallel 

to tho C field. Tho dual-purpose loop may be rotated to on­

hano.o tho t;ypo of transition required. 

/~fter deposition of thG atomic beam on the sample buttons, 

specially dosienod counters are used to dotoot tho decay pro• 

ducts of' tho isotopes studied. Th•o typos of counters are usedt 

x•ra;y counters and oc:.- orj9 -particle counters (shown in ll'ig. 1:3). 

1110 x-ray counters are thin-crystal scintillation oountors. 41 

A. Nal crystal is used which is just sliehtlylarger in area 

than th& collooting surface or the button and is approximately 

1/16-in.-thiolc. Tho crystal is mounted directly onto tho sur ... 

faoa of a .S319 photomultiplier tube inside of a 3-in.i- loau 

shieldo An alienrnent hole servos to hold the button in close 

_proximity to tho crystnl for counting. Amplif'ied scintillation 

pulses from the phototubo arc reeisterod in a single-channel 

pulso-hoi{;ht analyzer which is sot to count tho K x-rays asao• 

oiutod id th the oloctron-capturo docny • · 

ln ca.sos uhcrc the s~nplo isotope decays by oc- or ;!J-

pnrticlo emission, cont1nuou5-Clow ~othnnc proportion~! counters 
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ZN-2214 

Fig . 13 . Radioactive decay counters. 



···4.g •. 

are used• The volume ot tho ionization chamber of each counter 

is approximately 1 cuo in. (seo Fie. 14), and the button is 

hold approximately 1/4 in. from the high-voltage elcmont, 

\Which is a o.ool-in. wire loop approximntcly 1/4 in. in di::.mctor. 

'I'ho proportional counters are operated at 2800 v ~or detecting 

j3 -po.rticlos and have 1 to :J counts/min. background. For 

oe.-count1ng, the voltage may be decreased to 2400 v and the 

backzround is thoroby reduced to loss than 1 oount/min~o~, 1rlth 

no appreciable loss in counting efficiency. The bnctcground 

in the x-ray counters is typically o.5 to 2 counts por minute. 

For analysis of' decay half lives, a printing tin1or* 11as 

incorporated with the scaling units to record the time When a 

preset number of decay pulses has ooourred. In oases where 

ha1t-1ife analysis alone is not su~fioiont Cor isotopo idonti• 

tication (soe Appendix A), a 100-ohannel pulso-height nnalysor•• 

was used 1n conjurtction ldth a 1 ... 1/2-in. crystal scintillation 

counter €or identi£ieation or the chnracteristio gamma rays 

omitted. 

•ctary Mode1•1920 printing timerg Clary Corp., San 

Gabriel, Ca.litorn:la, 

••ronco Nodel PA-3J Pa.oif'io Elootro-Nuolear Co., Culv€-r 

City, Cslitornia. 
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Fig.· 14. Cross- section view of the contl.nuous -flow 
proportional counters. 
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IV • SJU.tFLE !'REI' A RATION 

Tho iodine isotopes Which were studied in this invosti• 
I 

gation covered the mass range from 123 to 135• Because of 

this wide range no single technique ot production could bo 

used tor all isotopes. The production techniques usod wore 

u tollowsa 

laatsmg 

1123, 124 
ruenn2t o( Erpdyg~ion 

Alpha bombardment (with 48-Nev 

oc particles) or powdered anti~ 

mony metal; ,by the use of the 

( oc , kn) reaction, 'Where k • 1, 

2 1 and :3e 

Proton bombardment (with 12-Nev 

protons) of tellurium metal 

melted onto an aluminum foil. 

Purchased from Oak Ridge National 

Laboratories Uhere it was separ• 

ated as a reactor fission product. 

Obtained by milking process from 

Te
1

'
2 

in o.n iodine generator pro• 

vided by Brool<haven National Lab-

oratory. 



};.sctopo 

xl:JJ Purchased from Brookhaven 

~1cro it was sopuratod as 

a reactor fission 11roduot .. 

l'1roduood in tho fi:.;s1on of 

uranium-2:38 !'oils by 24-Nev 

deuteron bombardment. 

All of" tho bombardments listed were performod in tho Bcrkoloy 

GO-in. cyclotron• 

The basic objootivo in matdne n.n observable beam of any 

of' the above isotopes is to separate tho active isotope from 

the taraot material and mix it thorouehly with natura.l•iodine 

carrier in elemental form for admission into tho beam apparatus. 

Tho total amount o£ radioactive sample is only 1012 or tolJ 

atoms, woroas the of'.fusion rato or atoms into the apparatus :ts 

approximately to14 atoms por second. Therefore it is necessary 

to mix the activo sample with a natural carrier lll'hioh lends 

stability to tho beam and governs the running time of th~ sample~ 

Each isotope required th0 development of: a cl1om:i.cal s~pa.r ... 

ation method peculiar to that isotope. It1 general the followine 

three conditions should be satisfioda (a) The separation must 

be f'ast enoueh :for obsorvat ion of the desired isotope l·:hen 

short half-lives are involved, (b) It must be pcr:formod with 

safety against tho possibility of rad1.onctivo dispersal and (c) 

It must also expose th~ researcher.to n minimum amount of' 
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radiation. The f'ollotrlne sootions describe tho ohcm:i.cal 

techniques used for the iodine isotopes. Ficure 15 shc,fs the 

nor!<:olcy-typo glovo box in l·Jhich thoso chemical separations 

1. J.!:31 nn,ct_,11:3) 

Iodino-1)1 (8-doy) and-1'' (21•hr) woro obtained from 

tho Oc-Jc nideo and Brookhaven Nat tonal Laboratories as l'~a.l in 

aqueous solution. 'l'ho solution liaS mado slightly acidic l'lith 

n2so4 and thon ~JaNo2 solution added. This o:r.idizod tho iodine 

to ito olcmontal form, ~A1ioh is readily extracted into cs~• 
1'.> 

Tho nntura1-iodino carrier (also dissolved in cs..,) is thon 
~ 

o.ddod nnd rnixod thorouchly tdth the radioactive iodimh Tho 

cs2 is evaporated orr, loavinc crystals of iodine in tho samplo 

v:lnl 1!J11ich is then attached directly to the beam machine. At 

room temperature it , .. tas found that iodine diffuses into the 

app<lrntus throueh tho souroo slit at. approximately 22 mg per llli"• 

By tho use ot' this fact tho amount of iodine ear:rio.r is ndjuGtcd 

to eive a convenient runnine time of tho sa.'tlplo. The runninrr 

timo may bo ohoson appropriate to (a) the quantity of active· 

material pro sent • (b) the sir.o of' tho berun dosirod, ancl ( o) th~ 

hnlf ... li:f'o of the activo sa..tnplc. ln order to illustrnto t.h~se 

points, 1 1 ' 1 and ! 1 :3:3 were orig:innlly shipp~d o.a 100-nd.ll:tcur:le 

(me) samples (1 me • '3.7 X 107 disint~gra.tions {d~.t.s:l.nt,) pe:r-

sec). By tho time the se.mr>lG -vras received and the chcn;lcal 
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Fig. 15. Berkeley-type chemistry box with the 1
132 

generator attached {upper right). 
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separation tms por:formed 11 thp toto.l so.raple ho.cl dccn;yed to 

approximately 60 mO (thus tho total sample was docny1ng at 

~2.2 X 109 disint./sec • 12 X 1010 disint./min). A convcn• 

ient aizo of full boam countine rnto is .500 counts/min. Cor 

each minute of button exposure {giving 2000 counts/min. i'or 

a 4~ine exposurel the resonance tlopMin signal will be of 

the order of: 2 to 4'fo of this :full boam). If we assume a loss 

of' a factor of :3 for counter solid ane;le and efficiency as 

we11 as button collection efficiency, the full beam reaching 

tho bUtton should be 1.500 dis:lnt./rnine The transmission of 
... , 

the apparatus is approximately Oe.5 X 10 J therefore the 

total rate o'f ef':fusion of activo atoms should be such that 

they give approximately 3 X 108 disint./mino It' tho total 

sample were to o€~use at this rate, it ~~uld last for 

13 . X to10 I ' X 108 ... 430 minutes a 7 hours. 111US the act i vc­

iodino sample '-ms mixod with approximately 1.50 me of' natural­

iodine carrier. The numbers used in the example are consist~nt 

1dth observed counting rates. In this example it was assumed 

that tho half'•lif'o o:f the activity is lone compared to tho 

running time ot tho experiment. 11' the half-life is short, 

tho amount of' carriGr is reduced to allo\1 fer the clecay or the 

tull beam durine the time of tho run. 

2. 412:3 and I124 

t 12 :3 and 1124 uore produced by tho oc bombardment of 

pot«icred antimony metal. In ortlor to remove the active iodine, 



the to.rect material "t-ras dissolved in hydrochloric acid (with 

H2o2 added to yieid nascent chlorine) • \Jhen tho solution <t11as 

mndo bnsio vith sodium hydroxide, SbOCl lvas precipitated, nnd 

the solution contn:tni11g the activo iodino \ia.S f'iltorod off • 

Tho solution l110.S made acidic lfith. n2so4 and tho iodine oxidized 

and extracted in tho same \fay as I i 31
e In order to observe the 

1;3-hr 112', the sample lofa.S run immcdiatelyJ however,· !'or the 

4~.5-da.y 11241 tho target 1~as allowod to decay for 2 dayfl to 

nllow tho x123 to die out with respect to the 1124 before the 

separation was per£ormod~ 

126 1.,0 
I and 1 ~-

In order to reaoh the mass range 126 to 1:30t~ it ~tas 

necessary to bombard the tellurium isotopes occurring naturally 

in this range and use the (p, n) reaction. Tellurium metal was 

molted onto a 0.02.$-in.,-thick aluminum plate for bombardment• 

This plate was then covered with a o.oo1-1n. aluminum foil and 

clampod in a cyclotron target block (see Fig. 10). During 

bombardment the sample was cooled ~rom the front by flowing 

helium gas and from behind by flowing llfater• These precautions 

wore. ncctuusary to prev;ent cvcrhoating of' the target and loBs of 

Te and active iodine into tho target chamber or tho 60•1n. 

cyclotron • 

.l!'or separation of' the iodine, tho Te \'(O.S dissolved in 

HNO:J then the solution \-;as made basic trlth concentrated NaOH. 

.. 



M1on :formio acid 'tfas added, the To '\<FaG precipitated and removed 

as Tc02 and the iodino could be extracted as above. The separa­

tion of iodine from tho To target is approximately 80% ef'f'iciont. 

A fnstor but less cf'ficicnt (about 60j.) technique of scpnratic:m 

uses an ovnporat ion syst om (see doscript ion under At Zll) 'h'horoin 

tho target To is heated to approximately 700°c. 'l'ho iodine is 

O'\"olvcd and collootod on a cooloct platinum disc, '1\•h:t.ch is subse-

quontly ·unshed in NnOH, f'ro.m 11hich the 1.od1no oxtrnotoc! .• 

ll·e 11:32 

Tho 2.:J•hr 11:32 is conveniently obtained by a 11 m11king11 

proooss €rom 77-hr Te1 ' 2 in an iodine eonorator provided by 
42 . Broolthaven National Laboratory. Tho To .is adsorbed in an 

alumina mesh ttithin the ecnorator and the iodino is removed by 

flushing with 2.5 ml. of OeOl M NH1,_oH solution. Tho eonortttor 

regains its secular oquilibrium in approximately 12 hr, and 

froDh samples of 1 1 ' 2 may be removed nt 12•hr intervals if 

desired. ltieure 1.5 shous the cupula on tho Borl<eloy box t1hich 

.allows the generator to be t'lushod directly into the glovo box 

for chemical processing .. 

Tho iodine isotopos 1l:Jl through 1 13.5 arc produced ns 

fission products t..rhen uranium-238 is bombarded ui th 24-Nev. 

dcutqrons. As described in sections 1 and 4 above, I 131 , 1132, 

and 11:3:3 are obtained mo:re cconomicnlly, therefore deuteron 
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134 135 
bomb~rdmcnts wore only used to study I and I • Follo1dna 

bombardment, tho urnnium is dissolved in HCl. Tho solutior is 

diluted ldth '\iO.tor, and then Nt\.I.'J0 2 is added to· C'Xidize the 

iodine. Tll(l extraction into cs
2 

of'ficiontly separates the 

hnlocons from tho other f'ission products. 

B. f'.statinc•.211 

I~ 1940 Corson, Mackenzie, and Segr~ isolated a radio-

activo element tihose chemical, p~1ysica1, and nuclear properties 

. l~J 
established it to be element 8.$, the last o:f the halogen croup • 

. 1111s element, t.:hioh does not possess a stable ~sot ope, tias named 
. 44 

astatine$ The meumtrement of tho nuclear spin of the 7.2-hr 

At 211 by an atomic-beam oxporimont constitutes tho f'irst direct 

spin determination of an isotope (with no stable counterpart) 

whoso half-lifo is moo.surcd in hours. 

Tho At211 1ms produced by an ( ~ , 2n) ronction on a. 

bismuth tareot iri the Berkeley 60-in,; cyclotron. A bomhardinr.; 

energy of 29 :Mev l'tns employed to produce prof'orcntinlly At 2ll 

.free at At210 • Tho astntino liaS separated from the torget by 

an evaporation techn1qut- proposed by Barton, Ghiorso• tmd 

Perlman; 45 tho target is heated to 700° C in nir ~ithin a 

stainless steel crucible (see Fig. 16). Tho top of the cr~lc].ble 

is closed by a t..rator-coolcd cylinder to '\vhich is clamped n 

platinum disc lvhich serves to collect the astatine. 

In order to produce an atond.c beam, it lvns found necessary 
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COOLING 
WATER 

IN 

SPACER 

RING 

ELECTRIC 

H.EATER 

ASTATINE SEPARATION BOILER 

MU-18037 

Fig. 16. Cross-section view of the astatine separation boiler. 



to mix tho astatine ~ .. d.th a nntural carrier. lod~mo was ·chos··E:m 

becnuse or tho similarity of' its ohcmicnl properties to these 

of' astntinc. 'l'ho platinum foil 't~ns plncod in an evacuated 

:flo.nl!: 't'rith opproxioatcly 1.50 rna or iod1no nnd heated to drive 

orr the n5tatino. An intimnto mixina of tho a~tatinc ond 

io<l:tno 1.1as ensured by dietilline tho mi:-cture several (~imes; 

fr(')m ono ond of' tho vial to tho other. Tho atomic beam t1•a.s 

produced by thermal dissociation of tho I-i\t ocrnplex in the 

platinum source tube described in Chapter III. 

It '\<!ElS found nooossary to mainta.in the oven vial and 

asaooiated glo.sst.rnre at a t emperaturo of t~.pproximat ely 100°C 

to prevent adsorption or tho activo mntorial onto the glass. 

The f'low rate of the l•J\t mixture into tho plnt inurn tube l'i'a.S 

controlled by a slow leak mado by pnrtially fusine a fritted­

elass filter. Despite the intimate ~ixina of iodine and asta­

tine, the borun was not steady, and. varied irrceuta.rly with 

t.ime. ln order to COi'!f'Onsnto for th.is variation, tho resone.nce­

button signals '\11oro normnlizod against the d.irect beam (1 .• ~. 1 

the siena1 lrl.th tho apparatus stop wire 'tdthd.rntm) • measured 

immediately bef'oro and nf'tcr tho resonance exposure. 

In all of the snmplc preparations, 'tll'hcn tho rnd:t.atlon. 

fiolds due to tho s.amplo "'lore too high f'or separation in the 

standard glove box 0 tho operations wore performed by the.use of 

r~otG manipulator$ in 2-in lead-Ghi~lded chemistry boxes. 
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v. RESULTS 

1be results· of tho spin moasuremonts performed on the 

isotopes o£ iodine and astatine are sumnwrizocl in Tnblc ll. 

and have boon published by the author in collaboration with 

Te No Green, 46-50 Eo Lipworth and w. Ao Nierenberg, Maenet:tc-

:Clold values are listod at 'Which resonances wero observed and 

the typo of flop-in resonance observed is gh~on in parenthesis. 

'!110 values of tho spins of I12!>, ! 127, 1 128, and 1 129, which 

'·1ere measured elsewhere, aro included for ro:feronoe. 

Figure 17 aho11.•s tho spin search made on a sample con-

tain1n:7. 112' .. nd 1124• rr·h 1 .& ~. 1 1 t f 1 _ ;::; ... ..l e 1..&.{';11 s gna. s a requenc · os approp-

riate to spin 5/2 (0() and :5/2 Y') wor~ decayed and attrib­

utable to 1:3-hr I1 23. The signal at spin 2 (ex) 11as found to 

decay much more slowly, and l'l'as identified as bein~! duo to 

4 124 . 
o.5-da:y I (see Apponcti:r.: 4'\) e l!'iuure 18 sho'tiS tho rosul ts of 

a similar search performed on a sample contnininrr 1.)-dny r 126 

(spin 2) and 12~t.$-hr 1130 (spin :;). 

Figure 19 shows tho results o:f a spin se.nrch performed 

on a sample containing 2•:3-hr x132• Since this is essentially 

a pure inotopo• only tho resonances ~.t spin 4 ( OC) and 4 {,IS ) 
.were detected. 

Figures 20 through 28 sholll' complete OC:. andj!J rf reson­

ances observed :for tho isotopes irt Tablo II. 



Isotope Half life 

1123 

1124 

1126 

. 1130 

1131 

1132 

1133 

1135 

Measurements 

I 
125 

1127 

1128 

1129 

1130 

13 hr 

4 day 

13 day 

12. 6 hr 

8 day 

2. 3 hr 

21 hr 

6. 7 hr 

7. 2 hr 

I 

made 

60 day 

stable 

25 min 

> 10 
7 
yr 

12. 6 hr 
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Table ll 

Results of spin measurements 

Nuclear spin Magnetic field at resonance (gauss) 

5/2 

2 

2 

5 

7/2 

4 

7/2 

7/2 

9/2 

elsewhere: 

5/2 

5/2. 

1 

7/2 

5 

8.55(a..~); 17.07(a..~); 28.37(a..~) 

8. 55(a., ~); 17. 07(a., 0); 28. 37(a., ~) 

0. 7l(a., ~); 1. 42(a., ~); 6. 9 2(a., ~) 

2. 86(a., ~) j 8. 56(a., ~); 14. 24(a., ~) 

see . Table III 

2. 82{a., ~); 6. 92(a., ~);13. 42(a., ~) 

2. 82{a., ~); 6. 92(a., ~); 13. 42(a., ~) 

2. 82(a., ~); 6. 92(a., ~); 10. 87(a., ~) 

2. 86(a., ~); 5. 71{a., ~); 8. 56(a., ~} 

NMR62 

NMR31 

Ato~ic beam59 • 61 

NMR
31 

Atomic Beam 
61 
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I SPIN SEARCH Zlcs = 3 Me/sec 

APPROXIMATE LINE WIDTH • 130 Kc •-.11-t-

I 
I 

I ! 
Ilif I I I I 

0.0 3.0 6.0 9.0 12.0 15.0 18.0 

s . P. < >II II I til I I FREQUENCY (Mel I I I I 
pm omts + ~ ~"' ~ .,. ~ ,., N N ~ ~ 0 .... 

!!! = m 'f "' ,., 
N .... 
"' ~l>- I ;o: -. 

Fig. 17. Spin search on cyclotron-produced r123 
and r124. 

Alpha and beta resonances are indicated by + and _ 
respectively. 
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20 
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~ 
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0 

Fig. 18. Spin search on cyclotron-produced r126 and 
1130 
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r'" t (ce) 
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Spin - 5/2 (a) and - 5/2 {f3) resonances in r123 . 

·. 
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1124 2 (a:) 
~~'cs= 1o Me 

9F~: 22.69 Me /sec 
h 

22.760 22.960 22.960 2:5.060 23.160 

FREQUENCY (Me /sec l 
23.260 

19.8 19.9 .20.0 20.1 

FREQUENCY (Me/sec) 

I 124 21,81 

lies" 10 Me 
~OH 

9F-h-: 19.66 Me 

20.2 20.3 20.4 

MU-18173 

Spin- 2 (a.) and - 2(13) resonances in I 124• 
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Fig. 22. Spin-2 (a.) and -2 (13) resonances in r126 . 
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1130 

SPIN 5(a:) Vcs =5 Me/sec 

QF ~ = 6.13 Me/sec 
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MU-16279 

Fig. 23. Spin-5 (a) and -5 (j3) resonances m r130
. 



20.0 

15 

I!! z 

8 
5.0 

20. 

15.0 

5.0 

' 

Fig. 24. 

13213 1329 1330 

-69-

133.1 133.2 133 3 
FREQUENCY (Me/sec) 

I 

133.4 

!131 

7/2(1!) v. =500 Me/see 

9F ¥ = 104.074 Me /sec 

133 

7/2(a:) VK = 500 Me/sec 

~¥= 156.092 Me/sec 

169.60 169.70 169.80 169.90 170.00 170.10 170.20 170.30 

FREQUENCY (Me/sec) 

MU -18008 

Spin-7/2 (a) and -7/2 (!3) resonances m r131 . 
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Fig. 25. Spin-4 (a.) and -4 (J3) resonances in r 132. 



-71-

30 

1'33 

SPIN fta:l 

liK = 5 Me/sec H=6.92 gauss 

gF~ == 3.87 Me/sec 

0:: 
w 

oL---------~3~.6~~3.~7--~3L.8--~3~.9~~4~.0---4L.I~--------------------

0.. 
70 

en 
1--
z 
~60 
0 
u 

20 

10 

FREQUENCY (Me/sec) 
1133 

SPIN f<p) 
!IK =5Mc/sec H= 6.92gauss 

gF~=2.58 Me/sec 

oL------------~~3--~2LA---2L.5~~2~.6--~2L.7~~2.~8---2L.9--------------­

fREQUENCY (Me/sec) 

MU-18010 

Fig. 26. Spin-7 /2 (a) ahd -7/2 (13) resonances in 1
133
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1135 
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I I . 1135 Fig. 27. Spin- 7 2 (a) and -7 2 (13) resonances 1n . 
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Ar 211 % (a) 

25 
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Fig. 28. Spin-9/2 (a) and -9/2 ([3) resonances m At
211

. 



Be Hrnerfine-Struoture Measurements ' 

According to the procedure outlined earlier for measur-

ing hyperfine•struoture constants, the hyperfine structure of 

t13l was ~bserved directly, and the quadratic shifts in 1 1 32 

were observed at field values high enoueh that approximate 

values of the interaction constants were obtainedo 

The energy•level diagram tor x131 is given in Fig. 2. 

Table III summarizes the resonances observed. Note that for 

eero magnetin C field, the application of an rf oscillating 

field at a frequency equal to the hyperfine separation, ~v23 , 

can induce eleven differ~nt pi (~mF • ± 1) resonances and also 

six different siema (~mF • 0) resonances. As the C field 

deviates from zero~ these resonances separate according to their 

field dependence in Eqo (9). 

The best measurement of .Av23 is made by observing the 

(4,0)~(),0) transition which is field independent to first 

order in n
0

• By Eq. ( 10 o ) , however, the gi' calculated for f'•) 

is approximately £ere, and therefore the three lines 

{ 

(:3,1) 

(4"0)""41i<~-,._>- (:J 9 0) 

(3,-1) 

remain superimposed for small values of magnetic field and tend 

to increase the resonance line widthe 

The upper direct transition (S 0 •))~(4 1 -3) is a sigma 



Transition observed 

a. 
( 5' -3 >-< 5, -4) 

!3 
( 4, -2 >-< 4, -3 ) 

Direct transitions: 

( 4, 0 )-( 3, 0 ) 

( 4, 0 )-( 3, 0 ) 

( 4, 3 >-< 3, 2 } 

( 4, 3 }-( 3, 3 } 

( 5' -3 ).......( 4, -3 ) 

( 5,.-3 )-{ 4,-3) 

( 4, 0 >-< 3, 0 ) 
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Table III 

~ 31 Resonances observed 

Magnetic field 
(gauss) 

86.25 

278.80 

739.90 

540.17 

1049. 21 

86.25 

115. 95 

278.80 

739.90 

540.17 

0. 71 

4.20 

28.37 

28.37 

6.92 

2.82 

2.82 

Resonance 
frequency(Mc/ sec) 

49.6 

169. 9 

517.0 

355.75 

805.80 

34.90 

48.18 

133. 30 

529.40 

320.95 

2138. 23 

2138. 22 

2170.09 

2170. 88 

3289.09 

3291. 44 

2138. 21 

Line 
widtl\Mc/ sec) 

0.22 

0.17 

1. 25 

0.75 

1. 44 

0.19 

0.14 

0.24 

0. 61 

0.69 

0. 09' 

0.09 

0.18 

0. 21 

0.13 

0.10 

0.09 
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hransitidrl that was observed at tho field values indicated in 

Tnblo lila. 

and 

The ·:results of the direct-transition measurements sho·t-.• · 

.6v12 .. 3293.03 ;t. 0.13 Me/sec 

llv 23 = 2138.22 ;t. o.o9 Mo/seo. 

Tho uncertainties quoted are the :full 1:\.no l·tidth of the observed 

rosonnnces (at half-maximum). Estimates of effect duo to con• 

ficruration interaction or to the presence of an octupole momGnt 

indicate that either o!'f'oct would·. be less than the uncertainties 

assicned. 

As described in Chapter II an 111.(..!-65:3 computer has been 

procrammcd to fit the observed roso-n.anoe data to an exact s:olu-

tion of the Hamiltonian, Eq. (8), and to yiold values of a and b 

appropriate to this solution. Although atomic-beam measurements 

of the hyperfino-struoture separations detennine the magnitudes 

of the constants a and b and their relative sien, a separate 

measurement is required to determine tho absolute si~~ of a, and 

thus the sign of the magnetic dipole moment. This moa!.>uroment 

must involvo th~ interaction of' the dipole mom.ont tdth tho ex­

ternal fioldo Tl1o thoo~otical frequencies calculated by the 

IBH•65:3 proaram involve m oorroction for the interaction of the 

nucloar moment t~tith the external field. 'l11e correction_ enters 

into the oalculat~t1 f'requenoy as an additive torm and will bo 

positive or negative depending on the sien of tho nuclear dipole 



"6 
moment., Thus 11 as described by Garvin f'l.L~ .. .,"" the program 

provides n method for tenting !'or the sign of' the mome.ntfl The 

data is· fitt~d to theoretical frequencies by osr.:ur;1~.ng the slgn 

of e
1 

is posit:\ vo and than nee;ativch A compnrison t:~f' th~ close­

ness of Cit bctwoen these two separate cnlculatio~s is made~ 

and 11' the di:f!'erence in fit is significnnt 11 the sign mny be 

inferred. 

Tablo IV shot,rs the resul tA of the comput or calculations 

by the usc of the data of Tnb1e Illo It is evident that the 

calculated magnitudes of a and b are the same f'or either sign 
. 2 

of' e
1

, '''herons the ')L values indica to thnt the observed data 

lie olosor to the theoretical frequencies for (g1 ) 0) than f'!lr 
. 30 

(e1<o). By the use o~ the table o~ lt2 in Fisher~ the com-

parison of calculated )l2 values indicates a probability higher 

than 98% that g 1 la gr~s~er than ~eroo* 

A pictorial con:pnrie:on is mnde in Figo 29" Tho differ• 

enoes between observed o.nd theoretical fr~quenoics arc shot'rn 

Cor e1 < 0 nnd gi ) o~~~ The dashed lines indicate the experi­

mental uncertainties~ 

OFor a normal dist;ribution of observed resonance frequen­

cies, -x_2 would have the minimum value N-2 in f1ttina a function 

with two dogrecs of freedom$ 
2 

Tho X values in TRble IV i.ndieate 

that, on tho basis of statistical areuments, th~re is justif'ica-

tion in reducing the mensuremea·lt unc:ertaint :h-,s to one•fif'th of the 

width. This t,rould further :favor the fit of g1 > Oe 
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Table IV 

IBM- 653 
131 

data. Calculations from I resonance 

a 
A a 

b 
~b x Input (Me/ sec) (Me/sec) 

a.'s and ~· s only 
( 10 inputs gl > 0 ) 576.039 0.40 580.04 3.04 1. 02 

a. 1 s and (3' s only 
( 10 inputs · gi < 0 ) 577.948 0.41 589. 78 3.09 11. 89 

Direct trans .. only 
( 7 inputs gl > 0 ) 575.906 0.002 578.849 0.024 4.93 

All data 
( 17 inputs gi> 0 ) 575.906 0.002 578.849 0.024 6.03 

AU data 
( 17 inputs gl < 0 } 575.906 0.002 578.846 0.024 33.5 
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Il31 

TEST FOR THE SIGN OF g1 

-o- (fobs.- ftheor.l FOR g 1( 0 

+ (fobs.- ftheor.l FOR 9 r> 0 
I UNCERTAINTY OF MEASUREMENT 

NUMBER 
C FIELD INCREASING­

( B 6 TO 1049 GAUSS) 

.1\iU -18040 

Fig. 29. Resonance frequency deviation from calculated value 
at best-fit conditions assuming g

1 
<. 0 and g1 > 0. 
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Usina the preclso measurement of tho magnetic dipole 

moment f'or r 127, ./'"
127 

• 2.8090 t. o.ooo4 nm, 'by Walchi3l and 

of a 127 anil b127 for I 127 by Jaccarino and King, 16 we have 

.from Eq $ ( 1.5) 

• /"t27 

• 2,7)8 ~ o.ool nm. 
. -24 2 

Using Bqe (16), we obtain Ql:Jl • ;..o.412 .t. .020 X 10 ·em .• 

Table V shotors tho results of oC andj3 transitions in 

11 :32 • To Within the, accuracy that these measurements permit, 

we have 

and 

Therefore we obtain 

/4132 • :t. ,.oa + o.o) nm -
nnd 

~132 Ill :t. Oo048 !t Oo02.5 X 10.;.24 2 em • 
The supply of x1:32 was expended before the diroot transi• 

tions were observeds However, tho direct transitions of' 1 1~2 

will be observed in .future experiments. 
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Table V 

r132 
Resonances observed 

Transition observed 

a , 

Magnetic field 
(gauss} 

(11/2, -7 /2)-(11/2, -9 /2) 6. 92 

~ 

13.42 

25.39 

46.08 

89.69 

173.74 

(9/2, -5/2)-(9/2, -7/2) 6. 92 

13.42 

25.39 

46.08 

89.69 

173.74 

Resonance Line 
frequency (Me/sec) width(Mc/sec) 

3.57 0.14 

6.88 0.10 

13.02 0.08 

23.84 0.10 

47.07 0. 3i 

93.80 0.32 

2.25 0.12 

4.35 0.09 

8.29 0.15 

15. 32, 0.25 

30.80 0.25 

63.85 0.32 
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VI• DISCUSSION OF RESULTS 

Ao Nuolear•Spin Results 

1bo isotopes of iodine nnd astatine considered here aro 

in tho mass rnngo tihero collootivo nuclear effects nro not 

expected. to domino.too Thus, in this runc;o tho obsorvocl spin 

values ·r.1ieht be oxp~cted to aeroe '"'ith tho predictions of tho 

l:J sinalo-pnrtiolc shell model of tho nucleus. This was found 

to bo tho case for tho majority of tho isotopes,. Fieuro :30 

shows tho sinelo-particlo energy levels as they aro expected 

t b d r tl 1 1 this 
.51 o e arrange or 10 nuo eons n mass ranee. In 

cases \ihere tho number of neutrons (N) is even, tho shell model 
) 

predicts that· the angular momentum of' tho nucleus tdll bo that 

of tho last odd proton (the fifty•thir~ proton for iodine and 

the eighty~fifth 1 for astatine). The ;;g7 ; 2 and. ltds/2 pro• 

ton energy levels are very close, and examination of tho spin 

·values ot elements nonr iodine indicates thnt the order of 

occupying the proton lovols varies shnrply with tho ehango in 

nou~ron number, In the case of , 1sb121 (I • S/2 '
2)tho fifty­

first proton may be nssic;ned to the 4-d ~/2 ·level when N equals 

,70. Howover, it is bett~Sr assiened to the se7 ; 2 levol ,..~1cn tto:o 

neutrons aro a.ddod to form ~1 Sb12', which is found to ho.ve spin 

7/2. In iodine, the proton configuration sccms.to bo(~s7;f1.ja5;2 
for r: equal to 7 S or lass, ,,•horeas it is (5g? /,j for N bet't,...een 

76 nnd 82, Similarly for cesium the spin change from S/2 to 



5f 

6h 
82 

50 
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--------.,.-3/2 
5d--~~~======~¥2 

11/2 6g 11/2 

'----9/2 

......_ ____ 9/2 

7i 

4 p ,,, 112 1312 
3/2 

~5/2 

st---c:;.._____ 912 
7/2 

5 

..,__ ___ 9/2 

28-- ------

PROTONS NEUTRONS 

MU -18013 

Fig. 30. Single-particle shell-model nuclear energy 
levels for Z or N greater than 50. Proton and 
neutron levels for iodine and astatine are in the 
regio.ns indicated (see Ref. 51). 

-. 



7/2 takes place for N equals 77co 

Table VI illustrates the consistent manner in ,.mich tho 

odd•proton••even•neutron configuration in iodine may be related 

to the observed spin values. The level assienmenta assumed in 

Table VI are consistent with the observed spins and moment 

values of' odd-proton-·evon•neutron isotopes or ot even-proton--

odd•neutron isotopes in the elements adjacent to iodine •• Al­

though the neutron level is close to the "Js1; 2 and 4d3; 2 levels, 

the observed spin values ( el>g, t t'or x~129 t Xe1 ' 1 • Te123. and. 

· Te125.) indicate that an odd neutron tends to occupy the 1ol1er .... 

anr.;ular-momentum 1evela 9 whereas the 6hll/2 :level: is tilled only 

· by pairs ot neutrons, 

For.casea Where N is also odd, the-total nuclear spin must 

result trom a coupling of the odd-neutron ~nd odd-proton con• 

figurations«~ Although the manner ot such coupling is not com ... 

pletely und.erstood1
5' experimental evide1:1ce supports Nordheim's 

rules in regions near the filled she11s.'4 These rules result 

from the tendency or a single proton and single neutron to couple 

together in such a manner that their intrinsic spins are aligned 

parallel. Two ~ules result ~or this oouplinga 

(a) Strong rulea. If one ot.' the odd nucleons is in a 

level with intrinsic spin and orbital angular.momentum parallel 

and tJ:le other.i,n'a level 'Whero they are antipo.ra11e1 9 then the 

total angular momentum of the ·gr·ound state is the smallest 



Proton Neutron 
assignment assignment 

2 ' 
(5g7/2) (4d5/2 even 

. 3 
(Sg7 ;z> even 

(3s1/2) 
2 

<5g7 ;z> (4 ds;2> 

(4d3/2l 
-

(3sl/2} 
3 

(sg7 ;z> 
(4d3/2.> 

Table VI 
-

Iodine spins by the single -particle shell model 

Nordheim f23 1124 1125 1126 1127 1128 r29 t3( 
prediction 

I= 5/2 5/2 5/2 5/2 

I= 7/2 7/2 

2<1~3 k 2 2 we a 

I = 1 strong 1 

I= 3 . 
strong 

Z. <I ~weak . 5 

:r31 132 I r33 

~/2 ~/2 

4 

(34 

( ) 

f35 

I 
I 

I 
7/2! 

I 
I 

I 
00 
U1 
I 
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possible, i.e., for 

where the l's and jfs are the orbital and total angular momen• 
' 

tum ot the neutron (n) or proton (p) le~els. 

(2) We~c rules It both tho proton and neutron are in 

levels in Which intrinsic spin and orbital angular momontum 

are parallel or it both are in levels in Which spin and orbital 

angular momentum are antipara11e1 1 then the angular momenta, 

3n and jp tend to add, although not necessarily to the highest 

possible value. That is, €or 

jp alp .t. 1/2 and jn ··ln!. 1/,2, we have I • 3p + jn• 

As discussed by Way tt• •&•,'' this rule may be ~itten 

(17) 

Again from Table VI it may be seen t~at the majority of 

the observed spin values of' the odd•odd nuclei of' iodine fit 

the prediction of Nordheim's rules. 

Nordheim's weak rule, as it is written in Eq. (17), admits 

the possibility o£ a ~~de range of values tor the resultant spin. 

Re~ent studies by Sohwartz56 indicate that in nuclei that have 

one type or nucleon (o~c•, protons) outside of a closed shell, 

but the other type ( 1. e& 1 .neutrons) m:ls~ng f'rom a shell, 1;ho 

resultant ground-state angular momentum may bo given as 

(18) 



Tho l~tnrcl n.:;sicnments for 1124 and 1 126 in Table VI arc incon­

sistent '\nth Hordhoim' s rulo as eivon in Eq. (17) but cto satisfy 

EC1• (Hl) •-

Tho level asaienmcnt of 1126 is inconsistent tdth tho 

ass:1crnment or tho (5e712 , 6h1112 ) odd-proton--odd-neutron con• 

fi{!Uro.t ion O.S based Upon~ nnd 7{ •ray stud:\.(lS a 57 e ,SG 

The nuoloar spln of" 1 128 1tas meaaurod in nn atomic-beam 

experiment by .Jfil, Ee Sherwood at the Oak Ridge National Lnborn'"" 

tory. !S9 The value vas found to bo 1e which is consistent with 
60 the spoctrosoopic monsuromants by Oenozer rt~ plo9 and also 

consistent l<~ith the (4ds/Z' ~-d,/2 ) configuration assicnmont. 

Tho moasurod value of spin :5 for I 1 3° is in agreement · 

with the ntomic ... beam measurement made- simultaneously by Shcr­

wood961 but in disagreement with tho nuclear•spoctrosoopio 

results o!' Cai:rd and r.U.tohell, 62 Who made the assienmont ot 

6 (•) on tho basis of tho loe (f't) vo.lucs ot tho 1 .. 02-Ne"\1' 

doc:ny to xo1 :3° • 

1'ho ~ decay scheme of 11'2 to xo132 1-ras studit!:d by 

l1'inston and nornsto1n1 but no spin assienmcmt t.ras made. 6:3 Tha 

spin value of 4 f'or this isotope might bo considered to r~pre ... 

sont ooup1ine to (j
0 

+ jp - 1) as in Eq. (18)o Tho spin of 5 

tor I 1 ' 0 (·uith five neutrons mlssin~ t"rom the filled shell) 

roquircs tho maximum coupling to (jp + jn),. In such ease tho 

spin .. spin and spin•orbit interactions must dominnto over the 

orbit-orbit interactions of tho odd nucleons. 
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Astatine-211 contains a magic number of neutrons (N = l~G) 
and the proton shells ere filled at Z e:a 82. The obs~rved spin 

o~ 9/2 is simply understood on the basis of the single-particle 

shell model by assigning th~g throe protons to the 6h9/2 levol~& 

Tuo of' the protons pair, o.nd tho spin is determined by the last 

odd proton. 

The hypertino•struoture measurements of x1 :31 wer~ in­

tended to verify and improve the previously published values 

of,/" 1, 1 • 2 • .56 .t. .12 by Flotohor64 and I .. 7/2, Q131 • 
4 6 Oe412 X 10•2 cm2 by Livingston et nl• ' Fletcherts results 

for /-'-l:3l are based upon tho comparison of g factors bot'\tcH.m 

x1:31 and z127 • Although he uses the same value of'~ 127 as 

used in the results reported in Chapter Iv,:ll his results differ 

from the atomic..,boam value by moro than tho sum of the experi• 

mental uncertainties. As mentioned in Chapter II, the octupole 

interaction term and the e:ffect of configuration interaction are 

neglected in those atomic•boam results, If the ef'fects of' these 

interactions are assumed to bo of the order of those observed 

by Jacoarino in 1127, 16 tho eXperimental results are still 1.n 

disagrcoment with Fletcher's. 

On tho basis of a pure sinelo-:po.rt icle ohell model, tl:''i.::~ 

" 
value of~l:ll (Schmidt value) uould be cxpcotod to be 

/Ac / • 1.718 nm. Thus the magnetic dipole mome-nt of' 1131 
7 2 



doviat os oven f"arthor from tho ;:»ohmiclt lines than does that 

tor 1129 y«
129 

.,. 2o617.3 t, 000:3 nm.31) 

4 -"'4 2 Tho measured value of Ql:Jl • -o., '12 X 10 ""' ·om is in 
. 65 

' ngreomop.t lri.th tho published valuo by Li vines ton et a·l• 

obtained by miorot1avo absorption oxporimonts in ,.,'hich the 

quadrupole inter·action constant (eqQ) for 1 1~~s compared with 

thnt ror x127. Tho value ot Ql:3l was thon calculated from the 

value of Q127 based upon Ja.cca:rino' s atomio•beam measuremi!:nts. 

Although the single...,article level assignments have been 

found to give good ·agreement with measured nuclear spin values, 

the observed magnetic dipole moments and &leotrio quadrupole 

moments dif'fer widely if'rom those valuos eXpected for a Sinsle 

partiolot~ These deviations may be attribut~d to the asymmetry 

of' the nuclear cof'e~.J. 'l'wo ompirioc1 rules have been proposed to 

corri\'l!lato the variation in macnotic moments and core asymm·e.try 

ht•hiQh is r.elated to the quadrupole moment) 1 

(a) Dohr proposes that~ of tl~O isotopes 1.-.rith tho same 

spin and diff'ering only by two neutrons" the nucleu$ with· tile 

numerically smallest quadrupole moment has a ma.gnetio moment 

closest to th& pUrtl)-state vnlue (Schmidt valueh 9 

(b) Gordy, ora the other hand• pl'oposcs that tho magnotie 

moment decreases as the nucleus beoomos more . eloneat cd ( i. ·o., 

Q .increases for positive. Q. values or decroascs nun1erical.ly :for 

neuativo Q va1uos)• 66 Applying theso rules to tho comparison 

0~ !129 and :r131ll l-10 havo 



ancl 

Q
129 

=-0. S74 X lo-24 cm
2< o

131 
• -o.4-12 X 10'"'24 cm2 .. 

It is apparent that neither rulo is consistent with 'the ob-

served properties. 

Tho value of Q can be CtllCulated [from Eq, (<5)] by an 

altornativo prooeduro l'l'hich uses the fino-structure separation, 

·Oil'S' to obtain a value of <r·:J) 1 OFS is related to < r-3) 

by the express:$.on22 

(19) 

Here 0 FS is 7603- cm-1 , z1 is the ofi'eotive value of' tho nuclear 

ohargo; and /f is a relativistic correction factor tabulated by 
. 20 

Kopi'ermann. Barnes and Smith have sho\m that Zl approximately 

equals Z • n, n being the radial quantum number of the valence 

67 electron. Using tho valu~ b131 • S7B.BS Me and the Stern• 

h~imer oorrootion, C • 1.029, one obtains, from Eqs. (6) and 

(19). 

'l11is value is slightly less than the value obtainod by the 

el.imination of.' < r'""3) and the use of Eq. (16) • Mura.kawa. has 

per~ormod a s~nilar calculation for 1 127} 68 using Jaccarino•s 

valuo o£' b127 ancl assuming Zl • .S:J ... 4 • 49, he arrives at a 

vnluo of q.127 • (-0.69 .:!:. ~o:H X lo-24 cm2 • Jilurakawa e~lains 

that this value is dif.fercnt fro.m that obtninod by eli1-r1inati,ng 
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and us:ln'"" tho vuluo of n because tho eround state 
L> . 127 . ~ 

is not a pur.o 2P'J)2 state but instead is a mixture duo to the 

presence of' tho . .!)s:Jp56s confit;urntione This mixture has the 
2 . . 

offoct of.diminishing a127 ( r 3; 2 ) in tho manner illustrat~d 

by l\ostero 69 An ntomic-bcrun mcn3urcmcnt of a127 in the 2Pl/2. 
. ll 

stnto (as 1-.":tS do11e in chloritao by Davis pt aJ .... l-) \l0tt1d be, of 
' 

uso in c1ct .. n:-mini&1g the .extent to 1\Thioh mixin~;! occurn. Optical 

tnoasuromonts have been e1ado of: the hypcrf'ino splitting in the 

2 P1; 2 state, but tho results to date nre not precise enough to 
. . 70 

meat.mro thf> effect of mixinc~t Althoueh th<!t valttGs of _.,u132 

and Q132 .tor 11'2 aro quitc·ino:ract (as thoy :roprosont only 

. preliudriary values) e> they do sho'tf tw·o interesting fontu:rosa 

(a) The high value of ,P
132 

,. .t. 3.08 mn is not fnr removed from 

tho p\lrO•stato vn1uo ()A ll!l 2 .. 87 nrn) that l'll'oUld be obtainod if 

tho moments of tho 5c7; 2 proton o.nd 4d'J/2 neutron configurations 

wore nsaur.1ed to. addJ (b) the very small value of' Q • 

3:.. o. o1..z.8 X 10 ... 24 om2 indiontes that tho· addition of one neutron 

to the nucleus of 1l:Jl has caused a nino-fold reduction in 

the. offoctive quadrupol0 momonte A more e~aot comparison~ using 
. ~ 10 . 

tho collective modol of the nucleus" -would ~o in terms of the 

deformation parameters, d , of the nuclear core in each of the 

t·wo isotopes • The measured valuo of Q. is rolntod to 8 (as shown 

. by Nilsson12) by 

o (1+2&'/3> 1{}22= - t.L. , 
(I+1)(2l+:3) · 

(20) 

tdlero Rz is ta1cen equal 'to tho radius of charge of the nucleus or 



HZ • 1.2 timos 1o•l'3Al/"J em. From Rq. (20) the doformation• 

6 of' 11:32 is appro:d.n1atoly one tonth thnt of 11:31• 
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APPE!-.JD!X A 

.. . . 

Ti1c production techniques described in Chapter II.I 

sorve· to specify tho range of isotopes t;.'hich nrc exr>ected to 

be prosen4; in a radionntivc snmple. The chcm~.oa1-separv.t~.Mt 

teclmiqi..tos Oi1hnnco the purity of tho iodine or astnt inc; how-

ever, there still may bo more thnn·:i single iaotopc present 

in the atomic bcarne Tho dccny ·hnl:f.:.livcs o!' the neighbor1.rlg 

isotopes of, iodine uro t_~cncrally ·di.f:forcnt CllOUtjh thnt iden-

tification of spin rosonnncos mny bo made by hnlf-lifo 

analyais .. 

Tho f'ull-boatrt decay of the :'.lnt :Lnwny produc<"',d isotopes, 

ltig. 31, ahol-rs a composite doony of 13-hr r 12J nnd 1.~ .. 5-day 

1 124 o Tho lone tail in th.o dccny is due to the presence of 

60-day 1 125~ Ficuros 32 ~nd 33 show the decay plots of reson-

nnco buttons f'or spin :;/2 nnd spin 2., In cnch case the. doeay 

hal:f-li:fe is osscntially the published value. 

Th.c :full-beam decay of' iodino produced in the tellurhH1l 

target, Sh.011S the pl."'0SenO:e Ol 12*6 hr ll:JO, and a1.!30 l:J•~day 

r 126. In the spin senrch on this se.mplo (Fie. lG) • 1n~J. f··l:Lfo 

nnalysic o:f the reconance button~ vu~ ncceosnry to identify the 

isotopes present.. The actlvit:y on the. spin hutt('ns is l1iGh fm~ 

op:ln 5 o.nd spln 2. The clece\y of ihe SfinSbutton iB f'.;u::tcr than 

tho full beam itt:;olf nr.~l :i.ndieates that tho count5.m:.; 1~; p~·:J.r .. a.rily 
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Fig. 31. Decay of full- beam button containing cyclotron­
produced rl23 and rl24. 
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I 123 8c 1124 

SPIN 5/z(+) 

vcs = 6 Me/sec 

124 
T1 =100 Hours: 4.2 Days tl ) 

Yz 

10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200 210 220 230 240 250 260 270 280 290 300 
TIME (Hours) MU-I39n 

Fig. 32. Decay of spin- 5/.2 ~a.) resonance peak buttons in 
cyclotron-produced rl?23 and r 124. The short-lived 
component is due to r-. with spin 5/2; the long-lived 
component arises from overlap from the rl 24 2 (j3) 
resonance. Alpha resonances are indicated by + . 

., 
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Fig. 33. Decay of spin- 2 (a) resonance peak button in 
1124. Alpha resonances are indicated by +. 
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due to I 1:3°. The activity on tho spin•2 button is found to 

dooay very slol'ily, at a rate appropriate to atoms cf rl26 

(soe I<'ie~ :34). 

In the analysis of the iodine isotopes produced by the 

fission of U2:18 by deuteron bombardment. the full-beam decay 

(Fig. :35) is complex but consistent with that expected for a 

mixture. of I 132 throueh 11''• Decays ot spin•resonanoe samples 

(Fie. 36) servo to 1<1entif'y the spin assi.gnmont of 1 135• 

1'ho r1:33 sample obtained !'rom Brookhaven bas some Il:Jl 

mixod with ite Therefore the tull•beam button sho\ITS a com'"" 

posite decay. The spin values ot the two isotopes are the same, 

nnd so the spin•resonanoe d·eoay is also composite ( seo Fig. :37) 111 

Both 11 :31 ti\nd :r1 :32 wore studied a$ essentially pure iso-. 

topes with the result that the decays ot' their f'ull•beam and 

resonanoa buttons nre'quite puro and the half'•lives arc oon• 

sistent ld.th published values. Tho decays of tho :f'ull•barun. 

and spin 4(0C..) ""'resonance buttons tor xl32 are shown in Fig. :38. 

ln tho bombardment of Bi to produce At 211, tho bombarding 

cnorgy was kopt b~low 29 Mev in order that the sample have little 

or no At210 prnsent. As a result, the f'ull.boam and spin buttons 

sho110d essentially the pure 7 • .5-h4 decay characteristic of At 211 

(see Fis• 39). 
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DECAY PLOTS 
-FULL BEAM 
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MU-18012 

Fig. 34. Decay of full- beam button and spin!- 5 (a) and 
-2 (a) resonance-peak buttons due to rl 0 and rl26. 
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1132,133,135 

BUTTON DECAY PLOT 

• CHEMISTRY SAMPLE 

£ COMPONENT DUE TO 1135 

A COMPONENT DUE TO I 132 

LL1 1000 
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::::1 
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0 

.. 

1135 'rs.o-hr. 

TIME (MINUTES) MU-18056 

Fig. 35. Decay of chemistry-sample button cffsaining I
132

, 
I 133, and I 135 produced by fission of U by 
deuteron bombardment. 
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1'35 
BUTTON DECAY PLOT 

• FULL BEAM 

£ SPIN ~(<X:) 

I SPIN i (<X:) LESS 21-HR DECAY 

3000 

TIME (MINUTES) 

MU -18057 

Fig. 36. Decay pf?ull-beam and spin 7/2 (a) resonance 
buttons in I . 
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Fig. 37. Decay of full- beam and spin-7/2 (a) resonance 
buttons in rl33_ 
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1000 
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Fig. 38. Decay of full-beam and spin-4 (a.) resonance 
buttons in I 132. 
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At2" 
BUTTON DECAY PLOT 

FULL BEAM 

t J. = 7.2 hr 
2 

SPIN ~{<X:) 
t 1 = 7.2 hr z 
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Mu-15558 

Fig.\39. Decay of full-beam and spin-9/2 (a.) 
buttons in At 211 . 

resonance 



APl.,EN.DIX !3 

P:reviou,s Ettpetimeot al,JH~s ex;yat ions 

on Igdine,And Astattne 

Among tho early investigations of.the atomic properties 

of iodine is listed the work of TUrner who used an electrode­

. less discharge tube as a. source of the· iodine-arc spectrum. 23 

ln this spectrum he identitiod t'or the.first t.tme the 2P1; 2 
2• 

and 'P"J/'2. a.tomic states. ln 1931, .t\v$ns7~ measured the ioniza-

tion potential (10,4.$!1- v)tor iodine and rurther. analy!:ed the 

optical spectrum. Nueh of tho iodine spectrum \1Tas reo~amined 

by !•!ura.ka,~a in 1938. 7tt A compilation of spectroscopic clo.ta by 

'Moora24 indicates that in recent years tho entire iodine spectrum 

rx-om 1200 A to 2:3• 000 A hns been reexamined by Kiess and Corli.ss 

(1200 A to 12,000 A) and by Jllyler and Humphreys (12,000 A to 

23.000 A) and.also Ushbaoh and Fisher.73 over £our hund~ed linas 

of tha iodine spectrum have been classified. 

The nuolear-spin value of r 127 was determined by optical 

means by Tclanslcy in 19:3941 74 Nuraka,~a confirmed tho vo.luo of 

l a 5/2, and reported the valuo of q127 in 19.55-a7S Optical 

spootrosoopy has been used more recently by Onatta to observe 

the hyporfine-struoturo separation in the 2P1; 2 state o!' x1279 70 

His observations indicate tlmt~-J(2p1;2 > • o.670 .:t.. .,07 cm-1,. 

A great many investigations usine magnetic-resonance and 

quad:r.~upole-rosonancl!) techniques have been performt.Xl on iodine. 



Some of the previous measurements have been referred to in 

Chapter VI, 'I'ho spins of r12'7 nnd x129 were reaffirmed by 

Gordy in a micro"t>Iave-o.bsorption experimcnte?6 The value of 

the magnetic moment 1 JA• or 1127 'ilfa.S measured in 19.58 by Pound77 

and the results oompa.ro closely <tdth the more recent measure-

. :31 ments by \~alchic 

76 
The values o:f ()..127 and \.1.129 were repo~ted. in 191~7, and 

in 19.53 Livin[r,s.ton cmd !i:~ldes nm.do a precise maasurmnont o:f the 

78 ratio o:f q129/Q127 e They o'btai,ned tho valuo 0 t; 701213 z. 
o.ooo01.5 for this ratio~ using a microwava speotronwtor to 

o'bservo quadrupole t:t"a.nsit:!.onsl!t 

The prooiso value o£' p 127 o:f' I 127 by t\'alchi is used as a 

st~ndard i.n many o!' thti~ recent moasuremGnts of the ra.dioactive­

iod.ine isotopos" Walchi obtained his v~lues of'_)l127 Iii\! + 2e;8090 

:, 0"'0004 nm and of)-1129 1!!1 2t~617:3 :t, Oo000:3 nm by comparing 

resonance frequencies in;iadino to those for tho protonp and 

then using;.t(p) m 21)79268 nm !'rom Sou·nnertl' Thomas, and Hipp1~"79 

A diamagnetic co:rreotion of 0.,;54.$1:.~ was also appli~d. 

Other results of nuol~ar""li\O.gnotic-rosonanoe experiments 

include tho value o:t I, )J-11 o.n.d c~ for :rl2' and tho value of Q. 

of' 11 :31 by ll~letchere 64 ln o.dcation 11 the va.lul) of I for llJl 

Gs was measured by Livingston ~~o 

J:n 19.57 ~ BO"t'it:rrs; Kamperf and Lustig measured th0 value of' 

the oleotronio e £actor in 11. 27 80 by a paramngnotio resonance 

experiment., They observed that the ratio of tho g factor of 



• 

-1()8-

I 127 to that of a free electron was 0.()6622.5 ;t 1 • .5 X lo-6• 

This valuo t'las used tdth a value of Cs f'or the electron of 

2.0022920 to give gJ for iodine c 1.:3:3:3977• This value was 

used in the results eivan in Chapter v. 
Tho~ and tf -rny studies of the iodine isotopes have 

been quite numerous and have succeoded in establishing the 

decay schemes .for all of the iodine isotopes i'rom I 123 to 

r 1 33. Many of the rofercnoes to these invest:t..eations are given 

in Chapter VI a 

Attcn'II>ts are presently boing made to observe the optical 

emission and absorption spectrum o1' astatine~ but to date the 
81 lines observed have not definitely been attributed to t;~.statine., 



APPENDIX C 

1.'he relativistic correction faotora tJ?. and c:;t are ob-

22 
taincd from Casimir. TI1oy have the ~ormt 

and 

and 

c:f. k ( 2lt+l) ( 2_f+l) 
. ? 

f(4f~ ~ 1) 

11111 _4_3_«_3_+_1_/2_._. (_j_. +_l_) 

fC4f2 • 1) 

.1 • ,.£ + 1/2 for k 1111 L •to lt> 

j r=_,e- 1/2 t'or k s= -L'¥ 

~- ),{z ""' z2 o<:. 2 • 

For iodine.- we have j •,.(. + 1/29 k o 2 11 Which gives the valuosc 

tlt ~ lc.128 

;;. 1.061. 

• 
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