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NUGLEAR?S?IN AND HYPERFINE=STRUCTURE MEASUREMENTS CN THE

RADIOACTIVE IODINE AND ASTATINE ISOTOPES
Hugh L. Garvin

Lawrence nadiation Laboratory, University of California,’
Berkeley, California

August 7, 1959

ABSTRACT

Atomio-beam magnotic~resonance technigues have been used
to measurg the nuclear spins of the following radioactive lodine

and astatine isotopest

;123 13nr 5/2 4

7124 ho5 days 2 ¢133 2Lnr  ?7/2

q126 - 13 days 2 135 6,7 hr 7/2

(130 12.5br 5 a2t 2 ne 9/2
' iiax»' 8 days 7/2 |

f:In_addiﬁiong‘th@ magnotic~dipole interaction constant,
8y and tho elestrie-quadrupole interaction constant, by, for

113i and,IiBz'were found to bet

8131 w 575.906 4 0,015 Nc/sec
- P131 = 578,849  0.120 MNe/sce

8132 = 4 566 + 5 Mo/sec

D132 w & 67 + 36 No/sec.
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“ Tﬁeso'interaotion constants imply the folléwing,values of
magnetic»dipole moment,,/‘, in nuclear megnetons {nm), and , .
electric~quadrupole moment, Qg-in centimetgrs squared (cma)s
Aqq = 24738 £ 04001 nm o
Qypy = =04412 % 0,020 X 10”24 on?
A4 5p = 2 3:08 £ 0,03 mm o
Q)35 = F 04043 £ 0,025 X 10 2’? emZs

«

Tha atomic-beam apparatus used to perform those measure~
ments was aspecially desagned for use with volatile radicactive
samples. The magnatic—rasonanca signals wero observed by colw
lection of the radioactivewbeam'ééoms’oh silvar«platéd buttons .
vhich were subsequently oountedlin low=background ﬁartiqle
datsctors. | | _ ..

The th@ory of tho exp@rimental method, the equipmant nsed,
and the sample=preparation tochniques are describeds A dig=
cussion is inciuded of the interpretation of tha results in
1light of the singlaapartiole shell=model theory of muolear

structure.

LI
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I, INTRCDUCTION

In recent ycars atomicebeam techniquos have been used
to dotormino certain properties of numorous atomis nucled.
_Of particﬁlar significance is the measurement of nuclear spins
'(angular momeﬁta) and electromagnétic multipole moments by this
techniques Thoso properties may be inferred from observations
of optical.apectrﬁ, frém expoyinments using paramagnetic and
nuclear-magnetic resonance techniques, and by znalysls of the
B ond ¥ eray decay propertiocs of radicactive atomss In these
methods, howsver, the resolution is generaliy lower than that
obtained in atomic~beom measuremonts or else the size of sample
required is much 1arger. Thus atomic=-boam invostigations are
| of particular importancé in observing the nuclear propertioes
of radioactive étoms in samples as small aé 1011 ¢o 1023 atoms,
In studying theseo nuclear properties, it is of interest, whén
possible, to make moasurements on a sgriésﬁaf'isoﬁOpés of the
samo olement, for in such a serles the total nuclear charge fz)
is eonstant; and the variation in nuéloar properties must be
:attributable to the variation in tho number (N) of neutrons
prosent. The radiovactive lodine isotopes constitute such a
serios.

Experiments with atomic and molecular béﬁms date back to
1911 when Dunoyer observed the distribution of neutral particles

~effusing with thermal enoergles from the orifice of a heated ovon
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chamber intoe an evacuated re’ion.l In 1921 Storm and Gerlach
demongtrated in a beam exporiment the spatial quantization of 4
- atomlo sygtew subjccted to applicd ragnctic fields,‘ and in

1938 Rabi anm collaborators refined the tochnique to obrorve

(]

J

resonance transitions beliween atomic nyperfine states. Sev=

eral treatises have becen written recently which desoribe in
vdetail the development of molecular~bean techniques and pro=-
vide excellent references to present applications.uﬁs
The majority of the halogoen isotopes 1ie in the mass
regions where the collective effoots in nucleér structure are

9712 and thus the esporimental evi~

not expected to dominate,
dence concerning those iéotopes shouid'serve ta test tho
applicability of the singléwparticla shell model of the nuoclouss
Atomic»beam investigations of thq properties of the stable
halogen isotopos inélude the ﬁorks of Davis, Feldy Zabel, and.

37,14 oo Xing and Jaccarine on Br/2 and

127 16

ﬁacharias»an'b135 and C1
'Brﬁljls and of Jaoéarinq, King,; and Stroke on I - Con=

urrent with the radicactive iodine and aétatiﬂe-iﬁvesﬁig&tians
rﬁworﬁed'herein, s ome ﬁadioadtive bromine igotopes are being
inva&tigaﬁéd and will be reported.elsawharasl7 Appendix B
inqludés a survey of the mossurements of the properties of

iadiﬁa by optical and mierowave mpeétroscbpy and‘by analysis ¢

of the'/s and.?’wray decay schomes,

C

The particular atomlc=boam magnetic-resonance tochnique

used for many current investigations is the #flop=in" tcecchnique
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proposed by Eacharias in 19b2Q18 Since the measurements
reported herein were made by this same method, a brief des-
cript;on'of the technique is appropriate.

Figure 1 shows a schematic representation of the
components used in a flop=in experiment, The beam is formed
by collimation @f'the atoma that thermally effuse from tho

source chamber (0) ints the main chamber which is evacuated

‘by diffusion pumps, The prdssura in this region is low enough

that an atom or moleécule admitted has only a small probability
of collislon with & molecule of the residual gases present,
while traversing the length of the apparatus, Thus neutral
partiéies are expoected to travel in straight lines throughout
the evacuated system until they coliide with the walls unless

their paths may be deflected by applied magnetic fields (A and

‘B)e Only a small portion (about louu or 1073} of the total

number of atoms that effuse from the source have their velooi=
ties directed approximately along the center line of the
apparétus so that they travel to a detecting device (D) at the

other ends The path of the atoms betwean the source end the

detoctor passes betwoen the pole pileces of three eloctromagnets:

Ay Cp, and B in that order. Magnets A and B provide strongly
inhomogeneous fields with the gradisnts dirsoted perpendiocular
to the beam direotion and to the lenmgth of the source slit, If

the beam atom has an offective magnetie dipole moment (due

_primarily to the electronic magnetioc momenﬁ), the flield gradient



Fig. :
’ atomic-beam, flop-in apparatus.

MU-13185

1. Schematic arrangement and trajectory in an

v
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produses a deflection of the atom that is proportional to this
effective moment, If the gradients of the two &agnets are
oppositely direétad, the deflection caused by the first magnet
may be exactly ccunterbalanced by the second with the result
that the atoﬁ'reaches the detector by an S~shape path rather
than by a straight line. But, vhen the magnets are arranged
wﬁfh their gradients in the samo direction thon an atom which
has been deflectsd in the first magnet will contimue to be
further deflected by the second magnet (see‘tradéctory 1 in
Figs, 1) and will mlss the detector. If, after the atom has
been deflected by the first magnet, a transition is induced by
B radlo=frequency (rf) oscillating field which reverses the
sirm of its effective magnotic moment, then the atom will not
bo lost from the beam but be rofocussed (see trajectory 2) onto
tho detectof and recorded as a resonance signal, This reversal
of atomic momenf and resulting refocussing of the atoms of the
beam is the basis of the "flop-in" teochnique, .

In order to exolude background signal oaﬁsed by moleculgs
or highevelocity atoms present in the beam (sineco these part-
icles are not suffloiently deflocted by‘the magnetic fields to
misse tho detector), a stopwire (5) is 4nserted into the path
of tho betuns The atoms which have undergone the flop=in
transition aro deflected around this stopwire. Hence the flop=
>in method has the desirable feature that the detector sisﬁal

18 vory low until the rf transition is induced and the
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resonance signal is observed.

'~ The quantization of’ angula:.momentum results in dis~
crete magnetic states of the atom, The'sign reversal_in
magnoetic moment required for refocussing the atomic beam is ¢
accbmplished by inducing transitions bgtween-two of these
marnetic states. Thgaa.transitions take piace in the third
field rogion, the ¢ fleld, located betwoen the ﬁéfleéting
magnets, The d field is homogeneous and generaliy weaker
than the A and B fiel&s. A small oscillating megnetic field
is superimposed upon the homogeneous C field to produce a
magnetlo torque on the atom and cause transitions between
magnetio staﬁﬁs.k Tho magnitude of the static c field and the
frequency of the ascillating}fiald regquired for resonance
transitions between disorete states are related to the nuclear

propertios of the atom as will be shown in the next section.
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I¥. THRORY OF NUCLEAR~SPIN AND HYPERFINE-STRUCTURE MBASUREMENTS

As Hyperfine Structure in Field-Iree Resion

The hyperfine onergy 19?31 structure of an atom is due to
the electromagnetic interaction between the nucieus and the
electrons, This interaction is measured by the energy re~
quired to change the relative orientation of the nuclear and
electronic angular momeonta, |

In the absence of external fields, the Hamiltonian

desoribing the hyperfine interaction in terms of the angular-

-y -
momentum operators { I for the nuclear and J for the electronio

momenta*) is

- e
/’s/aa(xaa)+bqop¢co.op+... (1)

[N — ‘
where ( I ¢ J ), s and O are the operators for the mag~

Qop op
netic~dipole, electric—-gquadrupocle, and magneticwoctupole inter=

actions, and a, b, and o are their respeotive proportionality

. . h -
*The usual notation is used: angular momentum =‘h I or

4 Js The magnitude of the nuolear angular momentum, I, is re=

ferred to as the muclear spine Here $ is 1/2W times Planck's

constant, 6,6252 X 10”27 erg~seo, Nuclear and electronic mag=

Jos. Y -t —ie it
netic moments are given by,ﬁ“I = 81/‘*01 and /4S.~_gJ,AK°J} The
respective nuolear and electronie g factors are 2y and gJ

g, }y and s the Bohr magneton is
( &r= 3555 J o

0:9273 X 1072¢ org/mauss.




éonstants. In this form the interaction 1s'exﬁressed in terms
of successiveiy higher multipole orders starting with tﬁe
maghetic-dipole-1nteraction.*' |

In field*freo regions the totailangular ﬁomentum,‘F, is
‘the vector sum.of_f and 7 such'tﬁat FeI+ JvwhereF, I, and
. J .are the quantﬁm-nuﬁbérs of these vectors and mp, Myy and mi
are their rGSpQOtive:projeotions on a reference direction

(usually taken as the direction of an applioed field). In an

(F 4y mp ) ropresentation, neglecting configuration inter-

'aotions, the matrix elements of the dipole operatof aroe diggonal

in F and are- o ‘ ‘ . .

&, mpl(f . ) T, mpy= 1/2 [F'(vF+1).-J(J+1)'-I(I¢1)]. | (2)

Tho.Qop term denotes the electric quadrupqle'interaction which

arises from a nbnSpherioallchargevdistribution of the nuclous
in the presence of an electric riéid gradientvdue to the eleo~

tronic configuration, Here too the 6perat6r is expressed in

*The highest pdssible moment that can be observed by

atomio~beam'methods'is_the 2X moment where k:is the smaller

- of 2I or . 2J., Parity considerations exclude the electriec multd-

pole moments of odd-~ltc order and magnetic momehts of even-k

-

oxrder,

L/

<



‘terms of T and 350 19 20 giving
Qgp, 3 (1-9)%+ 3/2 (1+7) - I(I+1).J(J4v»1'), (3
 2I(I-1)J(J~1) '

The magnetio=octupole interaction, O, as shown by

’ Soﬁwartzzl is

-

5{(1-.7)3 o b (1-J)2

O = 4-&/5 (ToT)[ = 31(I+1)J(J+1) + J(J+1l) + 3]~ ux(x+1)J(J+;j}
P b I(I=1)(2I-1)3(J=1)(2J~1)

(&)
] , v
For a single non=s alectron the magnetic«dipole~intere
action constant, a, can be related to the nuclear magnetic

moment ; '/“I’ and the electronié radial operator (r"3> by

a—ll

2 N
o g F24h+1) < -3 } (
I PP S r 5)
h 7 $¢*1)

~as shown by Casimir.zz,

»The elactrio quadrupoleboonstant, b,‘was also evaluated

by Casimir and, may be written

- - 02 aR 2.4 =3 ' : ¢
b 2 T3 r ‘> » (6)

* In these expressions we have &y = 3

magnetic moment in nuclear magnetons, and § is the nuclear
0 «20

/ﬁi’//ux being the nuclear

eieotfio quadrupole moment 1in units of 1 cm .

. The relativistic correotion‘factors are 57 and 6QL ¢« For
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lodine; we have , »
?u 1,061 and R = 1.128 (see Appendix c).' The other
torms have their usual maénin‘gss | ’

0 =<0

_Aoy the Bohr magneton = 0,9273 X 1 ergs/gauss, v

hy Planck!s constant = 6.625 X 10"27erg=seo,

mloéoSQUQ ’

ey the charge on the electron = 4,803 X 10
L tmd?"; the electronic orbital and total angular
momenta { for ieodine, . = 1 , Z = 3/2 )¢ |
(r"“3 >9 the expectation value of the radial operator,
| my the mass of the electron = 9,1085(6) X '10“28@.,
and M, the mass of the proton = 1;6?21&3(16) X io"’zb@no
The golutions of Eqs (1} for given values of T and J in
an (F, my) representation are the energies of the hyperfine
levelss These are denoted by Wpy where F takes on values bew-
tweon the maximum of (I+J) and the minimum of (J=I) when J>1
or (I=J) when I>J, The freoquency separationa of two such
levels, Oz (ec8ss Az}.‘z betwoen Fy and F, or Azza between F, and
Fsig_obtainm& by using Eqs. (2), (3), and (b), are

' #The halogen atoms cach have one electron missing from
the noble«gas configuration,  Hundfs rules predioct a 293 /2

atoinio ground state m&ieh has been qonﬂmad spaoeroscopically.23

The separation of the 2!’3 /2 and 291 /2 levels has been observed

to be 7603 em~1, 2k

v
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VAR g (Cy = Cp) *+ b (Quy = Quua)

(7)

. a - -

where we have C = [F (Fe1) ~ J (Je2)} ~ I (I+1)], and the oot~
upole intsraction is neglected, Thua the measurement eof two
puch seperations provides unigue solutiens for the values of

& and b,

Vhen an external magnetic field is applied teo the atomie

. syntam§ the eonergy of intorsction of the mucieus and the sloc=
trong with the field must be in@ludeda and the Hamiltonian
besomes .

s = — et _

;ﬁ{a a {£°7) ¢+ b Qp = gz e = gy, 21T | (8)
uhere the minus signs are consisztent with the definitions in
Seotion A.

Figure 2 illustrates the energy-level diagram appropriate
to this Mamiltonian for the case whers J = 3/2, T » 7/2, and
b/a e 1,005 (as for iodine-=131). At the extreme left in Fig. 2,
vhon the applied'fialﬁ iz zero, the energy lovels, Wg, are just
" those of the hyperfine structure discussed in Section A,
| The application of a small megnetic field, H, , splits

the hyperfin@,levels'into components which may be labelled by



) :
£ LI
- An. —_

o]
m 7-2...*41*‘|—2|*¢3.3.j21.’.

-17-

nema—oT N 9

£

+3001-
+200-
+100
Ay,

=00

~200—

-300

MUB-298

131

Energy-level diagram for I

Fig. 2.
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‘mpy the projection of F on the field direction., At low fleld

values (e.gs, between 0 and 30 gauss) the splitting 1s essen-

tially linear, (the Zeeman region) and if we neglect off=

diagonal elements in € , the energy of each component is given

to a gobd approximation by7

Where &, is defined by

g, » g, ELESLL # J(Jel) = 3(1el) , o, RAE#1) » ZUIs1)=3(3ad)

2r(r+1) 2F{Fe1) (10)

Figure 3a shows a pictorial representation of the manner

in which I and J couple to form a resultant F which precesses

" 4in a weak magnetic field, At higher field values, however,

when the interaction of-F with the field is comparable to or
groater than the interactien between'? and;3 (see Figs 3b),
then the nondiagonal terms 1n.§ in the matrix equations can
no longer be neglected and the Mamiltonian must be solved ex=~
actly to determine the values of the energy levels which are
depioted in Fig. 2, An IBM=6353 computer has been programmed
to facilitate the solution. A complete desoription of'tﬁe
method of solution is given elsewhere. 25-27

Eleoctromagnotic theory28 predictg that an atomic system
may transfer from one of the magnetie hyperfine states to

another upon the absorption or emission of the proper multipole .



(a)

-19-

MU-13365

Fig. 3. Precession off, T, and T in (a) a weak and
(b) a strong magnetic field.

(b)

(‘i
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radiation. In atomic~boam magnetic-resonance experiments,
transitions are iﬁduced by means of magnetic dipole radiation
and the transitions allowed obey the selection ruless
AF = + 1 0or 0
Amg = + 1 or 0,

For én atom to undergoe a transition and reach the detector
as avflop~1n,resonance, the projectiony Myp of'jhon the field
‘direction must change from + 1/2 to = 1/2 or vice versa, Ex=-
amination of the level diagram shows that in only two cases
can this condition (plus the sclection rules) be satisfied for
two levels within the same F state. These two transitions may
be donotoed oC and/Q ° Fdr”J,=.3/2,61>»0)‘and normal {(numer=
ically consccutive) ordering of the F levels,* these aroe!

X ¢ (FeX+3/2, ﬁF = ~141/2)4(Fal+3/2, mp = =I=1/2)

(11
s {PeXsi/2, my = «1+3/2)4>(Fuiel/2, my = ~I41/2}), ’

Co XNuclear Spin Determinat

In the weak field region, Eq. (9) glves the energy differw

ence between two levels with AF = 0 and Amy » 2 1 as

*Cases have bDeen found (e.g.; in the hyperfine structure
f ) he s
of Br76, see Garvin et a;”“g where the quadrupole interaction
is large enough to cause an inversion of F levels., When this

occurs additional flop=in resonances may be allowed,
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o’ (12)

AT . .
‘_mp_“ £ 1) = gy MW

or'as a frequency of trangition
ﬂ‘AmF " 4 1) = gF/.f’".Qﬁa . . | : | 7

Using the fact that €y ig much less than By » Eda (10)"

may be approximated by gp = &; ~§i§ill%£§£%%%§%iltLlu _ (107)

The nuclear spin, I, will be integral for nucledi with
éven atomic number, A = 2+¥, and half~integral for nuclei with
codd A¢ Thus, for givenvvaluaa'of gys Fy and J, Eq. (10v)
indicates that gF}will tako on only the discrete values asso=
ciated with I+ At a known vélue of Hyy the obsarvation of the
flop~in d:and/s resonaﬁoe frequencies for an isétope determines

its value of g and thus its nucloar spin,

¥ :
‘The value of the magnetic fleld is measured by observe

ing a flop=in resonance of a calibration beam of atoms (osge,
of potassium or cesium) whose gp 15 well knowns From Eq. (12),

wo have
1)K = gr' ’fﬂlijf
' K h
and |

2;056 = g, ./“0'40 .
o org h
Dividing these, we obtain ¢
7) By .
Jk o BRg |



so that at a particuiaxj flold setting tho spin may be determined
by comparing the rf frequencies at which the resonanees ocour 7
in the sample beam and in the calibration beam.

.The haloge%,atomic«b@am apparatus has a resonance 1iné
width of approximately_o.l Mo at low C fleld values.* Con=
sequently, in this iarea2<: field range, high-spin resonances may
not be separated enough for resolutions In order to detarmine
the value of the spin unequivocally, of and/6 spin resonances
are observed at several valuss of the magnetic fieid where the

resonances ars resolveds This procodure was used for the
meagsurement of the muclear spins of iodine=123, ~124, =126,

-130, =131, =132, =133, =135, and astatine-=211,

De

Thoe best values of ths interaction constants; a end by
are obtained by the direct observation of the zoro=fiold hyperw~
fine separations by inducing QF = 4+ 1 transitions. Before a
search for the direoct ﬁraﬁsitions is undertakeng howover; it
is advisaﬁie that good estimates for hyperfine separations be

obtaineds (¥or some stable isotopes the poro=-field byperfine

*The resonance line width is due primarily to inhomo~

geneity of the C field and the characteristics of the rf ionp

which indueces the transitiens,
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structure may be inferred from Bpectroscopic analysis, but
thié 18 seldom the case for rédiogotivo 1sotop§s)o
In order to obtein good estimntes of the‘ZSV values, z
the « and/ﬁ? resonances ore observed at successively higher
field values until shifts from the frequencies predicted by
.Bqe (12) aré observad. These shifts‘may be related to the
'£3ﬁ vaiueé by a_pertubation oaiculafion fo sedond order 1n H,

ﬁhioh Eglves

(2) 2 ;2 1 2

5& = -5 - " ' 7)0 (lim)
+1 4OYg;

for the shift in the oK resonance, and

543) 1 421+1)2 (27+43)2

P (21+9)2
~GI(T=1) . 1 4 2(2T+3)(2T-1}(1~1) 2
1+1)(2T+3) 47)]2 1(141)(:21{1) Aﬂ23

(1)

for the shift in the & resonance. This calculation wes madae
for J = 3/2 and 1 > 1/2. The A7/ values are defined as

Aﬂla -\/\/(F « I+ 3/2)= M;;n-z s 1/2) |

. and

Ay, W e 141/ W 1 - 1/2), B

and zﬁ rofers to the frequency predicted by %gq. (12}, Clearly’
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a calculation to higber order in H, is required for shifts in
the/e resonance if I = 1.

‘.The values of Aﬂl? and A'l)23 from the pertubation
calculations may not be nrecise enough to permit a scarci for
the dircct transitions, but they do gilve preliminary values of
a and b by Kqe (7)e For better values, the IBM=G53 program
must be used to solve the Hamiltonian exactly.27 The program
‘starts with the preliminary valueé of a and b and calculates
the theoretical transition frequenoies to be expected at C field
settings where resonances were actually observed, It then
performs a )(2 test* of the closeness of fit of the theoretical
and observed frequencies.30 The parameters a and b are then
changed_within the program until the best fit of the theoretical
to observed frequencies is obtained. Resonances are then ob=
served at higher fields, and the results are‘added to the |
previous Ainformation until the uﬁcertainties in 2a and b are
small enough that A‘I)lz and Al)zs can be predicted accurately
and the search for the direot transitions can be undertaken.
This procedure was followed in the determination of the nuolear

moments of 1131 and 1132.

*As applied in this case Tx§2 is

Nt el | )2
2: obsorved = theoretical where each value of i refers to
iaa(uncertainty of measurement),

a particular observation,



The observation o{‘Az«’lz and A”’zg determines the values
of a and b by Bq. (7). The constants a and b are in turn re-
Iated'tg/uj and Q by 8gs. (5) and (6). 1In these equations,
however, the value of < rd3> 18 not known precisely, because
of the uncertainty in values of thé eleoatronic wave_runctions,
fhorefora the ;alues of AA7 and Q are calculated in an alter=
nate ma;ner proposed by Davis, Feld, Zabel, and Zacharias.lb

For two 1$otopas of the same selement, < r-3> will be. the

same§ thus it is possible to relate the constants of twe such

isotopes by

) 61 . 1 . - : »
ay 1-,/“12_., | - (5)

The value ofv/lA for ilz? was measured by Walochi by
direct compdris'on to the moment of the proton in a nuclear
magnetic resonance experimem:.:}1 and the interaction oconstants
‘1??’_ b1.27. and 0127 were measured in an atqmic-beam ox?erimont
by King and Jaooari_no.16 Therefore the value of/u for any
other iocdine 1sptope may be d;rectly related to /4127 by use
of g, {(15). Furthermore, on eliminating <r"3> from Eqs. (5)

and (6), one obtains

a - 2 ' : 4
1 e A4 7 L %“21,3) &;
b e? R 3’ d+1) 1 (16)

1
Q.
. . . 1
or Gy = = 42 7 (€+1) (24+3) 'bl '
1 2 3 (3+1) 814,
e R — 1
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Again, using Eg. (15) to subhstitute for 8,y the value of Q

fo; any 1odine isotope may be related through its b value

to the me;sured value of //412?. The value of @ determined
by‘Eq. (16) represents the experimentally observed value of
the quadrupolé moment. This value differs from the true
quadrupole mome;t of the nucleus by a factor C, the Stern~
heimer correction for the deformation of the electronic charge

distribution due to the nonspherical nuclear charge distribu~

tion.32s 33 por iodine, Q of Bq. (16) must be multiplied by

C = 1.029.



w27 -
IIX. EXPEQIMENTAL APfARATUS
A, The Vacuum System

The atomice=beam apparatus.usedrfor the work reported
herein was.esﬁeoially qesigned for use witﬁ.volatile.radio-
. active mate:ia18q=.A1thoughvthe theory of operation and basic
components are the same as those descoribed earlier,Bu' 35, 36
‘the appératus is unique in some of its design features. As
shown in Figs., 4 and 5 the machina‘has essentinlly an "inslide=
outh® construction in that the A, B,'and C magnets are mounted
’externai to the vacuum system. fhis manner of'ebnstruction has
certain advantages: (1) apparatus alignment, is easily per=-
formed, (2) sectionS-may:Se removed for repair or replacement
withvlittle disturbance of the rest of the system, (3) the c
field region is accessible fof insertion and modification of
the rf loops, (L) the C field magnet pole pieces are easily
adjusted to vary the resonance line width, (5) the component
parts may be readily deéontaminatgd or replaced (if this should
beaéme 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 astfide Dural runners,
. Three smaller vacuum chambers épan the distance between the
oven and the detector can and provide the low=pressure region

through which the beam passes. In the early stages of

o
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beam apparé.tus .

A, B, C- magnéts; D - detector can; E - oven can;

F - calibrating oven; "G - button loader; H - stopwire

assembly; I - liquid-nitrogen traps; J - valves.

Fig. 4. Schematic view of the atomic
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construction, stainless steel tubes of 0,080 in., and 0.375 in.
diam. weré prassed between the A and B magnet gaps in order to
carry the beame IHowever it was found that only extremely weak
beams would reach the detector through these tubes, and it be=-
came necessary to surround the A and B magnet gaps by manifolds
which were pumped separately. Thus the pumping takes place
through the long slot between the pole tips (seé Fig. 6)s The
C field chamber is a recﬁangular box with the pole tips ex~
ternally mounted. In this box are mounted the rf-loop assembly
and the collimating slits, which are adjustable by mierometer
screws from nﬁtside‘the vacuum chamber.

| The oven and detector chamber are evacuated by MCF 700
olil=diffusion pumps.® The A field manifold and the C field
regions are each pumped by MCF 300 pumps; the B field manifold
is evacuated by a 2~in., pumping tube into the detector chamber,
Rapid= action vacuum vaives are included in each pumping 1line
above the liquid=-nitrogen trgps. ‘“These valves allow the vaocuum
sysfem to be brought up to atmosphoric pressure for repair or

modification without cooling the pumps or warming the traps.

*The MCF serios of pumps is manufactured by Consolidated
Vacuum Corpe, Rochester, N« Y,; a subsidiary of Consolidated
Eleotrodynamics; Inc. The Temescal valves employed 4in the

system are produced by the same company.
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"Fig. 6. B - Magnet cross section with vacuum manifold.
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The system can be pumped from atmospherioc pressure to 3 X 10-6
mm Hg 4in approximately 5 minutes. |

The s0lid angle of the beam reaéhing the detector is
determined primarily by the detector=can entry slits (0.100 in.
wide) and the collimating slits (0.042 in. wide). As.noted in
the Introductibn, a stopwire serves to intercept fast atoms or
molocules which are not deflected by the A and B magnets) 4t
is loocated at tho position of maximum beam deflection in the
B magnets In this epparatus, the stopwire»is a blade with
orogs sectional dimensions 0,052 in. by 0,100 in, which can
be rotated to intercept more or less than.the geometric beam
width (0,072 4ins) It can be adjusted laterally in the beam or
withdrawn completely from the path of the beam, A small back=
ground signal may be dotocted due to beam atoms which are
deflected around.the stopwire by small-angle scattering off
of the residual gases. Therefore the collimator slits, instead
of being set to the geometric width determined by the solid
angleo formed by the source slit and the detector width, are

set slightly narrower to reduce this signal,

Bs The Magmet Svstem

The A and B magnets used for beam deflection are similar
to those described in carlier 11terature.36 They are 2-1/2 in.
and 21~1/h in., long rospeotively and constructed of Armco iron.

Flgs 6 shows the cross secfion of the B magnet pole tips which



produce the inhomogeneous deflecting field. Tho A me.g net is
similar 1n dosipn but reduccd in size. The A magnet has a .
gep of 0.100 1n. witn maximum fiold of GOOO gauss and field
vradiont of about 30 000 gaugs/cm.' The B magnet produoes
approximately the same field, but hao a gap of 0.h15 in. and
field gradiont of about 75200 vauss/cm. These magnets aro
;enorgizad by wiro~wcund coils of approxiﬁaﬁoly 1260 furns cach,
-and tho curront (1.8 to b O amp) 1s provided by an adjustable
300~v rogulatod 3upp1y (stable to 1 part in 30 000). The
, details of the choppor amplifier and curront~regu1ation systom
aro desoribed in tho thesis of Gilbert Brink.g(
| Tﬁe C fiold—magnot pole pleces are'2~in{§1ong (aiong
the beam) and 1~1/”«in.-hi ohe Twofcoils ofrapproximatoly
15 00 turns each energize this agneﬁ to fiolds stfongfhs of
O,to 1200 @auss.’ The curront (0 to 20 ma ) was originally
:provided by Ge=v wot~cell battories, but whon neﬁsuromonta wore
to be mado at high field values {requiring 300 ma), 4t became
nocossary to 1noorporate a DC ourrent~recu1ating ouppiy Thig
supply uses a Delco 2N1 L transistor as a ourrontwoontrol
element and a Kintol Model 111BF highwgain ampliflor to r e

late the curremt. The stability 1s one part in 105,

Cer Beanm Sourcos

Tho maaority of atomicwbeum e;per¢ments use a hcatcd*

oven system from which the aarpie effusc to form the beame.
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Such an oven is used to produce the potassium or cesium caliw
bration beam in the'present appaxatus, The calibration oven
is constructed on the end of a shaft that extends doﬁn into |
the'top of the oven chambor. As the oven is heated by a small
nichrome heater to such a temperature that the vapor pressure
of the potassium increases to approximately 0.5 mm of Hg,

tho atoms §f potassium effuse_fromvthé 0,003~ by~0.0L0=ir,

- source s81it to form the boam.*

At room temporature, the vapor pressure of iodine (0.3 mm
of Hg) is sufficlent for beam production. Therefore tﬁe iodine
sample ié attached externally to the apparatus and allewed to
diffuse into tha’apparatus through glass tubings Todine vapox
is primarily diatomic molecules (12) and it is necessary to
dissociate those moleocules to form the atomic beam, The mole=
culos are disscciated by (a) an rf discharge which is maintained
in the quartsz tube containing the 0,005« by~0.030~in. source
s1it (8ee Figs 7), or by (b) thermal dissociation within a
platinum tube heated to approximately 900°C (see Fig. 8)
Eithor technique produces a beam of 80 to 90% atomic 4edine.

The second technique wasg found more desirable to ugse because

*For a narrow-sllt source of atoms, the prossure within
the oven must be low encugh that the mean free peth is greater

‘ , - 37
than the width of the s1it [the Knudsen conditicn]e
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the electrical discharge causes a deposit in the quartz tube
which Crequently clogs the wire-drawn slit openings The pro=
ductioﬁ of a beam of atomic astatine requires speéial techniques,
"which willl bo discussed in Chaptcr‘IV.

The radicactive sample is attached 6xterna11y to the
atomic~beam machine in a Berkeley~type glove box (See Figsa
5 and 9). 7The oven end of the apparatus is sealed into this
box, and the box is closed and vonted through a rédieactive
‘ filter systeme The box.nffords»proteotion to the operator
vwhen_hgndling samples and also permits safe removal of ohe
type of source assembly and iﬁsortion of anothér without ex=-
_p&sura‘of'the'apparatus interidr_to tho rooms

iotgllio pofassium or cosium may be used interchangeably
for the calibfation beame Due to tho comparatively low hypor=
fine structure of potassium as well as its low spin value, 3/2,
its fraquénoy of rosonance transition incrcases muéh more
raplidly than for ceslum as the C field is increased. Thus it
becomoes awkward to uso for high={iold stﬁdiesa Howevery the
potassium metalvis casier and safer to handle than cesium,
Therefore, 1t is used for the majority of'lawéfield~measure-
ments, and cesium 4s used only when high=field resonances are

to be obsorved,

De DRetector Systems

The alkali calibration bteam is detected by surface
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Fig. 9. Sample vial attached to atomic-beam apparatus.
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jonization of the beam atoms on a heated tungst@ﬁ ribben. The
positive fon curfent of 1012 ¢o 1079 amps 18 amplificd by a
vibratingﬁreed electrometer (Applizd Physies Corp., Pasadenaj
- Model 31) and displayed on a ﬁpeedomax recorder.

The radioactive boam is detected by allowino the ‘beam
atoms to falllupon small metallie buttonS'(soe rigze 10) which
aro insertéd intO‘the'vééuum syséamc The. size of the beam

sirnal is daterminod by detectien of the radioactive decay of

. 4Mthe atons deposited, -The buttona are coated with a suitabla

-'surfaoo for officiont collection of the beam atoms. Agn the
.case of the halogens, early mxperimonts showed that fréshly
vacuumwplated silver. surfaces are the most effioient and ro=
::\prcducible for collectiong It'was not@d that elactrcplated
‘5_silver surfnces aro only about half as efficient as vacuum-

‘,-;"_p‘lated, and that the efficﬁ.ency of collestion of the silver

w;surfaoa decreases by a factor of about four when the buttons

are exposed to air for 15 hr, Thus, it is necessary to store

froshly coated buttons in vacuum jars until ready for use,

tRefer to the work on the radioactive rubidium and

galliuﬁ isptoﬁeé.ggﬁ*gg " A recent survey has also been made

of the characteristics of atomic deposition.bo



Fig. 10. Cyclotron target holder; tellurium target foil;
collection buttons for the radioactive atomic beam.

ZN=-2210
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E. PRadie~Freguency $Systems

The trénsitionS'indnced betweon atomic hyperfine states
are brought about by the'superpOﬂition of an oscillating
magnetic field on the static homogeneous C field. The atemic
system is cnanqu betWoen maghotic substates by'the.change in
magnetliec torque groduced by ﬁhe superimposed static and oscilate
ing fields.5 For o or,c? resonanoes, the frequoncies of trang-
ition may be in tha rango of 100 ke to- 500 Mc; whereas for the
direct transitions (AF = & 1»43n7 = 0 or # 1), the frequencies
| will be of the ordor of the hyporfine splittings of the atom,
whioh for 1131 are greater than 2000 Me. It is apparant,
therefore, that a wide range of signal~generating equipment is
roquired. Figure 11 shovs the equinméhﬁ used in performing |
'theac nuasurements and Table I identifies the models and their
aperating ranges. Since one frequency is required for the

‘calibration of the C field and another for the sample trnnsitien,

some frequcney rangos of equipment are duplicated¢ The oacillatora

provide the signels which are fed to~the r£»1oop through coaxial

R

switches.

In order to observe rescnances of the radioactive beamy
the rf input is first set to €ho desired frequency of potassium
resonancey then the € ficld is adju;ted so that a resonance is
observed. The calibration oven is removed from ﬁhé line of the

beam, the sample freguency is fed into the r{ loop; the button

-+
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Fig. 11. Radio-frequency equipment.
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' Table 1

- Radio -freq\iency gqﬁipment

Model : - ‘~.F‘requéncy _f,ra}nge (Mc/gec)

Oscillatérs
~General Radio 805-C '
Tektronix Type 190
Hewlett Packard 608 A
Hewlétt Packard 612 A A
Airborne Instruments Lab. Type 124 C o

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

0.10Q to 50
0. 350 to 50
10 to 500
450 to 1250

220 to 2500

0.500 to 180

2000 to 4000




bl

is inserted, and theo exposure is Started. After the desired
exposure time (usually 5 to 10 min), the button 1s removed
for counting, the calibrating oven is lowered into the line
of the boam and the calibration frequency is again applied.
If the magnetic fields have not changed in value the resonance
of botmssium will Stillgéppear. If the apparatus is no longer
set to resonance, then the fleld must have drifted during the
timo of tho exposure, s6 the expésure must be repeated. The
stabllity of the magnet~currgnt'regulators'is such that field
drifts are obsorvedlénly infrequently. .

Tha frequenoies are measured by’a‘gawlgttnpaekard Model-
B241 fréquoncy‘oounfqr which is accurate to i’part in 106 by
comparison with thé,signal output of the Aéomichroﬁv(cesium~
beam atomic clook). | | |

The oscillatiug magnetic fleld is caused by rf current
flowing in a loop devioce within the € field regione Simpie
hairpins of wire are sufficient ét low frequencies to provide
the rf signal required for rosonance observation. However,
for the wide {requency range involved in those experiments, a
more efficiont lcoop was developed. As shoﬁn in Fig. 12, the
loop 45 essentially a soction of shorted 50-ohm coaxial line.
The dimensions are kept small for maximum influence of the rf
current gn the beam atoms. By the use of this loop, resonances
in the He to 10~¥e raﬁge were casily observed with less than

10 millivatts of rf power. The loop is dual-purpose in design,
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Fig. 12. Dual-purpose radio-f_requenc‘y loop.
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since tho selection rules allow two types of transitions:'

(a) P11 transitions (zﬁan = # 1) are caused by oscillating
ccmponahts of tho rf fiold in directions perpendiocular to the

C fields (b) Sigma transitions (A my = 0) are caused by
oscillating components of the rf field in the direotion parallel
to.tho C fields The dual~purpose loop may be rotated to on-

hance the type of transition roquired,

Fe Hgggoaotlvggx Decay Counters

After deposition of the atomioc beam on the sample buttons,
spoclally designed counters are used”to deteot tﬁe’decay pro=
ducts oflthe isotopes studieds Two {ypes of counters are used!
x-ray counters and O<~ or/s -nparticlo countersv(Sthn in Fige 13).
" Tho x=-ray c¢ounters aro thin~crystal scintillation oounters.hl
A Nal crystaliis used whichi is jﬁst'sligbtly-larger in area
than the collecting surface of the buﬁton and is approximately
1/16~in.~thick, The crystal is mountéd directly 6nto the sure
face of a 5019 photomultiplier tubevinsidg of a 3-1n} lead
shieldes An aligmment héle'sérves éo hold the.bﬁttoﬁ in close
proximity to the crystal for counting, Amplified scintillation
pulses from the phototulbye are reglstered in a single~channcl
pulse~hoight analyzer wirich 1s set to count the K x=rays asgow
ciated with the eclectron-capturce decays

In éasos where the sauple isotope decays by o= or /3- 2

particle cmission, continuous—~flow methane proportional counters
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Fig. 13. Radioactive decay counters.
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are used:. The volume of the lonization chamber of each counter

lis approximately 1 cu, in. (seo Fig. 1k), and the button is

held appfoximately 1/4 in. from the high-voltage element,

which 15 a 0,001~in. wire loop approximately 1/L 1&; in dismeter,.

The proportional counters are operated at 2800 v for detecting

/B-partioles_and have 1 to 3 counts/min. background. For

oK =counting, the voltage may be docreased to 2400 v and the

‘background is thoreby reduced to less than 1 count/min., with

no appreciable loss in counting efficiency. The background

in the x-ray countors is typilcally 0.5 to 2 counts por minutce
For analysis of decay half lives, a printing timer® was

incorporated with the scaling units to record the time when a

preset number of decay pulses has ocourreds In cases where

half-1ife analysis alone is not sufficient for isotope idontie

fication (see Appondix A), a 100=«channel pulse~haight analyserst

was used in conjurction with a 1=1/2-in., orystal seintillation

counter for identification of the characteristic ganma rays

emitted,

#Clary Model=1920 printing timers Clary Corps., San

Gabriel, California,

#*Ponco Model PA=33 Pacific Eloctro=Nuclear Coe.y, Culver

City, California.
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IVe SAMPLE PREPARATION

The iodine isotopes which were studied in this invosti=-
g;tion covered the mass range from 123 to 135. Because of
-this wide rangé no single technique of production could be
used for all isotopes. The production techniques used wore
as followsi |

&gotope pnor. of Productior

123, 12k Apha bombardment (with L8-Mev

- oc particles) of powdered antie
mony motal, by the use of the
(X 4 kn) reaction, where K » 1,
2, and 3.
7126y 130 Proton bombardment (with 12-Mev
protons) of ﬁellurium metal
melted onto an aluminum foil,.
11?1 ’ Purchased from Oak Ridge National
| Laboratoriaes whare it was separe
ated as a reastor fission product,
1132 Obtained by milking process from

132

Te in an iedine generator pro=

vided by Brookhaven National Labe

oratory.
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Isotono Manner of Production
1133 - Purchased from Brookhaven

where it was separated as
a reactor {ission product.
1132 through 1135 Prbduced in ¢tho fizsion of
uranium=2338 foils by 2Ui-Mev
deuteron bombardment,
A1l of tho bombardments listed were performed in the Berkeley
60=in. ocyclotron,
The bésio objective in making an observable beam of any
of the above isotopes is to separate the active isotope from
the target matorial and mix it thoroughly with naturaleiodine
carrier in elemontal form>for admission into the beam apparatus.
The total amount of radioactivavsampla is only 1012 or 1013
atoms,; whereas the effusion rate of atoms into the apparatus 1s
approximately 1014 atoms por sadond. Therefore it is necessary
to mix the active sample with a natural carrier which lends
stability teo the beam and governs the running time of the sample,
Bach isotope required the.development of a chemi¢a1 separe
ation method peculiar to that isotope. In genéral the following
three oconditions should be satisficds (a) The separation must
be fast enough for observation of the desired 1$otope vhen
short half=lives are involved, (b) It must be perfqrméd with
safety againét.the possibility of radioactive dispersal and (c¢)

It must also expose the researcher to a minimum amount of
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radiations The followlng sectlions desoribe the chaemical
techniques usod for the iodine isotopes. Figure 15 shows the
Derkeley=type glove box in which these chemical separations

wero porformods

1, 3131 .4 y133

Todine~131 (8~day) and=133 (21-hr) were obtained from
the Cak Ridege and Brookhaven National Laboratorles as Nal in
aqucous golution, The solution was made slightly acidic with
Hzﬁou and thon NalNO, solution added, This oxidized thc icdine
to 1tz ocleomental form, which is‘readily extracted into ngo'
"~ The natural=iodino carrier (also dissolved in csé) is then .
added and mixed thoroughly with the radiocactive lodine. The
052 is oevaporated off, loeoaving crystals of lodine in tho sample
vial which is then attached diroctly to the beam machine. At
room temperature it was found that ilodine diffuses into the
apparatus through the source gslit at. approximately 22 mg per hi.
By tho.use of this fact the amount of iodine‘carriar is adjusted
to Cive a convenient running time of the sample, The running
timo may be choson appropriate to (a) the quantity of active’
material present, (b) the sire of tho beam desifcd, and (e) the
half-life of the active sample. In order to illustrato thése
points, 1131 and 1133 were originally shipped as 100-miliicurie
(nC) samples (1 wmC = 3.7 X 107 disint@gratibns (disint;) per

sec)s By the time the semple was received and ite cheowmical
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Fig. 15. Berkeley-type chemistry box with the 1132
generator attached (upper right).
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separation was performed, the total samnple had decayed to
approximately 60 m0 (thus the total sanple &as decaying at
~2,2 X 109 disint./sec = 12 X 1010 disint,/min)e A convene
ient sizo of full beam counting rate is 500 counts/min. for
cach minute of button exposure {giving 2000 counts/min. for

& Lemino, exposuret the resonance flop=in signal will be of

the order of 2 to L% of this full boam)s. If wo assume a loss
of a factor of 3 for counter solid angle and efficiency as
well ag button collection efficiency; the full beam reaching
the bﬁtﬁon should be 1500 disint./min. The transmission of
the apparatusz is approximately 0.5 XA10“5; therefore the

total rate of effusion of active atoms should be such that
they give appfoximate1y>3 X 108 disint./min. If the total
sample were to effuse at this rate, it would last for

13 x 1029 / 3 x 10% = U230 minutos = 7 hours, Thus the aéti?e-
1qd1no sample was mixed ﬁith epproximately 150 mg of naturale-
fodine carrier., The numbers used in the example are consistent
with observed counting rates. In this example 1t was assumed
that the half-life of the activity is long comparedlto the
running time of the experiment. Ir'the half=-1life 1s»short,
tho amount of carrier is reduced to allow for the decay of the

- full beam during the time of the run.

1123 ana 1123 wore produced by the ©€ bombardment of

povwdered antimony metal, In order to rcmove the active lodine,
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the target matofial was dissolved in hydrochloric acid {(with
Hzoé added to yileld nascent chlorine). Vhen the solution was
made basic with sodium ﬁydroxide, SboCl was precipitated, and
the sclution containing the active iodine was filtere&‘off.

The solution wos made acidic with 11,80y and the iodine oxidized
and extracted in tﬁo same way as 1930, 1n order to.bbservé éhe
13ahr>1123g the sample was run immcdiatelys however;'for the

Ly 5~day T32%, tho target was allowed to decay for 2 days to

124

allow the I123 ta‘dia_out with respect to the I before the

" separation was performed.

In order to reach the mass range 126 to 130, it vas

necassary_eu'bombafd the tellurium isotopes‘occurring naturally
in thié rango and use the (p,n) reaction, Tellurium‘ﬁetal was
molfed onto a 0.025=4n,=thick aluminum plate for bombardﬁontﬁ
This piata was then coveroed with a 0,001<in., aluminum foil and
clamped in a cyclétron target block (sce Fig; 10). During
bbmbardmant the sample was cooled from the front Sy flowing

" helium gas and from behind by flowing waters. These pre§autions
we:a_neceasary td praqant oeverheating of the target and loss of
Te and active iodine into the target chamber of the 60-in. |
" eyelotrons | |

o For separation of the iodine, the Te was dissolved in

HNO3 then the solution was made basiec with concentrated NaOH,
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¥hon formic acid was added, the Te was precipitated and removed
as Tel, and the iodine could be extracted as above. The separas=
tion of iodine from the To target is approximately 80% efficient.
A f&stor butbleas officient (about 60%) technique of separation
uses an evaporation system (sce descoription under Atzll) wﬁerein
tho target Te is hented to approximately 700°C. The iodine is
evolved and collected on a cooled platinum dise, which is subso=

quently washed in NaOH, from which the dodine extractoed.

T e

The 2.3=hr I132 48 conveniently obtained by a "milking"
prodessvffom 77=hyr Tele in an iodine genorator provided by

. Brookhaven National Laboratory;uz The Te is adsorbéd in an

" alumina mesh within the generator and the iodine is removed by
flushinglwith 25 m1l of 0,01 M NHuOH solution, The gonofator
regains its secular eoquilibrium in approximately 12 hr, and
frosh samples of 1132 may be removed at 12«hr intervals ir
dosired. JFigure 15 shows the cupula on the Berkeley box which
.ailows the generator to be flushod directly into the glove box

for chemical processing.

1

The iodine isotopos 1131 through 1135 are produced as

fission products when uranium=238 is bombarded with 2L~Nev,
deuterons. As described in sections 1 and & abovc,71131, 1132,

and 1333 are obtained more economically, therefore deuteron
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134 135

bombardments were only used to study I and I » Tollowing

bombardment, the uranium is dissolved in 1iCl., Tho solutior 1is
diluted with water, and then NaNoz i5 added to oxidize the

iodine. Tho oxtraction into CS_, efficlently separates the

2 -
halogens from the other fission products.

B, Astatine=-211

In 19%0 Corson, Mackenzie, and Segfé isolatod a radio~
aotive elemon§ whose chemicai,.physical, énd nuclear propertiocs
established it_fo be element 85,N£ha-1ast of the halegen group.hB
This element, which does nof posﬁesg a stable isotope, was named
astatiﬂeahh The measurement of the-nucléar spin of the 752-hr
At211 by an atomic—beém.axperiment constifutes the first direct
v-spin determinétion of an isotope (with no stable cdunterpart)
whose half=1ife is measured in hours.

Tho.Atz;l-was produced by an ( o5 2n) reaction on é
bismuth target in the Berkecley 60=in: cyclotron. A bombarding

energy of 29 Mev was employed to produce preferentially APl

'free at At21°¢ The astatino was separated from the target by
an evaporation tochnique prOnOJOd by Barton, Ghiarso, and
Perlmanghs tho tarpet is heated to 7000 C in air within a .
stainless steel crucible (see Fige 16)e The top of the crucible
" is Qloséd by & water-coolced cylihdcr to whiech is élemped a
platinum disc which serves to collect the astatine.

In order to produce an atomic beam, it was found necessary.
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Fig. 16. Cross-section view of the astatine separation boiler.



to mix the astétine with a natural ecarrier. Todine was chosen
because of thé“similarity of its choemical properties to these
of’aatatineg The platinum foil was placed in an evacuated
flasle with approximéﬁely 150 mp of iodino and heated to drive
of f the astatine. An intimate mixing of the aStatine and
1od1ﬁo was ensured by distilling the mixture several times
from one ond of tﬁe vial to the others The atomic beam was
produced by thermal dissociation of theo I-At complex in the
platiﬁum soureéltube desceribed in Chapter III.

It was found hoceséary to maintain the oven vial and.
assboiaﬁed glassware at a temperature of approximately ido°c
to prevent adsorption of tho active materizl onto the glass.
The flow rate of the I-At mixture into the platinum tube was
controlied by a slow leak made by partially fusing a fritted~
glass.filter. Despite the intimate mixing of iodine and asta~
tine;, the boam was not steady, and varied irrcgularly witﬁ
time. In ordef to compensate for this variation, thevresonance~
button 8ignals wero normalized against the direct beam (i.e.,
the signal with the appdratus stop wire withdbawﬁ), measured
1mmediét01y beforo and after the resonance exposure. |

In all of the sample preparations; when the fadiatioﬁ. .
fieids-due to tho samplc wore too high'for separation Iin the
Astandard glove bb#, the operations were performed>by the use of

remote manipulators in 2~in lead-~shlelded chemlstry boxese.
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Vs RESULTS

Ae DNugleareSpin Measurements

The results of the spin moasurements performed on the
isotopes bf iodine and astatine are summarigoed in Table IX
. and ﬁave boon publisﬁcd by the author in collaboration with
Te Mo Greeﬁ, Ee Lipworth and We Ae Niorenberg.b6"5o Magnelic~
" field values arevlistad at which resonances were observed and
the type of flopain roesonance observed is given in paionthesis.
The values of the spins of ¥%25, 1127, 1128 .;4 1129, wnicen
vere measured elsewhere, are included for referoncee.

Figure 17 shows tho spin search made on a saﬁple cor=
taining 1123 and Ilzuo‘ The high signals‘af frequencies approp—
riate to spin 5/2 (O€) and 5/2 9@) wore decayed and attrib-
utable to 13=hr 1123, Tnhe signal at spin 2(0C) was Tound to
decay much more slowly, and was ldentified as being due to

3 .
12k (sce Appendix A)s Fipure 18 shows the results of

a similar secarch pefform@d on a sample containing 13-day 1126

boS=day I

(Spin_z) and 12, 5~hr 1130 (spin 5).

Filgure 19 shows the results of a spin scarch performed
on a sample containing 2i3=hr 1132. Since this is essentially
& pure isotope, only tho resonances at spin & (0C) and X 9&9)
wero detected,

Figqres 20 through 28 show complete Cx.an§/3 rf reson=

ances observed for tho isotopes in Table II.
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Table II

Results of spin measurements

Isotope Half life Nuclear spin Magnetic field at fesonance (géus s)
123 13 hr 5/2 8.55(a, B); 17.07(a, B); 28.37(a, B)
124 " 4 day 2 8.55(a, B); 17.07(a, B8); 28.37(a, p)
126 13 day 2 0. 71(a, 8); 1. 42(a, B); 6.92(c, P)
30 12. 6 hr 5 2. 86(a, B); 8.56(a, B); 14. 24(a, p)
3 8 day 17/2 see Table o
32 2.3hr 4 2.82(a, B); 6.92(a, B);13. 42(a, B)
33 21 hr _ 7/2 2.82(a,B); 6.92(a, B); 13.42(c, B)
133 6.7 hr 7/2 2.82(a, B); 6.92(a, B); 10.87(a, B)
N 7.2 hr 9/2 2. 86(a, B); 5. 7L(a, B); 8.56(a, B)
'~ Measurements made% elsewhere:
125 60 day 5/2 NMR®2
27 stable 5/2 NMR 3!
1128 25 min 1 Ato}r;ic beamsg’ 6l
29 >10yr 7/2 NMR 3!
1130 12. 6 hr 5 " Atomic BeamGI
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Be Hyperfine=Structure Measuremonts

According to the procedure outiined eariier for measur- |
ing hypeffihowstructﬁre ooﬁstanta, the hyperfine structure of
,11_31‘ was observed directly, and the quadratic shifts in 7132
vere observed at field valuez high enough that approximate
values of the interaction conétants were obtained,

'I‘hé energy-level diagram for 1131 is given in Fig. 2.
Table IIX summarizes the resonances observed, Note that for
gero magnetic C field, the application of an rf oscillating
field at a frequency equal to the hyperfine separation, A;jza,
can induce eleven differeont pi (Amb‘ @« ¢+ 1) resonances and also
six different sigma (AmF e 0) resonances., As the C field
deviates from zero, these resonances soparate aocording to their
field dependence in Eq. {9). .

The best measurement of Aﬂzj 4s made by observing the
(4,0)<(3,0}) transition which is field independent to first
order in Ho. " By Eq. {10?), hewever, the Ex calculated for Fm3
is approximately zerc, and therefore the three lines

{3,1)
(4,0) g———p < (3;0)
(39‘1)
remain supsrimposed for small values of magnetioc field and tend
to 1ncrease‘ the resonance 1line width,

The upper direct transition (5,=3)<4>(4,=3) is a sipma
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Table III
1131 Resonances observed
Transition observed Magnetic field Rgso_na.nce I:Jine
. : (gauss) - frequency(Mc/sec) widthMc/sec)
a - _ ‘ -

(5, =3 )ee(5, -4) 86. 25 © 49.6 - 0.22

' 278.80 169.9 o017

739.90 517.0 1.25

540.17 . 355.75 0.75

1049.21 : ~ 805.80 ’ 1.44

B ' . : .

(4, =2 )eo{4, -3) 86.25 34.90 0.19
115.95 48.18 0.14

278.80 ~ 133.30 : 0.24

739.90 529.40 - 0.61

540.17 ©320.95 0. 69

Direct transitions:

(4, 0)e=(3, 0) 0.71 - 2138.23 ' 0.09
(4, 0)esn{3, 0) 4,20 ; 2138. 22 ~0.09
(4, 3)ee( 3, 2) 28.37 - 2170.09 . 0.18
(4, 3 )3, 3) 28.37 2170. 88 0.21
(5,-3 yeo{ 4, =3 ) 6.92 3289.09 0.13
(5, -3 Yew{ 4, =3 ) 2.82 © 3291.44 ' 0.10

(4, 0)ee(3, 0) . 2.82 2138. 21 0.09
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transition that was observed at the field values indicated in
Tablo IIX.

‘The results of the direct~transition measuroments show

ZS%&Q o 3293,03 % 0.13 Mg/sec
and ., .-, _
ﬂg)zs = 2138422 + 0,09 Mc/secs | |

The uncertainties quoted are the full line width of the observed
resonances {(at half-maximum). 4F$timates"of'effec£ duo to con=
figuration interaction or to the preaanco of an octupole moment
indicate that either effeot would be 1ess tban the UncertaanLes
assignody ,
| As doscribed iﬁ Chapter II.an INM=653 computer has been
programmed to fit the observed resonance data to an éxaat solu-
tion of the Hamiltonian, Zqg. (8), and to‘yiald valuaé of a and b
appropriate to this solutilon. Although atomic=beam measuremnents
of the hyperfine-structure separations deteimine the magnitudes
of the constants a and b and their reiatiﬁe'sign, a separate
measuremont is required to determine theo absolute’sign of a, and
thus the éign of the magnetic dipole moment, This measurement
must involve the intorasction of the dipole romant with the ox=-
ternal field. The thooretical frequencies calculated by the
IEM=653 progra& involve & corroction for‘the ihtdraotion ¢f the
-nucleoar moment with the o;tarnal field, The’cofrootion_enters
into the paiculatéd frequency as an additivé torm and will be

positive or negative depending on the sign df the nuclear dipole
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moment. Thus, as described by Garvin et _al,. the program

provides a methoed for testing for the éign of the moment, Thg
data is fitted to theoreotical frequenciles by ossuming the sign
-of'gI is positive and then nepative. A eampérison of the close~
noss of it between these two separate calculetions is madeg'
and.if the difference 4n £it is significﬁnt, the sign may be-
inferred, | | .

Table IV shows the results of the computer.caiculationé
by the use of the data of Table III, It is ovident that the
calculated magnitudes of a and b are the same for either sign

of g ; whereas the TK? rvalueg indiecate that the observed data

I
1ie closor to the theoretical frequencies for (gI> 0) than for

30 the com=~

'(gI<:O)o By the use of the table of *2 4n ﬁisharg
:.parison of ealeculatod 3&2 values indicates a probability higher
than 98%‘that gy is groater than rero.®

A pictorial comparison is made in Fig. 29, The différ-
ences between obzerved and theor@tieél frequencies are showm

for-gl'< 0 and g1:> Oa. The dashed lines indieate the experi~

mental uncertainties.

*For a normal distribution of observed resonance freqﬁen-
cies,?&? would have the minimum value N«~2 in fittina a function
with two degrecs of freedoms The?&? values in Table IV indicate
that, on the hasis of statistical arpuments, there 43 justifica=
tion in reduecing the measuremewf uncertainties to one-fiffh of the

widthe This would further favor the it of g;> 0,
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Table 1V

IBM- 653 Calculations from 1131

resonance data.

b

. a 2
Input (Mc/sec) Da (Mc/sec) Db X

a's and f's only : - ' :

( 10 inputs g > 0) 576,039 0.40 580.04 3.04 1.02

a's and B's only

( 10 inputs gp < 0) 577.948 0.41 589.78 3.09 13. 89

Direct trans. only A : '

( 7 inputs g > 0) 575.906 0.002 578.849 0.024 4.93

All data '

(17 inputs gr> 0) 575.906 0.002 578.849 0.024 6.03

All. data

(17 inputs gI<0 ) 575.906 0.002 578. 846 0.024 33.5
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Using the preciseo meaQUrement of tho magnetic dipole

moment for 1127 1.27 = &.8090 + 0.0004% nm, LYy Walbh131 and
. 127 .16 o he
of a3 09 and b12? fo; I. by Jaccarino and Kiﬁg, wa have
from Eq. (15) '
_ . o
AL 131
131 131 o u.,...?..m L /u 127
8127 127
® 2,738 2 0,001 nme
w20y 2

Using Rqes (16), we obtain QlBl s =0,412 & .020 X 10 T em .
Table V shows tho results of oK anq/a transitlnns in
1132. To within the:accuraqy that theze measurements permit,
wé'have ’ '
ga! 'm 566 + 5 Mo/sec .
and . _
lbl = 67 2 36 Mc/secs
Therefore we obtaln
Ay =% 3:082 0,03 mm
and
Rygp = 2 0.0L8 & 0.025 X 1072 o,
The supply of 1132 yas expended before the direcot transi-

tions were observed. Howevarg the direct transitions of 1132

will be observed in future experiments,
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Table V
1132 Resonances observed
s Magnetic field Resonance Line
Transition observed (gauss) ) frequency (Mc/sec) width(Mc/sec)
a |
(11/2, =7/2)==(11/2, -9/2) 6.92 3.57 0.14
- ' 13.42 6.88. 0.10
25.39 13.02 0.08
46,08 : 23. 84 0.10
89.69 - 47.07 0.31
4 ‘ 173. 74 93. 80 0.32
B | | | .
(9/2, -5/2y==(9/2, -7'/2) . 6.92 - 2.25 » 0.12
: ' 13.42 4.35 '0.09
25.39 - 8.29 . 0.15
46.08 15.32. 0. 25
_ 89.69 30. 80 0.25
Y 173.74 . 63.85 0.32 -
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VI. DISCUSSION OF RESULTS

As Nuclear«Spin Results

The 1sotopes of iodine and astatine considered here are
in the mass rénge where colloctive nuclear effocts are not
expecfed to dominateo Thus, in this range the observed spin
values night be expected to agree.with tﬁe prodictions of the
singlenpaftiole’shel} model of the nucleus.l3 This wés found
fo bo the case for the majority of the isotopes. Fipure 30
shows the singlo-particle energy levcls as théy are expocted

51

to be arranged for the nucleons in this mass range. In

cases where the number of neutrons‘(N) is even, the shell modal
predicts that the angular momentum of' the nuclous will bo that ’
of the last odd proton (the fifty=-third proton for iodine and
the elghty~-fifth, for hstating). The 557/2 and 'hd5/2 pro=-
ton energy ievels are very close, and oxamination of the'9pin
‘values of eiements near iodine iﬁdicates that the order of
occﬁpyihg the proton lovols varies sharply with the ehange in
neutton number. In the case of 515b121 (I = 5/2 52)the fifty-
first proton may be assigned to the &d5/2‘leve1 when N equaié
?O; VHowever, 1tvis better aSsigned>to the 537/2 level when two
‘neutroﬁs aro added to form 515b123, which is found to have spin
7/2. .In‘iodine, the protbnvconfiguratipn seems to bo(5g7/éFUd5/2
for N equal to 75 or less, whorecas it 13(537/29 for N betweén

76 and 82, Similarly for cesium the spin change from 5/2 to
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‘regions indicated (see Ref. 51).
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7/2 takes place for N equals 77.

Table VI illustrates the consistent ma;ner in which the
odd*proton~~even;neutron configuration in iodine may be related
to the observed spin values, The level assignments assumed in
. Table VI are congistont with the observed spins and moment
| values of odd=proton=~evon=neutron isotopes or of eveneprotonw=e
odd=noutron isctopoes in the elements adjacent to iodine.  Al-
though the neutron lgval is close to the 33£/2'aﬁd ud3/2 levels,
the observed spin values (ovgsy for X&l‘?ga X&3, 1123, ana
'T9125) indigate that an odd néutran tends to ocoupy the lower
angularumoméntﬁm lovelas, whereas the 6h11/3 {ovel 18 fi11led only
by pﬁirs of noutrons, _

Far.oaseé vhere N i8 also odd; the total nucelear spin must
result from a coupling of the odd=neutron and odd-proton con=
figurationse Although fhe_mannoé of #uah soupling is not com=
piatél? undersﬁood,53 experimental évidence supports Nordheimts
' rulés'in regions near the filled shéils¢5h These rules result
from the tendéncy of & singlé proton and single neutron to couple
#ogather in such a'manﬁer that their iﬁtrinsié spins are aligned
parallel. Two ruieg result for this douplings‘

{a) Strong rule: If one of the odd nucleons is in a
level with 1ntrinsi§;sp£h and orbital angular'ﬁomentum parailel
.and the other,ih'a levél wheféfthey are antiparallel, then the

total angular momentum of the ground state is the smallest



Table VI
Iodine spins by the single-particle shell model
?roton Ngutroxi Nor@he}m I123 124 I3.25 I126 1127 112.8 I1291 I13C ’211'31 I13 1.133 1135
assignment assignment prediction .
2 _ .,
(5g7/2) (4d5/2) even 1=5/2 5/2 5/2 5/2
| "(5g7/2)3 even 1=17/2 772 h/2 /2 7/2 |
5 (331/2) 2<I sxgeak 2 2 gg
(587 /) (45 /50 ,
(4d3/23- = *strong
3 (331/2) I= 3st‘:rong
(4d3/2? : 2<I stweak 5 - 4 ()




possible, i.e., for

I, = 1“ 4+ 1/2 and Jp = 1p‘t 1/2 we ﬁavo I w ljn - jpl ,

where the 1's and j!s aro the orbital and total angular momene
tum of the neutren (n) or pro%on (p)‘levels.

{2) Weak rulet If both the proton and'neutron are in‘
levels in which intrinsie spih and orbital angular momentum
dre parallel or if both are in levels in which spin and orbital
angular momentu& are antiparaliel, then the angular momenta,

Jn and ap tend to add, although not'neoéésarily to the highest

possible value, That is, for

._jé s lp ¢ 1/2 and 3, =1, ¢ 1/2, we have I = 3b ¢ e
As discussed by Way g&&mgk.sss this rule may be written

|3p~3ng<xgup¢ 3,0 | (17)
Again from Table VI it may be seen that the majority of |
the obsérved gpin values of the odd-odd nuslei of iodine fit
the prediction of Nordheim's rules, |

Nordheim?s woak rule, as it isvwritten ih Eq. (17}, admité'
the poasibility‘ot 2 wide range of vaiues for the resultant spin,

Recent studies by Sohwartzs6 indicate that in nuclei that have
one type of nucleon {e.gs, protons) cutside of a closed shell,
‘but the other type (Lc0.5 noutrons) missing from a shell, the

resultant groundestats angular momentum may bo given as

Ie (3,93, =1 - (18)
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The level essignnments for 112u and 1126 in Table VI are incoun-
- sistent with Nordhoim!s rule as given 4in Eq. (17) but do satisfy
Bes (18)

The level assigmuent of 1126 is 4inconsistent with the
assignmont of the (557/2, 6h11/2) oddmproﬁonﬂwoddmneutron con=
fipuration as based upon/g? and ¥ =ray studies. ! s 58

The muoliear spin of 1128 was measured in an atomic=beam
exporiment by J: Be. Sherwood at the Cak Ridge National Labora«
tory¢59 The value was found to be 1, whioch is coﬁsistent with
the spoctroscopic measuroments by Benczer gt giofo and also
consistent with the (hd5/2g hdg/z) configuration assignmont,

The moasured value of spin 5 for 1130 iﬁ in agraemant’
with ¢the atomié»beam measuremont made simultancously by Shere
wood,Gl but in disagreement with thé nuclmmerp@ctroacapic
results of Caird and Mitcheilg62 vwho made the a&sigﬁﬁont of
6 (=) on the basis &f the log (£t) values of the 1.02=MNev
docay to Xeljoa |

The//? deca? scheme of 1132 to X0132 was studied by
Finston and Bernstein, but no spin assignment Was-madéGGB The
spin value of 4 for this isotope might be considored to repro-
sont coupliing %o (3n +* jp - 1) as 4n Bge {(18)s Theo spin of 5
| for 1130 {with five neutrone missing {rom the filled shell)
roquires the maximum coupling to (jp % 3n)¢ In such ¢ase the

spin-spin and spinworbit interactions must dominate over the

orbit=orbit interactions of the odd nucleons.
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Astatine~211 contains a magic number of neutrons (N = 126)
and the proton shells are filled at Z = 82. The observed spin
of 9/2 is simply understood on the basis of the single-~particle
shell model by assigning ths throa protons to the 6h9/2 leveols
Two of the protons pair, and tho spin is determined by the last

odd proton.

The hyperfine-struoturo measuremeonts of 1131 were in-
tonded to verify and improve the previously published values

Of fL oy = 2,56 + +12 by Flotchor®? and 1 = 7/2y 349y =

0.l12 x 2072 o2 by Livingston g&mgL.65 Fletoher!s results

_ for,/fljl aré'based upon the comparison of g factors betwoeen
1131 and 1127, Although he uses the same value of Kqy2n as

used in the resultsg reported in Chapter IV,31 his results differ
from thoe atomic~boam value by more than the sum of the experie
mental uncertaintices, As mentioned in Chapter II; the oétupole
1nterhction term and the effect of configuration interaction are
neglected in tﬁese atomic~boam results, Il the offects of these
interactions are assuméd to be of the order of theose obscerved

127.16 the experimental results are still in

by Jaccarino in I
disagreement with Flotcherts,

On the basis of a pure singleﬁpar%}cle shell model, ith=
valuo of//4131 (schmidt value) would be expeooted to be

,xxg7/o w 1,718 nm. Thus the magnetic dipole moment of 1131



deviates evon farther from the Hchimidt lines than does that

for 1129 9/4129 e 2,6173 4 0003 nm,-1)

“28 m® 1s 4n

ngreement with the published value by Livingston et 31065

Tho measured value of QlBl w =0.012 X 107

obtained by microwave absorption axperiments in which the
quadrupole interaction constant {eqn) for Ilgéscompared with
that for 11??,' The vaime of Qgqq was thon ealoulated from thé
value pf Q127 baseq upon Jaccawino's atomiOabeam.meas#rements.

Azthdugh'the singlampgrticlé level assignments héve been
| found to giva goodvagreement with_measared nuclear spin values,
therbbs@rvéd’magﬁ@tic.d&paie.mom@nts and eleo#ria-quadfupble
momenta differ widely from ﬁhoa@ valuos expoctoed for a single
particle, These deviations may be attributed to ¢he asymmetry
of tho nucleér cores. 7Two empirical ruiés have been ﬁf0p66ed'to
cor#@lata the vari&&ian in magnotic moments and cere asymmetry
,(whi@hviﬁ related to the quadxupole‘momenﬁ)a-

{a) Dohr proposes that, of two isotopes with the same
-spin and diff@ring only by two neutrons, the nuecleus with the
numerically smailest quadrupele moment has a magnetic moment
closeﬁt_to the pure=state value (Schmidt valua)ﬁg |

{b) Gordy, on the other ﬁand, propeses that the magnOtio
moment decreases as the nucleus becomes moro $1ongated (i.é»,
'Q_increases for positive Q values or decraases'nﬁmerically for

66

" negative Q values)s Applying these rules to the comparison

of 1129 ana 1131,-wo have
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and

) n ” -
Qqpg ==0s57% X 10™2Y4 o Qyqp = 0,412 X 10 24 cm2,

It is epparent that neither rule is consistent with the ob-
served properties. | |

The value of @ can be culculated [from Eqs (6)] by an
alﬁernative prooedufé which uses the fino~structure separation,

‘SFS’ to obtain a value of <r"3>; SFS 48 related to <r"3>

by the oxpressionzg

é

pg = Hlm T (2L » 1K ™3>, (19)

Hera 8 is 7603 cm“l, "I is the effective value of the nuclear

FS .
chargo, and;ﬁé is a relativistic correction factor tabulated by

20

Kopfermanne Barnes and Smith have shown that Z? approximately

oquals £ = n, n being the radial quantum number of the valence
olectron.67 Using the value b131 m 578,85 Mo and the Sterne-
heimer borroction, C = 1,029, one obtains, from Egs. (6) and

(19),

This value is slight}y less than the value obtained by the

“elimination of <r“"3> and the use of Er.i» (16)« MNurakawa has

_porformed a similar caleulation for 1127;63 using Jaccarino's

value of byp, and assuming 2} = 53 - L = 49, he arrives at a

value of Q =0469 £ +03) X IO"Zb cmz. Murakawa explains

127“(
that this value is different from that obtained by eliminating
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<}"3>'awu1using the valuo of n12? because the ground state

iz not a puro 2P3/2 state but instead is a mixture duo td thé
presence of the'5559563 configuration, This mixture has the
offegtuof.diminishing a127(2P3/é) in tho manner illustrétgd

vy KoSterosg An atomic~beam measurement of 312? in the 2Pi/z
state (as was dono in chlorine by Davis ot _ale.l) would be of
Qse‘in determining the extent to.which mixing oceurs. Optical
 moasuroments ﬂavq been made of the hyperfine Spiitting in the
2P1/2vstéte, but the results to_déte'are not prccisé §noﬁgh'to
measﬁra.the effect of mixing?7° Although the values of,AéiBz
and Q132>f0r 113 are quite inozact {as they reprosent only
.prelimiﬁary values), they do show two interesting fontuross

{a) The high value oflﬁ4132 @ & 3¢Oo ma 18 not far removed from
tho pure-state valuo (/ﬂ$ m 2,87 nm) thqt would be obtained if
tha moments of the 5@7/2'proten and kdﬂ/z noutron configurations
wore assumcd to addp (b) the very smalil value of @ =

4 0,043 X 10™ =24 cm indicates that the’ addition of one neutron
to the nuocleous of 1131 has caused a nine=fold reduction in.
" the. offoctive quadrupscie momont, A more exaot comparison; using
the ecollective modoel of éhz nucleus,lg~wonld be in termé of tho
deformation parameterastg g of the nuclear core in ecach of the
- two 1sotopes. The measured value of Q is rolated to & (as shown
. by Nilssonlz)by . |

- 2 -1 (20)
Q= 0.8 % (R} & (1+28/3) M%T '

where R, is taken oqual to the radius of charge of the nucleus or
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R, = 1,2 timos 10“13}\.1/3 ¢me From Raq. (20) the deformation,

4 ,
8 of 1132 44 approximately one tenth that of 1131.
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. o Tt APPEMDIX A

Jdentifﬂcmtion of Isotones -

The production techniques described in Chapter III
sorve to specify tﬁo rance of isotopes which are esxpected to
ba preﬁenﬁ in a.radioactivc sanple. The chcmioal*sgparaticﬁ
techniques cuhance the purity of the iodine or astatine; how=
ever, there st41ll may be more than‘a‘singla isotope present
in the atomic boam. 'The_decny-halfélivos of the neighboring
lsotopes of.iqdine'afo generally different enough that iden—
tification éf spin resonances may be mads by half~1ife
analysis,

The full=boam decay of the antimony producaed isotopes,
Figse 31, shows a composite docay of 13~hr 1123 ann L, 5=day
Ilzua The long ¢tail in tho decay 1s due to the presence of
60~day 1125. Flgures 32 oand 33 show the decay plots of reson-
ance buttoﬁs for spin 5/2 and spin 2., In cach case the decay
,half~1ife is essentlally the published value,

The fullebeoam decay of ifodine produced in the tellurium
target, shows the presence of 12,6 hr 1130, and also 13-day
1126. In the spin search on this semple (FPig. 18), haif-13ifn

analysic of the resonance buttons woas neceszary to identify the
isotopos present, The actlivity on the spin buttens is hizsh forx
spin 5 and spin 2. The Qecey of the spinSbutton is facter than

the full beam dtselfl snd indicates that the counting is pricarily
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Fig. 31. Decay of full-beam button containing cyclotron-
produced 1123 ang 1144,

150 160 170 19 220 230 240 250 260 270 280 290 300

MU-13928



COUNTS PER MINUTE

3

o

N
o]
o]

-97-

II23 & Il24

SPIN 5, (+)
Yos= 6 Mc/sec

24
§ 7,100 Hours= 42 Days(['Z™)
2

'Tl,z = 13.5 Hours (I ')

1 L 1

] i L 1 i 1 I D I I | 1 1 { 1 [

10 .20 30 40 50 60 70 80 90 100 (10 120 I13C 140 150 160 170 180 I90 200 ZIO 220 230 240 250 230 270 ZBO 290 300
TIME  ( Hours) MUi-13927

Fig. 32. Decay of spin- 5/2 Z(o.) resonance peak buttons in
cyclotron~-produced I and I'4%. The short-lived
component is due to I- with spin 5/2; the long-lived
component arises from overlap from the 11242 (B)
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 +.



due to 1130. The activity on the spin=2 button is found to
decay very slowly, at a rate appropriate tolatoms of 1126
(see Figs. 34).

In the analysis of the iodine iscotopes produced by the
fission.ofl}zBa by deuteron bombardment, the full=beam decay
(Fige 35) 4is complex but consistent with that expected for a
mixture of-'I132 through 1135a Decays of Spinwresoﬁance éamples

(Figs 36) serve to identify the spin assigﬂmant'of 1135.

Tho 1133 sample obtained from Brookhavan has some 1131
mixod with it. Therefore the full-beam button shows a com=~
posite decay. The spin values of the two isoctopes are the same,
and sc;the'spinuresonanoe decay 48 also composite (soo Fige 37)s

Both 1131 and x132 wore studied as ossentially pure iso=-
topes with the result that the deoays af their fullebeam and
resonance buttons are quite pure and the half=lives are cun=
sistent with published values., The decays of the full=beam
and spin L(X)<resonance buttons for 1132 aye shown in Fig. 38,

In the bombardment of Bi to produce Atzll, the bombarding
energy was kept below 29 Mev in order that the sample have little

210 present, As & result, the full beam and spin buttons

showad ossentially the pure 7.5-h4 decay characteristic of Atztl

(sce Fig. 389).

or no At
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-2 (a) resonance-peak buttons due to 1130 and 1126
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Fig. 35, Decay of chemistry-sample button cggléaining 1132,
1133, and 1135 produced by fission of U by ‘
deuteron bombardment.
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Fig. 36. Decay pf full-beam and spin 7/2 (a) resonance
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. APPENDIX B

Previous e enta g rtion

C d aAnd

Among the oarly investigations of the atomic properties
of‘iédine is 1listed fhe'work of Turner who used an electrode-
‘less discharge tube as a»aouféa of the?iadino*afo spectrgm¢23
In this spectrum he identifioed for the first time the 2p172
and 2P§/2 atomicvstateé. In 1931, EVQné7;'measurwd the joniza-
tion potential (10,454 Vfor iodine and'rurthér‘analyzad the
optical spectrum. DMNuch of the 1odiﬁe spectrum was reoxamined
by Murakawa in 1938,72 A compilation of &péatroacopic data by
‘Moora2h indicates that in recent years th& ontire iodine spectrum
from 1200 A to 23,000 A has been reexamined by Kiass and Corliss
{1200 A to 12,000 A) and by Plyler and Tumphreys (12,000 A to |
23,000 A) and’also Tshbach and Fisher.73 Over four hundied lines
of tho ifodine specéfum have beoen classified,

The miclear-spin value of 1127 was datermined by optical
means by Tolansky in 1939¢?u Murakawa c¢onfirmed the value of.
I = 5/2, #nd reoported the value of Qi v in 1955475 Optical
gpoctrosoopy has been used more rocently by Onaka to observe
the hypoerfine-structure separation in the 2P1/2 state of 1127.70
His observations indicate thatd¥(®ry ) = 0,670 £ .07 cm™l,

A groat many investigations using magnetic~resonance and

quadrupole~resonance techniques have been performed on iodine.
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Some of the previous measurements have been referred to in
Chapter VIs The spins of 1127 and 1129 were reaffirmed by
' 76

Gordy in a microwave~absorption sxperiment. The value of

127

the magnetic momont, ji, of I wag measured in 1958 by Pouna?’

and the results compare closely with the more yrecent measure=
ments by Waichia31

The values of le? and leg were reported in 19&?,75 and
4n 1953 Livingston and Zeldes made a preocise meésurement of the
ratio of Q129/Q127¢?8 They obtained the walue 0.701213
0,000015 for this ratio, using a microwave spectromcter to
obhaerve quadrupole transitions,

The preclse value ofjmlz? of Ila? by Walohil is used az a
stendard in many of the recent measurements of the radicactive-
jodine isotopes., Walchl obtained his values 092“12? m ¢ 248090
2 0,000k nm and of)uigg w 2.6173 3)956003 nm by comparing
resonance frequencies in’iedine to th@s@vfar the proton, and
then uaing)u(p§ = 2679268 rnm from Sommer, Thomasg, and Hippieé?g
A diamagnetic corresction of 0.305% was also applied,

‘Otheor results of muclear-magnetic=resonance experiments
include the value of I, s and Q fox 1125_and the value of @
of 1131 by Fleﬁchareéﬁ In addition; the value of I for 1131
was moasured by Livingston g&w&lcsﬁ

In 1957, Bowers; Kampexr, and Lustig measured the value of
127 8o

the electronic g factor in I by a paramagnetlc resonance

experiment. 7They observed that the ratio of the g factor of
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1127 to that of a freo electron was 0.666225 + le5 X 10”6.

This valueo was used with a value of gg for the electron of
2,0022920 to give By fqr iodine = 1,333977. This value was
used in the results given in Chapter V,

Thc/xé and ¥ ~ray 8tudie§ of the iodine isotopes have
boen quite numerous and have succeeded in establishing the
decay schemes for all of the leodine isotopes from 1123 ¢o
1133¢ Many of the refercnces to these investigations are given
in Chapter VI,

Attenptes are presently being made to observe the optilcal

emission and absorption spectrum of astatine, but to date the

lines observed have not definitely been attributed to astatineoal



-1090-

APPENDIX C

Relativistie Correction Factors

The relativistic correction faotora(ﬂg and i?zare ob=

tained from Casimirezz They have the forms

E'ﬁf(?@'l_) - ﬂc»z + 1] |

and
F o k(2ke1){2041) W B3(3 % 1/2)(3 + 1)
G pUPT =Y
where , : : -
" w v 1/2 for k= g+ 1,
j= l=1/2 for k= =L,
and |

/0&‘/{{2 L Ezocz Py

For iodine, we have 3§ =+ 1/2, k » 2, which gives the valuest

A = 1,128
?!ﬁ 1.061&
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