Lawrence Berkeley National Laboratory
Recent Work

Title
THE HYPERFUSE-STRUCTURE ANOMALIES OF GOLD-198 AND GOLD-199

Permalink
https://escholarship.org/uc/item/5ds5{0k0

Author
Bout, Paul Adrian Vanden.

Publication Date
1966-03-31

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/5ds5j0k0
https://escholarship.org
http://www.cdlib.org/

\\ AN Sy NS AN S5 NS A o e A N e o S S N e /%/w S ST, L Y.l S Ty et Lo i

3%: 7 ﬁ@%ﬂ;&g&/i g @@K&B&% ;Li ) &3€&@ yj@u$/}@b® N# @é‘\{{( ‘ L) /ﬁ(ﬂ Cmf{ﬁf@ﬁr\)g xj@_\\) (i"l “‘\% n
5 an & Bl ;(%.{%} LR :}ﬂ@@[&a @E@ \5-3—1/3-'v ’&ﬁ%

/%
L.)
F‘
@
é’i
7@
[J:
\__./\/

W

\ﬁ@@_;@%@ﬁ@m Dl G

2= (’ i &v -»jwvf@} wf“‘“f*‘“
O a@u q,@%

\\/}/
b (-5

s -

@&

\
-—»-;\

e ﬁ{
@&/, o /ﬂ;\\,
‘%4’3

N e

' i@uh

20 \
W B ‘ml
; )
(@l DL

1 A 7o S ()/ﬁ ) f‘::?“‘ma
ﬁene ()
PR }@ | )
i-l b Llﬁl [

Qaﬁ : a0 /ﬁ @ @53?[1} @
- 7

= ag@%@@g |

‘C;foYg f INE<S g:gy (\w 804 ;m‘

s K&l S &*‘/’)LM Sty ﬁ
IS 3 /)k gv:gyk x\
\w&@ e %U@& mu =
SeE e coC

N f@u&,,}%.ggjg »
. - ' TWO-WEEK LOAN CQPY

% \\«/

[ ““*/" This is a Library Circulating Copy
which may be borrowed for two weeks.
o -————ml:—or%a—perjsona I-retenti on*c;opy,—ca-l-l—'—uw*

Tech. Info. Division, Ext. 5545

i @n Q\(

;s \x fj, ANt

-L

M’?fﬁ“ﬁ

yror—

S G
> é%/ :%J%@;%m,

\@Qu; j§

(i KL
\-.'/V“\.B - \.,_,..,___.:

5_;_ \gau)qu@a A m@,/ @@m

»—Jm\-q—« ) ”':":‘ﬂ

Fimi, .ﬁﬂm&)a L }& Lt il %K V Rl imr 1 f:»“:fmﬁj in
¢ « e I\ S N S A

) Lm“‘ PN P e R N RN e sy /"7“?""““\ o _\f:\‘/;' SNV




DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
‘California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California. '
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THE HYPERFINE-STRUCTURE ANOMALIES
OF GOLD-198 AND GOLD-199

Paul Adrian Vanden Bout

Lawrence Radiation Laboratory
University of California
Berkeley, California

March 31, 1966
ABSTRACT

I have measured the hyperfine-structure separations and nuclear

199

magnetic moments of Au198(2.70d) and Au (3.15d) using the atomic-beam

magnetic-resonance method. I also measured the ratio of the electronic g

factor of gold to those of potassium and cesium. The results are, for Aut?8

(I=2), Av = 21450.7167(5) MHz, - 4 0.5842(4)nm; and for Au’?’

uncorr

(I=3/2), Av = 10962.7227(3) MHz, p; = + 0.2673(7)nm. The results
. uncorr
for the g—fa(:’tor ratios are: g (Au198’ 199)/.'g (K39) = 1,000504(2) and
198, 199 133, J 3
gJ(Au o )/gJ(Cs ) = 1.000381(2). For all these results the error in

the last place, enclosed in parentheses, represents twice the standard devi-

198

ation of a least-squares fit, with xz = 5.4 for Au with 47 observations,

199

and with XZ = 4,9 for Au with 37 observations. Second-order corrections
to the hyperfine structure are shown to be negligible. The nuclear results
are interpreted in terms of the shell model of the nucleus with allowance for

configuration mixing. The measurement of some ratios of alkali electronic

‘g factors has also been made with the results: gJ(Cs133)/g.J(K39)

%)

1

1.0001231(3), gJ(Rb85’87)/gJ(K39) - 1.0000182(2), and gJ(Na.ZS)/gJ(K3
1.0000007 (2). ‘



.I. INTRODUCTION

The hyperfme structure (hfs) of the element gold was f1rst observed

~iin 1931, when Ritschl observed lines in the Aul spectrum that were split in-

to four components ! He concluded that the nuclear angular momentum (for
the 100%-abundant, stable 1sotope Au 97 is.(3/2)h. Since then further in-
197

vestigations have been made into the hyperfine structure of Au as well as

into the hyperfine structure of nine radioactive isotopes of gold. 2-9 All of

the work on the radioactive isotopes and in- particular the work described in

. this thesis has been done with the magnetic-resonance atomic-beam method.

. For the history of this technique any one of a number of review articles 'may

be consulted. 10-12

’I“heb research reported in this thesis is part of a eontinuing program
by the'.Atomic Beam Group of the Lawrence Radiation Laboratory to measure
nuclear spins and static moments. Such information about nuclei provides a
basie for the formation of nuclear theories and a means of checking the
validity of any proposed nuclear theories.

Our expei‘imenf began as a summer project to measure the signs of

198 199

the nuclear magnetic-dipole moments of Au and Au Because we
suspected that these isotopes might have large hyperfine-structure anomalies,
I chose to measure the anomalies as a thesis project. This anomaly is an
effect related to the finite size of the nucleus. It is of interest as a parameter
describing the nucleus in atoms such as radioactive gold whose ground state
of 281/2 precludes the meesurement of the nuclear electric quadrupole mo-
ment.

These two isotopes are particularly well suited to the long series of
measurements required to determine the hyperfine—structure anomaly. The
halif lives are sufflclently long, being 2.70 days for Au 198 and 3.15 days for

99

Sufficient quantities of both isotopes are easily produced in a reactor.

When the experiment began, the following information was a.va.ila.ble:13

T



| Au198 Au199
Nuclear spin I . ' 2 : 3/2
hfs separation Av ' " ’
Gf b >0) - 21800(150) - - 11110(130)
hfs separation Av ' _ gy
(if u; <0) o 22500(150) - 11180(130)

Another research group provided a preliminary value of the quantity -
‘gJ(Au197)/gJ(K39) = 1.00050756(55). (Ref. 14). '

"I will describe the theory relevant to our'experiment (Sec. II), the
apparatus and experimental techniques used (Sec. III), and the data and

results obtained (Sec. IV), and I will interpret the results in terms of the

theory (Sec. V). '

.



II. THEORY

A. Fine Structure

A Hamiltonian yielding a good approxirnation to the fine-structure

energy levels of an isolated atom is

Z p2v 5 - Z ' 2 y4 :

. ; z -

X= {5 - re . }—’ — V' g(r)l; (1)
=4 U 1 i>j=1 Y i=1

where r, is the distance of the ith electron from the nucleus, and r.j is
2 i

the distance of the ith electron from the ;r'_th.electron. The last term repre-

sents the interaction between the spiﬁ magnefic-—dipole moment of the ith
electron and thé magnetic field produced by its orbit'al motion. This .
Hamiltonian is nonrelativistic and ignores spin-spin, orbit-orbit, and spin—
other orbit interactions.

As this Hamiltonian is too difficult to solve analytlcally, v1rtually all
calculations begin with the Central-Field Approx1mat1on,1n which the non-
central Coulomb and spin-orbit portions of (1)_ are treated as a perturbation
on the eigenstates of the fo‘llowing Hamiltonian:

: Z p.2 ] :

Sccentravl = T .Zrtn * Ui(ri) ’ _ : ' (2)

. 2 | j ..
where U (r ) is some spherically symmetric potential. The eigenstates |

of}C

are products of single- electron wave functions, each of which

central
has the form 41 (r )Y (9 ; ). The spin of the electron is taken
into account by includmg in each LIJi a factor a or 8 corresponding to
m_ = +1/2 or m_ = - 1/2, re;_sp'e-ctively. The product wave function Y satis-
fying the Pauli exclusion princi'ple is then of the form
G @) )
¢ = (N1) | : o (3)

b)) e ()



where the index in parentheses refers to a set of quantum numbers .
(n,2,m,, ms') and hence specifies a function, and the subscripts refer to the

spin and spatial coordinates of a particular electron. The diagonal of this de- %
terminant contains all the information about ¢, and the energy eigenvalue of
y is usually labelled by the following expression called the configuration:
(g ¥ W e ) L @ XM
times (n £. ) occurs Gold has the ground-state configuration

152 2s 2p6 352 3p® 3a10 452 4pb 4410 4114 552 5p6 5310 6.

P
<

, where X(i) specifies the number of

The treatment of the perturbation JC-JC depends on the rel-

ative étrengths of the electrostatic repulsion arfgr;t;iar’j—orbit interactions. If
e /1' > > & (1‘ ) 2 . :1 , the spin-orbit term can be considered as a further
_ perturbatlon and the electrostatic repuls1on can be treated first. The total
orbital and spin angular momenta are defined by L = zl and S z—b

It is easily shown that L and o commute with Z(ezl/r .} . Thus lL and
S are good quantum numbers and can be used to specify the energy levels
produced by the electrostatic—repulsion interaction. ’fhese energy levels are
25+1

called terms and are labelled by L in standard spectroscopic notation.

opherlcal symmetTy implies that these energy levels are independent of ML

and MS and hence the degeneracy of a term is (2L+1) (25+1). Nelther L nor
—

S con}bmuies with the further perturba.tlon Zg (r )£ "8y but thelr vector
sum J = L + S does. Thus, the spin-orbit 1nteract10n spllts each term into
multiplets labelled ZS+1LJ. The degeneracy of a multiplet is 2J+1.

The coupling scheme just described is called L-S or Russell-
Saunders coupling. If ez/r.. << §i(ri)i’-1 . :i ) the'_.)appro&]:iate coupling
scheme is called i‘] cboupllng For each electron, .€ and s, are coupled to

form a resultant j; = .€ + s and the total angular momentum is defined by

J = 2 13: The spin- orb1t_1nte1_‘act1on is treated first and the elec-

trostatic repulsion interaction seconcl. In actual practice, neither coupling Y
scher_rie applies and both interactions have to be diagonalized simultaneously.

But J is always a good quantnm number since it commutes with JC. Figure
1 shows the lower fine-structure energy'levels‘of,gold. 15 s o ' o

The addition of an external magnetic field introduces the perturbation

o
—b

Jtoni 7
Hamiltonian Z‘Cmag - (g,Q‘L‘ + g, S) (4)
where the g factors are deflned by the general rule “X = pOgXX and pg is
the Bohr magneton. The degeneracy in MJ is lifted, and for magnetic f1elds

less than 109G the energy levels are given by:



w

(5d)'° 7s  —--e--- ———- S_;
(5d)° 65 6p -
41174.3cm-! 2p, |
(5d)° 6p { 373589cm- . 2p2
214353em 2p
) ' . 2
(5d)° (65)°
' -1
9l6l.3 cm 2D5
| — 5
| | 0.0cm”! 2
(5d)° 65 5%
MUB-10141

- Fig. 1. Atomic"fi'ne-‘struct'urjgg er;ergy levels of gold.



(LSIM,|5C_ |LSJMJ> = - gHoHM,

° . t\
where the g factor is given by: ;

~ J(J+1) - S(S+1) + L(L+1) J(J+1) - L(L+1) + S(S+1)
&y = 8¢ 23(3+1) g PATRESY — 0

For a ZS state, such as the ground state of gold, Eq. (5) yields the value

gy = 8- *1/2The fact that this is not the experimentally observed value for
atoms in S, ,, states is due to several causes. _

By far the largest correction to the value g5 = - 2 1is that caused by
‘the anomalous magnetic-dipole moment of the free electron, that is, the fact’
that for a free electron g # -2. For g, the latest theoretical value from
quantum electrodynamics is - 2,0023192 (Ref. 16) and the best experimental
value is -2.002319244(54) (Ref. 17). Writing g5 = Ag.— 2 for the correction
from quantum.electrodynamics, we get (Ag‘)Q‘E: - 0.0023192. '8

Phillips has considered the effect of the motion of the nucleus. This
finite nucl_ear_—rnass effect will change the value of g, slightly, but for 281/2
states this correction is irrelevant because L = 0.

The only relat1v1st1c correction to 85 relevant to 281 o states is
that described by Margenau. 19 He determined the energy of a charged particle
in a weak magnetic field and evaluated 9E/8H to obtain the magnetic moment.

Dirac's equation was the basis of the calculation. Margenau showed that

(Ag) ), = (4/3) (T)/mc (6)
where (T) is the average kinetic energy of the valence electron. .
Lamb (L) considered the effect on g7 of internal diamagnetic fields
in the atom. 20 Using a Fermi-Thomas model he showed that v
2
(Ag), = (2/3) (T-W)/mc (7).

where T and W are the kinetic and total energy, respectively, of the valence

"Because the Dirac theory of the electron predicts that it should have a mag-
netic moment of 1 Bohr magneton, gs equals -2



-7-
electron. To estimate the value of (Ag) - Lamb used the approximation
T+ W= W -W, where W, =-e /Za nf is the hydrogemc value of the energy

0, 00T .
and W =-e /Za £ is actual energy Doing 0 for, the Margenau (M) cor—_

0
rectlons as well we obtam -

. 10.64 | 2 1 -5 -

(Bg)y = —3 > - —— § x10 (8)
n n
0

_ 5.32 1 ! -5 .
(Ag) = =3 { 2" 2} A0 7. X
. no 'n .

Phillips considered the effect of configuration mixing on g5 (Ref. 21).
Her calculation was restricted to the alkalis. If configurations of the form
(np)5(nos) (n'p) are mixed with the ground-state configuration (nos), where

n=n, -1, n' Zng, then g7 is changed by an amount Ag for each config-

0
uration mixed in. Her expression for Ag is

(B8lem =) ik (Voigik/EoiEok)z og » (10)
where 'CM means configuration mixing, VOi is the matrix element of the
electrostatic interaction between the ground state o and the state i having
a different-configuratiﬂon but the same L and S values, éik is the matrix ele-
ment of the spin-orbit interaction between the state i and the state k of the
same configuration but having different L and S, Eoi and E y are the
energy differences between the state o and the states i and k, and &g is
g3 for the state k minus g7 for the state o. ‘Although (Ag)CM is a fourth-
order effect, it increases rapidly with Z. The spin-orbit parameter for the
jumping p“ electron varies as Z , whereas the excitation energy varies 6nly
as ZZ. Since‘the ratio gik/Eok varies slowly with Z, we estimate Ag to

vary roughly as Z2

B. Hyperfine Structure

The electrostatic interaction between the electrons and the nucleus

j[ °n 32 d3fn , | (11)
'rnl |

In these expressions, n is the principal quaritun'i number, ng, is the effective

can be written as

principal quantum number, ‘and 'aoli's the radius of the first Bohr orbit.



-8- <

e e F T ] 1 ationary currents are
where p, is e’\Ife\Ife and p, 1is e’\lfn‘lfn If only stationary

considered, Ramsey shows that the magnetic interaction can be written as:

- VA R ARy | | 6
% J/ e e 3 3 (12)
m - e n
J, ES

n
—
-r'

n

©

where Me and Mn are the vector potentials from which the current densities
- - |-

and :]-; can be derived. Expanding - r T, in spherical ha‘rmoniés

ng
Je

and applying the addition theorem yields the Hamiltonian 3C . =3C, +3C .

where J{’,e is 'given as follows:

% k
_ - M~ (K) (k) .y :
SCe = Z Z(-i) QH (n) F—p(e)’, (13)
k=0 p=-k , »

‘and the spherical tensors are given by

Lo 1/2 [ &
(k) _ 4
Qp, a <Zk+1 ) ] T P ¥

| 1/2 o _
- (k) _ 4m -k-1 k -3 |
FH - <2k+1 > / Te Pe Y|~L (ee’ q)e) dr, - (15)

Now J(’,m has precisely the same form except that P and o, are replaced

- — S -
. d (v - §! .
by (Ve Me) and ( 0 Mn)’ respectively

E=I

6 .0) dr_ BTy

The diagonal-matrix elements of an operator of the form of (13)

are easily obtained in an IIJFM representation where the nuclear angular

¥
- —
momentum I and electronic angular momentum J are coupled to a resultant

F=T+7 with [I-J| <F<I+J:

o
. - 1 J F
I+J+F , k k)| (e
(WM [, [UFM = ) ) a M ™.

k=0 J 1 k

(16)

The parities of Q(k) and F(k) are (—1)k in the electric case and
(-1)k'H in the magnetic case because p is a scalar and V- M isa -

~psuedoscalar. These parities imply that all odd electric-multipole moments
and all even magnetic-multipole moments vanish. Of course, we assume

that the nuclear and electronic states are states of definite parity. The



-9-

“above series is further simplified by the triangular conditions on the 6-j

symbol which require that k <min (21, 27). Thus, for gold the only hfs
inte;action that is relgvant to the hyperfine structur‘e of the 151/2 ground
state is the magnetic-dipole interaction. : o

The magnetic-dipole interaction between a single unpaired s electron

and the nucleus was shown by Fermi to be given by

Hpge =hal' T,  withha=-(87/3)ggpm” [T @, (7

“where" g1 is the nuclear g factor, t\If(O_)I‘2 give's the density of the 's elec-

tron at the nucleus, and the other quantities have been previously defined.
Fermi used the Dirac equation as the basis for his calculation; a more ele-
gant, simplified derivation was obtained by Nierenberg. Substituting for

|\I'(0) | 2 we obtain the expression

8 ZZO'Z ' dg | '
ha = - gk, 33 (L- &}I) Fr(i/Z, zZ), ' e (18)
: a.n o :
_ ' : 00 : :
where a, "is the radius of the first Bohr orbit, Z . is the effective atomic

0 0
charge, n is the principal quantum number, ¢ is the guantum defect,

n, equals n - g, Fr' is the relativistic correction of Racah, 23 and the other
quantities have been previously defined.
Si.nce._ ,
B @+ DT+ T+, o (19)

in an IJF‘MF> representation we have

o =ha‘}_[ E(ErY) - DIt = DIED] (o0

(IJFMp |ha I J|IIFM

The hfs'se‘parati_on'is defined by Av = a[I+ (1/2)])) and is eciual to the enérgy
difference expressed in MHz between the states F = I+ (1/2)and " -

F=1- (1/2). - ‘This means ‘a-'is expressedin .MHz also.

The addition of an external magnetic field destroys the spherical

s‘yfnmetry and lifts the degeneracy in MF The appropriate Hamiltonian is

T gl H-ge,dc H . o (21)

it

JC = ha-



-10-

At low fields (MOgJ_H < <hAv) where T and T -are coupled to a resultant .
F, the energy is given by - '
| ha| F(F+1)-1(I+1) - J(J+1)] DI
(IJFMF|:§(:|1JEMF> = e - gk HM (22)

: _ ‘ .

where

F(F+1) - I(I+1) + J(J+1)

F(F+1) - J(J+1) + I(I+1)

Er = 83 2E(ETL) T8 ZF(FF1) (23)
At high fields (gJ.|.10_H> >h4v) Iand J are decoupled, and in an

, IIMIJMJ> representation the energy is given by ‘
(IMIM, 3| IMIM ) = haM M - g HM - g shoHM; - (24)

The general case of intermediateu field andbcoupling is easily solved
in either representation if J = 1/2. The energy matrix splits up along the
diagonal into a series of 2 X 2 matrices, each of which corresponds to a
value of M_ = M, + M., and each of which in an |IMIJMJ> representation

F I J
has the form: :

111 | 11 1
[LMp - 7.57) I Mgrmme 5 )
8 ’ 1/2
ha . 1 1 1 . ha | _ 2 1
2 My 2)-goH(Mpm3) - 7 8 5koH 2 (I(I“) "M g )

\

1/2 :
|ha i 2 1 “ha 1 1, 1
2 (“““ Mg+ 4—> , 7z (Mpt g) - gk HIMptalt g8 kot

The quadratic secular equation which results can be solved to yield the

. ¢
Breit-Rabi formula '
4M_X~ 1/2
- hav E %t
_ - . .y oo 198 199,
where X = (gI - gJ)pLOH/hAv.- The Breit-Rabi diagrams for-Au and Au ‘

are given in Figs. 2 and 3, respectively.



A
“
1
2
~
T
O
2| c
1
2
MUB-10142
.
L . . 198 . _ -
. Fig. 2. Breit-Rabi diagram for Au (I1=2,J=1/2).
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Mg m;
20 2 %
| %
I 5 0 -LZ
-l -3
~ 10 2
T
> 5
= O 1 i J
=|c 000 - 7500 |0000

Fig. 3.

Breit-Rabi diagram for Au

199

H(G)

ptoimi—rl—  rolo

(1-3/2, 3=1/2).

MUB-10143
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C. Higher-Order Corrections

The treatment of the hyperfine structure presented in Sec. 1. B is a

first-order pei‘turbation-theory calculation. Since the operators involved are

not spherically symmetric, I and J are not strictly good ciuantum numbers

and contributions to the hyperfine structure from states of differing I and J

should be considered. The nuclear-energy-level spacings are of the order of

hundreds of keV, whereas the electronic-energy-level spacings are of the
order of eV. This means we need consider the breakdown of J only.

| Foley was the first tb point out the importance of second-order cor-
rections for the interpretation of nuclear g factors as measured by atomlc
beams. 24 His paper and a later relat1v1st1c one by ClendenanS descrlbed
the perturbat'ion of the hfs levels of a '2 1/2 state by a nearby ZP3/2 state.
The result is that the hyperfine structure of the Pi/Z state can be described
by the Breit-Rabi formula but with a ( P1/2) replaced by a' = a( P1/2) + cor-
rection terms, and gy replaced by gI = g7 +-correction terms. Nelthergg.nalysw
applles to gold, butinview of the large hyperflne structure observedin Au nd
.Auig9 itis worthwhile to examine the matter of seco,nd—:orde r.effectsinmoredetail.

In general, the second-order contributions to the energy of the ground-

state hyperfine-structure level [IJFMF> from excited-state hyperfme struc-
ture levels | IJ 'FMp) will be given by:

ZJ | (LTFM |5e| 1o FMp) |2 J(E; - Ep) : (26)
where ' '
5 = M(i) . N(1) + Q(Z)"' () . pO(L + ZS) H (27)
and where the scalar product of the tensors has the usual def1n1t10n
k
o), ) z - 1)p~ (k) (k)
=k -K I~‘L

Interactions higher thaﬁ the electric quadrupole will be ignored.

, The evaluation of (26) wit‘h*-.all its terms for all excited states could be
a hopelessly tedious: job. However, certain fules and approximations simplify
the calculation for gold. Firéﬁ, the states |IJFMF> and lIJ'FMF) must
have the same parity. Second, |J - J! l <k €£J + J', where k 1is the order
of the operators appearing in the various matrix elements. For (27), the

fact that k takes on the values 1 and 2 implies that J' can only take on the

values 3/2 and 5/2.
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All of the terms ih\}olving the magnetic field will contain the matrix -
element o
: 1
(IJFMF L, + ZSZ 1J FMF> >
F 1F _ F1F )
_ (-q)[HIH1H2F-Mp (21+1) (3 |{sz+st||;{> -
- 1 - .
MF 0 MF Jr 17

(28)
" The reduced matrix element has the selection rules AL = 0, &S = 0 since
neither LZ nor V»SZ can change L or S. Furthermore, because the re-
duced matrix element will containf R6 R ,r dr as a factor, 4n is re-

v o -~ 6s nf . )
quired to be zero. The same reduced matrix element results, of course, from
evaluating L .+ ZSZ in an IIMIJMJ> representation:

.. T-M J 1 '
Lz + Zsz IMI'Il MJi> = (_1) J (,J' '"I‘IlLZ + ZSZ “J'> . (29)
. -'MJ 0 MJ

<IMI‘IMJ
The fesult of all these selection rules is that the second-order corrections
involving the magnetic field vanish for all excited states of gold. The An =0
rule restricts the calculation to the levels of the ground-state configuration,
~and the gArounc;l-state_configura.tion of gold leads to .only one fine-structure
level.

The remaining correction terms involve the squares of and the product
of the matrix elements (IJFMy, EYARUEENCAR Y FMp) and
(IJFMF,G(Z) S AREEAT FMp) . Nonrelativistically, these matrix elements

will vanish for the following reason. Both matrix elements contain
1 ' 2 . .
i Rés — Rnﬂ r dr as a factor. The only excited states allowed consideration

3
r By

. . : . 2 2
by the parity-selection rule and the restriction on J' are D3/2 and D5/2
states. These states cdfrespond to the configurations (nd) n's which occur v

in the electronic structure of gold. A rule by Pasternak and Sternheimer

i -

is that
~ 1 2 ' : .
fRn£ rs RnI' rdr=0 if s=2,3, ---£'" -4 + 1, £ >1 , (30)

Since Rns differs from R6s only by a constant near the nucleus where the
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important contributions to the integral occur, we have {using (30)]:

- co - 2

v 1 S 2 : ' 1
. - . —_— = 3
f R6s.,——r3 'Rnd r dr‘ (const) f Rns 3 R 47 dr 0 - (31)
0 0

T

This result need not be true relativistically so -we will calculate the

27,28 The magnetic-dipole interaction can -

corrections following-Schwartz.
' 2 . 2 N
connect the Si/Z ground statg' only with D3/2. -The matrix element of

interest is

! wap[l Y2 F
<I%-FMF EViRE N(1)|I%F{MF> = (-1 °
| 3/2 1 1
(1 1 1) 3
S TN [l B S EE

Thé reduced matrix element in the electronic coordinates has as a factor

[

v j (fg" +‘f-“‘g)'r_‘2dr. - where the prime refers to the excited state, f and g

(

are the Dirac radial functions satisfying =

d K 1 2
( ar —I'_—)f = he (mc .+ /E + eVC.)g
o : : (33)
. d K _ i 2 L
(;_&;—— ;_v)g = e (mc -E eVC)f,

k. is.the Dirac quaﬁtum'_qumber equal to. J+% if jo=4 +% or - (j+%) -t
j= 4L -%, ‘and*C. is a normalization constant. If zero binding energy is assumed
(ch= Zez/r << mcz), a solution to (33) can be obtained.in terms of Bessel func-

tions, L E=CL 3T, 0400 - (etk)T, (0] | (34)

g = azt[jzp(x)],’ S | ‘ . (35)

~ 2 221/ : .
where p= (k" -d Z .)1/2,_x = .(SZr/a.O)i/'2 , and a is the fine-structure con-

stant. This approximation should be good since the integrals to be calculated

have major contributions near the nucleus where the potential is given by

2
Ze/r”. Using the formula
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= I,'p+v—)\+1'
J“(t;\JV(t)dt - R 1( : rs.)1 N (36)
. R > F(p+v-£Z\+ )F(H-V';;‘f‘ )l_,(v—p-;_+ ).
we can show that
(fg'+f'g)r'kdr = Z(SZ/aO)k__icKCK,aZI‘(Zk)Z_Zk-i
0 ‘
« _ Dlptp' +1) { -2k (khKk4K ) } 57
'JT%p+p‘+k+1)er'-p+kJF(pfp‘+k) (p-p'+k)(p' -ptk)

where p,Kk are associated with f and g, and p',«' are associated with
f' and g'. For the particular matrix element of interest We have k =1,
k =1, k!="- 2, so that k+k+k' =0 and the matrix element vanishes.

This leaves oniy the second-order quadrupole contributions to the:
hyperfine structure of the ground state from ZDB/Z and 2'D5/2 excited
states to be calculated. Evaluating the 6-j symbols and reduced matrix ele-

ments, we obtain:

for I=3/2
o _ 4e%0? { m® | } 38)
2nd order 25h AEIII AEH
for I =2 '
| o o 7e%0? {(m)‘Z _ap® } (39)
2nd order 80h AEIII AEH
where
av = A‘Vist order + A'Van order’
m = 26,C 8z/a% ( (£f 4+ e '
(1) = 2C,C_,(82/a,) fou_z g8 ,) ¥ dr
1) = 2C,C,(82/ 2 7 £ £, + . )r'3d
(L) = 2C,C5(82/a,) J(.13 8183 g
and 0

2 2 2 2
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The subscript on.C refer to the Dirac quantum number «,
The normalization constants 'Ci"C-Z’ and C; are evaluated by fit-

ting the diagonal-matrix elements of the magnetic-dipole interaction to the
197 2 2 -
of the states S » D »
1/2° 5g/2

If we assume a quadrupole moment of 1 barn for Au

observed magnetic hyperfine structure in. Au

and 2D 8, 9

%, .
and Aul?9 and if we consider only the lowest 2D3/2 and '2D5/2 states,. we

get:
“for Au198
AVond order = T 34 Hz
for Au‘ic)9
= - 61 Hz .

AVan order

: .-IgnOrihglthe uncertaihty in Q, we think it unlikely that the calculation
is good to better than 10%. . Because the nuclear quadrupole moment of Au197

is 0.6 barn (Ref. 8), we also think it unlikely that the quadrupole moments of
198 ‘ 199
Au and Au

and ZDS/Z ‘states will fall off rapidly due to increasing energy denominators

are larger than 1.0 barn. Contributions from higher 2D3/2

and decreasing matrix elements. It is safe to say that the second-order
quadrupole contributions to the ground-state hyperfine structure of gold are
completely negligible with respect to present measurements for isotopes 197,

198, and 199, and very likely for all the other isotopes as well.

D. Nuclear Shell Model and Conﬁguration Mixing

A nuclea_,rvinodel that has explained a great body of empirical facts and
that seems applicable to the gold nuclei is the shell model. In this model, the
nucleons are assumed to move independently of one another in some spherically
symmetric potential U(r). This potential is usually taken to be somewhere be-
tween the simple harmonic-oscillator potential and the infinite square-well
potential. In addition, a strong negative spin-orbit interaction is assumed.
This model leads to the energy levels of Fig. 4. The states are labelled by
the quantum numbers [n£j> ‘where n is the 'number of nodes in the radial
part of the wave function (including that at the origin) minus £, £ is the orbital

angular momentum, and j =4 % % Degeneracy in mj means each level can
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Fig. 4. Nuclear shell-model energy levels..
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be occupied by 2j+1 protons and 2j+1 neutrons. The energy v}levels in.the

protons having larger angular:momentum are depressed. slightly to take the

Coulomb repulsion into account. As can be seen from Fig. 4, the model

_yields the so-called magic numbers at closed shells of 2, 8, 20, 28, 50, 82,

and 126, nucleons. Nuclei containing these numbers of neutrons or protons

are unusually stable.!

The nucleons couple the1r angular momenta by j-j couphng to a re-

- sultant angular momentum or spin I. Closed shells of nucleons have zero

spin. Usually the nucleons cancel angular-momentafin'pairs.and the spin of
odd-A nuclei is that of the last odd nucleon. For odd- odd nuclei the coupling

rules of Nordheim as modified by Brennan and Bernstein account for many

observed odd- odd spins: 29

a) for particle-particle or hole hole coupllng

L 1 _ 1 o T
if Jp = l,p.ﬂ: 50 3, = £ _:i: Z (weak coupllng) then .l = lJn + Jp| _
if j =4 +1 vy :F 1 ‘(strong coupling) then I = I - I
X Jp— p 500, = > g pling a U Jp .
(40)
'b) for particle-hole coupling: I= i‘jn + jp-— 1-| . (41)
X / g

For weak coupling in a half-filled shell, the ambiguity of a) is re-
moved and I =" - Jp{ . Schwartz has shown these rules to have a theo-
retical basis in a re31dua1 proton-neutron force of the form

V= - VO[(i-a) tas - sZ] 6(r,-r,) with a = 1/10.
The magnetic moment of a -nucleus as predicted by-the shell model is
known as the Schmidt moment and is given by
hoy =ilgy * oy (B, -8} Gt 3 (42)
Sch 8¢ 2Ev1 '8 T EBgtde ) 2 ,
where’ gJZ = 0 for neutrons, gy = 1 for protons, 'g’s-‘_': - 3.82560 for neutrons,
and g, = 5.58510 for protons. .

The fact that most observed magnetlc moments dlffer from the Schmidt
values has been explamed in a number of ways. One approach is that of )
quenched g factors. The free-nucleon g factors are considered to be mod1—

field in the nucleus possibly by the presence of meson-exchange currents.
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Table 1. Values of ay

for type I excitations.

.~ Contribution

" Nucleus I Type 1. ao(,a,e = 0)
_ . from even
numbers
of
‘ . : VSR : Protons
: . : AE (neutrons)
Odd proton | 4 Pgldp 1 -mplty(Lt2) |
(neutron) 2 (2j,+){(2L+3)(22,+1) . T :
| ‘ - ! - V.-V )R L
t s Neutrons -
2AE (protons)
r .
. _Vi"R Proton
n,(2j, +1-n,)0,(L- 1) SR (neutron)
A S Sy RS vl
2 (2, + DL+ (22, +1) Y o oin
2 1 o _1_;(Vt Vs)R Neutron
2 AE (proton)
Table II. Values of a, for type I excitations.
Nucleus I Type 1 o,(al = 2) Contribution
from even
numbers
of
[ VsR Protons
o . - AE (neutrons)
Odd proton [ 1 _3__n1(2'J2 t1-n;)L X . : '
(neutron) 2 8 (2L+3) (2L _-1) ; _(Vt'VS)R Neutrons -
’ : 2AE (protons)
-
_ V ;VsR Protons
n,(2j, + 1 -n,)(L+1) AR (heutrons)
- 1 377172 2 vy
2 8 @D @ -0 7 )y .y )R
: o ’ - t s Neutrons
ZAE (protons)

g

[t
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' Table IIl. o, for types II and III excitations.

Type .. o %0

<3

— . n@I-p (L-nL VSR
- | L @r-1) L+ s AF

S , , "(P'1).(éji+‘1-n)(L+1)(LA+2) V_R
'H-I , s (2j, + 1) (2L + 1) (2L + 3) AE

Table IV. Values of a, for types II and III excitations.

Type 1 o a,
L T , v R
1 .
L+3 , n(2I - .p) g— (L+ 1) AS:E iy > 1
(2L+3)
I B /
- : T - ‘ ‘ , : - V:R
Lo % . -n(2I - p), %‘; ;«;{+ ;) : ZE jg <1
(L-1)(4L"-1)
L4 3 (P-1)(2j;+1-n)(L+ 1) VR o
L+ 5 3 ‘
L - 8 L+ 3% AE 1
H_.I L s (231 i - n) (p 1)(L+1)VR
L-3 B AE Jg <1

(L - 1) (41.° - 1)
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The hyperfine-structure anomaly has its origin in two effects. First,

" the nucleus is not a peint dipole, as assumed in the derivation of (18), but

rather, 'magnetism_is_dis»tributed throughout the nuclear volume. The fact .

that the probability density of the electron is not constant over the nuclear

volume renders the magnetic-dipole interaction sensitive to this distribution

of nuclear magﬁetism. - This is known as the Bohr-Weisskopf effect. 34 Sec-
ond, the nucleus is not a point charge, as the use of a Coulomb potential in

the electronic Hamiltonian assumes, but charge is distributed throughout the
nuclear volume. This modification of the Coulomb potential shifts the atomic
ehergy‘levels élig’htly; this is known as the Breit-Rosenthal effect. 35 The
relevance of this effect to the hyperﬁne structure is that it changes the proba-
bility density of electrons at the nucleus and hence affects the magnetic-dipele
interaction for s electrons (and p electrons considered relativistically). The
total effect is expreseed by the following definition

.
1+ €2

ey 8y 4 o2 8y 1-08y 1+e
— = — (t+ a) s — 7=
2 g2 g2 2

(52)

Ordinarily, the €'s refer to the Bohr- Welsshopf effect and the &'s to the
Breit-Rosenthal effect. In this thesis I shall follow the convention of
Stroke et al., 33 that in calculating €'s one uses wave functions based on a
distributed~charge potential that varies from isotope to isotope within an ele-
ment, thus including a portion of the Breit-Rosenthal effect in €. The portion
that remains as 6 can be ignored since the effect of € on 1A2 will be much
larger than that of & unless both isotopes have the same spins and nearly
equal magnetic moments. :

The calculation of the hfs anomaiy proceeds as follows: One ealcu—
lates relativistically the perturbation of the atomic energy levels produced
by the following &ecto_r petentials (due to spin and orbital angular momenta)

of the nucleons: .

o (M B®xE-B | )
(r) = S = 3 . dR . ’
s £ - R o

’ (53)
A’ﬁ(r)j‘bl(RLV ij) ar |

-
where r and R are the position vectors of the electron and the nucleus,

>

.
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respectively, _I\7Is (f{b) is the magnetization due to nuclear spin, ¥ is the nu-
cleon velocity, and @(f{)) is the nuclear wave function.
This calculation yields to first order
W = ef\p*(?)&* Ar(T)dr, (54)
where W is the amount the upper ' F 'l'evel is displaced by the interaction,
i.e., W =TIhav/(2I+1). ' Equation (54) is computed with the assumption of
first a point nucleus and then a finite nucleus. The relation,Wext= W»pt(i + €)

th.en:'yield's the folloWing expression for €:.

R, | ‘l @
. i 3
1,1 . r ' 7 -1
+ gz ’,eZ / 1 - 3 FGdr| & d'TN M - FOGOdI‘ , (55)
0 .

Ry ‘ J - Jo

where p is the nuclear magnetic-dipole moment, @ is the nuclear wave
function corresponding to é.bmaximum valﬁe of the =z component of spin,

FO and GO a.fe the Dirac radial wave fﬁnctions corresponding to a point
nucleus and \F and G are those derived from an extended charge distri-
bution. The integration over electronic angular variables has been completed,

and > o\
3XiZi ; 3YiZi ; 3z 7 - Ri

+ s + s — 2. (56)
X R.Z y R.Z Z R.

1 1 1

Stroke et al. used a polynomial approximation of a trapezoidal nuclear
charge distribution and numerically solved the Dirac equation. The resulting
radial functions were used to evaluate (56). The nuclear wave functions they
used allowed for configuration mixing as described in Sec. IL.D. They ob-

tained the following result for e€:
o= 2 {a spg, | b, (1+E8)s,50) + b, [1+E2) 8)s, (sp)
v s\SPI&g [ 52, 5 1% N8P _ s'4 71 ®)V2i8P

+ oy (sp)gy (o), T (50 + (o)), 5, (6p)]
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+ Zla(; [(uos')Z (L) 5,60+ (b)), (2 gzm) g

KY

-((b£)2 5, 6) + (by), sz(i)> gj]

), ol [(—é—) (by), 5,0) + (F) (b)), %'Z(i)jl gy (57)

‘ 1 _ 1 _ _ 1
where a_(sp) = 5, a,(sp) =1- 3, Q—.4(1+1) , for I=£+ 5

| a1 CI(2143)  , 2143 _ 1
and as(sp)- 5153 aﬁ(sp)—- 2112 € = a7 for 1= £ - 3 -

. The coefflcie_nts (bs)n’ (bl)n’

et al. for many isotopes and excitations. They also give the energy required

and ‘Jn, n=1,2, are tabulated by Stroke

for each type of excitation. The b coefficients arise from the electronic
int;egration and the $'s from the nuclear integration. The coéfficients 9,
and a, ‘are given in Tables Ithrough IV. Having calculated €(1) and €(2)
éorrespoﬂding to'isotopes (1) and (2) by this pfocédure, the anomaly 1&2 is
calculated with the formula ' ' '

1.2 4+e(l)

T T e(@

(58)
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III. APPARATUS AND EXPERIMENTAL TECHNIQUES

A. Atomic-Beam Apparatus

Figure 5 illustrates schematically the operation of a typical flop-in
atomic-beam apparatus. The A and B fields are strongly inhomogeneous,
H (at. beam) = 10,000 G,  8H/ 9z = 10,000 G/cm, with the fields and gradients
pointing in the same direction. Due to the interaction between the field

gradients and the magnetic moments of the atoms, atoms are deflected in

these fields. For a given small range of angles of emission from the oven,

there exists a range of veloc1t1es for which the atoms will pass through the -
collimator. Normally, they ‘will agaln be deflected in the same direction in
the - B. inagnet and thus be thrown out. However, 1f transitions induced in the

C region change the eign of the magnetic moment of the atoms, the atoms will-

be refocused or flopped-in to the detector. The stop-wire simply prevents

fast atoms, which are not strongly deflected, from reaching the detector.

In a flop;out apparatus ,A the A and B gradients are arranged in opposite
directions. In such an apparatus the beam is refocused unless the sign of
the magnetic moment is changed in the C region. "Although it is usually
possible for one to observe more transitions with a flop-out apparatus then
with a flop-in one, transitions of atoms with J= 1/2 can be observed equally
well with either apparatus. For radioactive detection of the beam, the flop-
in type is preferred since it provides a signal on top of essentially zero back-
ground whereas the flop-out type provides a signal on top of a large back-
ground. :
- Figure 6 illustrates the A and B magnet pole tips. The field produced
by such pole tips has been discussed by several authors i.e., Ref. 10. The
A and B magnets are powered by-300-V, 5-A, constant-current power
supplies.

The ovens, radio-frequency loops, and various beam flags and stops
are lined up with an alignment telescope. A reference axis is provided by
targets which can be dropped into place externally. The position of these
targets is checked periodically, with the A and B magnet pole tips used as
reference. ' | '

The magnetic field in the C region, which must be as homogeneous

as possible, is provided by an electromagnet Varian Associates V4012A
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 Fig. 5. Schematic atomic-beam apparatus of the flop-in type.

£



B

-29-

MUB-10145

‘Fig. 6. Cross section of the A and B nié.gnet pole tips.
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with 12-inch pole tips. Its constant-current power supply (Varian V2100)

is further controlled by a nuclear magnetic resonance (NMR) field regulator
(Harvey-Wells FC-502). Proton resonances strong enough for good field .
locking were obtained in the range 800 to 7000 G. The marginal oscillator
used in the NMR locking circuit to provide the proton resonant frequency is .
prevented from drifting by weakly coupling it to a very stable oscillator
(Schomandl ND5 and NDF2) at the same frequency. C field stabilities were
typiéally a few parts per million per hour. Figure 7 illustrates the method

of regulation. The C field was measured for a given experiment or run by

39

observing the so-called standard AF = 0, aAM_ = 1) transition in either K

or’Csi33. The accurately known values for afl the hfs parameters of these
isotopes then enables one to deduce H from the observed frequency of the
transition.

Figure 8 is an overall view of the experimental area -and apparatus.
The vé.rious chambers of the apparatus are differentially pumped by oil-dif-
fusion pumps. Pressures are typically 10“6 torr. Valves permit the pressure

of the oven, buffer, or C-can chambers to be increased to atmospheric pres-

sure and reduced again without shutdown of the diffusion pumps.

B. Beam Production and Detection

It is not hard to produce beams of gold atoms with sufficient specific

198 199

activity in either Au or Au
For Au198

. 2,
hours in a neutron flux of 1014 neutrons per second per cm  in the General

, about 0.1 g of small gold chips was irradiated for 16

Electric Research Reactor at Vallecitos, California. Normally 13.0 curies -

197

of activity were produced from the 100% abundant Au which has a thermal

neutron- capture cross section of 98.8 barns. These chips were placed di- v

rectly in the oven.

For Auigg, about 2.5 g of small platinum chips was irradiated for

~

48 hours in a neutron flux of 1014 neutrons per second per cm2 in the

Vallecitos reactor. Platinum-199 was thus produced from the 7.21% abundant

1 ‘
Pt 98, which has a cross section for thermalsneutron capture of 4 barns. The

P‘c199 decays with a half.life of 30 minutes to Auigg.. Typically, 2 curies of
gold activity were produced. The gold was separated from the platinum by

the following process: The reactor sample, along with about 20 mg of stable
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Fig. 8. Overall view of the experimental area showing: 1) oven -
chamber, 2) A magnet, 3) C magnet, 4) magnet, 5) de- ¥
tector chamber, 6) alignment telescope, 7) radio-frequency
electronics, 8) chart recorder, 9) C magnet supply, 10) oven
power supplies, 11) A and B magnet supplies and vacuum
gauge power supplies, 12) diffusion-pump supplies and ac
power distribution.



-33-

gold carrier, was dissolved in boiling aqua regia. The solution was cooled

and mixed with ethyl acetate in a separatory funnel. The acid and platinum
were drained off, leaving the gold in the ethyl acetate; this was dripped into
boiling dilute hydrochloric acid to evaporate the ethyl acetate. Saturated hydro-
quinone solution was added to fhe HC1l solution to precipitate the gold. After
centrifugation and drying, the sample, now in the form of a small button of

gold particles, was placed in the oven. The entire process was carried out

in a junior cave or shielded Berkeley box which has 2 inches of lead shielding.

The oven desigh is illustrated in Fig. 9. The carbon snout and liner pre-
vented the possibility of the gold from either alloying with the tantulum oven
body or from wetting the tantulum and creeping out of the oven. An all-carbon
oven could have been used, but carbon ovens are difficult to heat to high tem-
peratures since they are such effective radiators of energy. The oven was
heated by electron bombardment. Approximately 100 watts of power was
sufficient to produce stable beams of the proper intensity. This corresponds
to an oven temperature of about 1500° C.

Beams of potassium and cesium were obtained from a resistance-heated
oven located in the buffer chamber between the oven chamber and the A magnet.
This oven could be withdrawn to allow the radioactive beam to pass by. An
oven charge consisted of calcium metal filings and either KCl or CsCl. At
a few hundi‘ed degrees cenfigrade the calcium reduces the salt and an alkali
beam is produced. We detected these alkali beé.rhs by using a hot iridium
wire to ionize therln and a picoammeter to indicate the ion current. Ion cur-
rents of 10—1QA were typical. ' |

~We detected radioactive beams by collecting atoms for 5 minutes on

a sulfur surface placed at the detector position. Two buttons with such sulfur
surfaces were used, one at the center to detect resonan‘ces., and one at the
side to monitor the beam level by collecting the thrown-out beam. We meas-
ured the relative amounts of activity collected on these buttons by placing
them in Geiger counters. |

' The counters are illustrated in Fig. 10, The guard tube and shielding
guard against stray activity within the lab and against cosmic rays. The
background counting rate for these counters is typically 2 counts per minute.
The co,unfers ar‘e some distance from the beam apparatus because of the
high radiation field near the apparatus. The butto'nsi are sent from the machine

to the counting laboratory through a pneumatic tube. The‘y are then cycled
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through four counters, spending about 5 minutes in each. The four-counter
averages, these averages normalized by the counting rate of the side button,
and the uncertainty in the normalized.averages are computed by a routine for

the IBM 1620.

C. Radio-Frequency Equipment

The precision of measurement necessary in a hyperfine-structure-
anomaly ‘experim.ent i'equires the use of accurate, stable radio-frequency
signals. In this experiment we used signals in the range 30 kHz to 22 GHz
that were good to 1 part in 109. The use of microwaves was necessary to ob-

198 and Au'199

serve AF = 1 transitions, since both Au have large av's. The

design and construction of this microwave equipment was the major experi-
mental difficulty. |

In the lower frequency range (from 1 kHz to 30 MHz) we used the
Schomandl o6scilldtors {models ND5 and NDF2), simply amplifying the signal
with an amplifier (Boonton No. 230A) before sending it to the hairpin or
radio-frequency loop in the C region. This range could be extended to 300
MHz by using the Schomandl harmonic amplifier (model NB7). For the range
300 MHz to ,1 GHz we used the Schomandl oscillator (model FD3) was used
with a UHF amplifier (Electro-International AP-502R). This range could be
extended to 3 GHz and beyond if necessary by using crystal multiplication and
travelling-wave-tube amplifiers. From 3.3 GHz to 22 GHz, klystrons,
phase-locked to the Schomandl FD3, were used as signé.l sources. The
principle of phase-locking is illustrated in Fig. 11. The refe;‘ence—oscillator
frequency is set so that its Nth harmonic differs by 10 MHz from the desired
klystron frequency. The mixer beats the klystron frequency against the ref-
erence frequency times N and sends the beat frequency of about 10 MHz to
the Schomandl FDS-3 Syncriminator; here it is compared in phase with a |
standard 10-MHz signal and the phase difference is usedb to produce a cor-
recting voltage that is applied to the reflector of the klystron. The dotted .
lines in Fig. 11 indicate frequency-measuring devices used only for klystron
frequencies lower than 15 GHz. -

Frequencies from 0 to 3.0 GHz could be counted directly with a
Hewlett- Packard 5245L counter and the appropriate heterodyning plug-in
unit. This range could be extended to 15 GHz by adding a Hewlett-Packard
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Fig. 11.  Block diagram of the k'iyst;ron phase-locking circuit
and frequency-measuring circuit.. : :



2590A microwave converter, which is essentially a transfer oscillator phase-
locked to the frequency being measured. At higher frequencies, the reference
frequency for the phase-locking circuit from the Schomandl FD3 would be L
measured with a counter, and a waveguide frequency meter would be used to
check which harmonic was being generated and whether the klystron was locked
10 MHz above or below this harmonic. The beat frequency from the mixer
was fed to a oscilloscope (Tektronix 561A) that was externally triggered by a
10-MHz standard frequency. This procedure made identification of so-called
spurious locking points trivial, and there was never any ambiguity about how
the klystron frequency was to be computed from the Schomandl frequency.

All counters, phase;locking devices, and reference oscillators had
as frequency references 100-kHz, 1-MHz, or 10- MHz signals; these came
from the combination of a 100-kHz oscillator (J. Knight F'S 1100T) which
has a specified stability of +5x10~ 10
multiplier (General Radio 1112-A). The 100-kHz oscillator was continuously

per 24 hours, and a standard-frequency

monitored against station WWBV 60-kc standard-frequency broadcasts by a
phasecomparison receiver (Gertsch PCR-1 VLF) and its crystal was reset

whenever the offset was = 1 X 10_8., The observed stability of the 100-kHz

oscillator is 5 X 10_11 per 24 hours.
For this experiment, the beam apparatus was fitted with a new C
can or vacuum chamber between the pole tips of the C magnet. The new
chamber allowed greater freedom in the placement of the proton sample of
the NMR field-locking device. A large opening in the top of the can allowed
hairpins mounted on a plate to be moved back and forth without loss of vacuum.
Shimming coils to correct for field inhomogeneities were included in the sides
of the chamber but were not used in this experiment. A final new feature was
the valves that were placed at the ends of the can. These allowed hairpins '
to be quickly changed without disturbing the vacuum in the rest of the apparatus,
For work at low magnetic fields on the standard or AF = O, AMF = O.
transition, we used the hairpin on the left in Fig. 12. It consists of a standard
50-ohm coaxial line tapering gradually into a short. In the earlier phases of
this experiment, this hairpin was also used for high-field work. However,
subsequent work on the alkali g factors (see Appendix B) revealed that this ]
introduced systematic errors into the results. Figure 13 shows two graphs,

133

one of the quantity R = [gJ(Cs )/gJ(K39)] -1 measured at various magnetic

fields with this shorted hairpin, the other showing the same quantity R
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Fig. 13. Comparison of the performance of the shorted and
terminated types of hairpins at high magnetic field and

frequencies.
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obtained as a function of magnetic field with the hairpin illustrated on the
right in Fig. 12. The quantity R is independent of the magnetic field. The
scatter of the rAesults for the shorted hairpin probably results from peculiar
standing-wave patterns set up in the tapered section at high frequencies. The
power for the potassium frequency was maximum at a different location than
the power for the cesium frequency. Since the C field was not perfectly
homogeneous, the measurements on the two isotopes were not done in the
same field, or equivalently, the calibration of the magnetic field was inac-
curate. The hairp'in designed to eliminate this effect, illustrated on the right
in Fig. 12, consisted of a standard 50-ohm coaxial line terminated in a_
matched load. As is seen in Fig. 13, this modified hairpin yielded much more

consistent results. This improved high-frequency hairpin was also used for

199
198

The initial observations of AF = 1 transitions in Au were made

‘making the initial observations of AF = 1 transitions in Au

with a waveguide hairpin since coaxial cables are too ''lossy' above 10 GHz.
Such a hairpin is shown in Fig. 14, It was‘ moved into position in the center
of the C-can so that one could observe Au transitions, and the coaxial hairpin
was moved to the center to observe calibration resonances.

For precise observation of the AF = 1 transitions that determine av
and gy we used cavity hairpins, ghqwn in Fig. 15. In designingthe cavity
hairpins, we considered the following two considerations: The space dvailable
in the C can limits the cavity diameter to 7/8 inch and its length to 5 inches.
The mode chosen must provide the correct magnetic-field configuration for
the transition to be observed. For AMF = 0 transitions Hrf must be parallel
to 'H, and for AMF

first runs with cavity hairpins we used cavities 2 inches long. Later these

= 1 transitions 'Hrf must be perpendicular to ‘H. For the

runs were repeated with cavities 5 inches long so that we could obtain narrower
lines.  The line width of a field-independent transition varies as 6v = v /L,
where v is the mean velocity of the beam (v 4 X 104 cm/sec for gold) and
L. is the length of the transition region. We observed lines that approached
this natural line width of 3 kHz for a 5-inch cavity.

When the frequency and length of the cavity are known, the diameter
can be calculated from the formula (fD)Z = (cf/TT)Z + (cn/Z)Z(D/L)Z, where f
is the frequency in MHz, D is the diameter in inches, L is the length in
inches, c¢ 1is the velocity of light in inches/sec, n is the third index speci-

fying the mode, and r is the Bessel root appropriate to the model chosen.
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Fig. 14. Sketch of the K-band waveguide hairpin.
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Fig. 15. Sketch of the K-band cavity hairpin.
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The diameter was calculated for a number of likely modes and those cavities
with diameters sufficiently small to fit the machine were then candidates for
hairpins. For AM_ =1 transitions the TE011 mode was chosen since H of

F
lies along the beam axis; this mode was used for all Au 198 work. The TM

mode which is degenerate with the TEOM mode was suppressed to a c:ertain111
extent by insulating the end caps of the cavity from the rest of the cavity with
0.001-inch Mylar. The TM,,, requires the florz)(;f surface current across
this crack but the TEO11 does not. For the Au frequencies, the only
mode providing dimensions small enough was TMOiO' This mode, which

has Hrf in circles centered about the beam axis, was therefore suitable for
both AMF =0 and AMF = 1 transitions. Both modes, TE011 and TMOiO’
had the Poynting vector in the radial direction and hence Doppler shifts could
be neglected. Figure 16 shows the field configurations for the two modes.

The cavities were machined as accurately as was practical and then
tuned to a final frequency either by honing if the frequency was higher than
desired, or by silver plating if it was lower than desired. Values for Q
of about 5000 were typical although high ‘Q values are not necessary. The
power required to observe transitions varied from a few pW to a few hundred

MW,

D. Run Procedure and Planning

The first step of every run was to set the magnetic field and start the
diffusion pumps. The next day the magnetic field was locked with the NMR
field-locking device, the necessary radio-fréquency equipment was assembled,
and the stability of the magnetic field was monitored by observing the standard )
transition in an alkali beam. The third day the sample was received and any
necessary chemistry performed. The oven was loaded placed in the apparatus,
and aligned. I preferred to run at night to av01d 1nterference of any kind. :
Buttons were exposed for 5-minute periods, each at a different frequency.
After exposure they were immediately sent up the pneumatic tube to the '
counting room where the relative counting rates were plotted versus frequency.
When a resonance was found, it was swept once, and then at the peak frequency,
the power was varied to determine the optimum power. The resonance was
then swept at optimum power as often as desired. The magnetic field was
calibrated before and aftel; each sweep. The samples lasted for as long as

2 weeks,
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Fig. 16. Sketch of the field configurations of the two types of
cavity modes used in the cavity hairpins.
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For J = 1/2, the selection of the proper transitions to observe in
order to determine the parameters Aav, g3 and g1 most accurately is easy.
The first restriction is that imposed by the use of a flop-in machine, that is,
AM‘:f = 1. In addition there are the low-field selection rules &F = 0,1 and
AMF = 0, *1; and the high-field selection rules AMJ =0,+1 and AMI = 0, 1.

To determine gy we observed the standard transition at high magnetic
field. The frequency of transition can be obtained from (24): hv=-al - p.OHgJ,
Since (BV/SgJ) = - MOH/h = 1’04, this method provides a sensitive measure of
g1

To determine Av we chose to observe those AF = 1 transitions at
zero magnetic field whose fréquénCy of transition was field independent at
that point, i.e., 8v/8H = 0. For Aul?8
(5/2,%1/2) - (3/2,%1/2), and for Au199

9v/8H =0, it is possible to obtain a narrow line since field inhomogeneity

these are the transitions

the transition (2,0) - (1, 0). Because

was the major cause of line width.

To determine g, we observed the transitions (5/2,-3/2) - (3/2,-1/2)
and (5/2,-1/2) --(3/2,-3/2) in Au198, and the transitions (2,0) - (1,-1) and
(2,-1) - (1,0) in Au199.
each doublet is equal l’co AW = Zng.OH. For all such doublets (there are many

others) with MF + MF < 0 there exists a value of the magnetic field for which

the doublet frequencies are field independent. 37 If transitions are observed

These transitions form doublets and the splitting of

at this magnetic field it is possible to obtain narrow lines and an accurate
determination of gr This value of the field for Au198 was 3214.5 G and for
Au199 was 1047.6 G.

HYPERFINE F-9, a. program for.thie IBM 7094, provided
tables of frequency versus magnetic field. The input consisted of the quantum
numbers of the transition and the best available values of a, g and g5 A
program write-up is available from the Atomic Beam Group at the Lawrence ~
Radiation Laboratory.

TEE PEE, a program for the IBM 7094, was useful in planning the -
gold runs. The program was written by Prof. Williarh A, Nierenberg and a
complete write-up of it too is available from the Atomic Beam Group of the
Lawrence Radiation Laboratory. This program calculates the quantity

IJFM_ | T| we'M! 2 as a function of magnetic field. More specifically,
I a g _ Yy

it calculates the square of the matrix element of Jz if MF—M'F_ = 0, and of

’
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Jx if MF—M'F = %1, If the oscillating magnetic field in the hairpin is linear
and given by H .= Hjsinwt, and if Hrf is along z if AMF = 0 and along
x if AMF = £1, and if contributions from gp are ignored as being too small,

then the pro-ba.bility that an atom will make the transition between the states

IJFMF) and IIJF' ML } on passing through the hairpin is given by

2
Mg 8 ) -
:11_[_____._._}0 J. 9 } |_<_1JFMF|J|1JF'M'>|

wlj.erve, Hj is the strength of the ra‘dio-frequency field in Gauss and t is
the time that it takes an atom to pass through the hairpin.

- The program provides both a check on transitions accidently forbidden
at a particular field and an indication as to how much rf power would be
necessary to observe a trans1t1on Frequently in setting up a run I would ob--
serve a transition in some alkali and vary the rf power until the resonance
was maximized but not overpowered. Comparison of the transition probability
for this transition with that for the desired transition in gold would then tell
me what rf power was needed for the gold-resonance search. After the gold
resonance had been found, I usually variéd the rf power at the peak frequency
to check whether or not this power was really optimum. This final check was

very important in the final runs since cavity hairpins require very little rf

power and overpowering a resonance broadens it considerably.

Figure 17 gives the results of the program for the transitions observed
. 1 .
in Au ?8 and Au199. Notice that the doublet-transition probabilities are equal
precisely at the field-independent point. This fa_.'ct' seems to be true for many

isotopes,. iné_luding all the alkalis.
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Fig. 17. Transition-probability matrix elements plotted versus
' magnetic field. For Aul99 the transitions are (a) (2, -1)
'(2: '2‘): éb) (2»0)_(13 "'1): (C) (2: O)‘(i, O): (d) (2‘: _1)-(1,0);
for Aul98 the transitions are (a) (5/2,1/2)-(3/2,-1/2),
(b) (5/2,-3/2) - (5/2,-5/2), (e} (5/2,-1/2) - (3/2,-3/2),
(d) (5/2,-3/2) - (3/2,-1/2), (e) (5/2,-1/2) - (3/2,1/2).
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. IV. DATA AND RESULTS

A. Description of Data

.The experimental data obtained during this research are presented in
Tables V and VI. The residuals listed there are the observed frequencies

minus the frequenéies calculated by the least-squares fitting routine, with

~ the final values at Av, gI,' and g5 resulting from the fit. The weight factor,

- which indicates the relative weight given a datum in the fitting routine, is

-1

2 (i%};) (errdr in H)Z] . The observed fre=

)
obs
quencies listed in these tables have been corrected for the difference be-

equal to [ (error in v

tween the J.Knight 100-kHz oscillator signal used as reference in this experi-
ment and the standard signal broadcast by station WWVB, National Bureau of
Standard, Boulder, Colorado. The WWVB signal is based on Atomic Time,
A1, which defines the second by taking the (4,0) - (3, 0) hyperfine transition of
Cs133 to be exactly 9192.631770 MHz. All my measurements are based on this
definition of the second. We have kept a record of Av/v, where

AV = VJKnight - VWWVB’ in our laboratory since 1962. The value of Av/v

on the days of the runs for this research is given in Table VIL If av/v >0,

our standard 100 kHz was too fast, implying that the gate on our counters

was not open long enough, and, hence, our recorded frequencieis \8vere too low.
9

The result is that the observed frequencies of transition for Au given in

Table V have had 0.0002 MHz added to them for resonances 47A1 through

199 given in Table VI

50C2; the observed frequencies of transition for Au
have had 0.0004 MHz added to them for resonances 46A1 through 49C4.
None of the calibration frequencies required correction.

Run 4 was a series of measurements made to determine the sign of
M1 and to get a better value of Av for Au‘198., Run 8 was made to determine
87 Resonances 8A through 8G were observed at 4000 and 8000 G but using
a hairpin that we later found gave systematic errors; therefore these data
were discarded and Run 32 made to replace the discarded data. Resonances
8H and 81 at 2500 G were considered reliable and included in the least-
squares analysis. |

Resqnance 32A was the first AF = 1 transition observed in the experi-

ment. After-identifying it we observed the field-independent AF = 1 transition

‘labelled Resonance 32B. Resonances 32C, 32D, 32F were observed to de-

termine g Run 32E was an attempt to observe one member of the doublet
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Tablé V. ‘-Expe_z'jimental data for aut®®
. Gold transition
4A K39' 44.2149(55) 50.0063(50) (5'/2,-3/2)-'(5/2,-5/2) 28.1840(50) + 0.0039 30160
4B S 200.5925(75) 150.0168(37) (5/2,-3/2)-(5/2,~5/2) - 85.4300(35) - 0.0030 58990
4C K39 684.5815(55) 350.0238(21) (5/2,-3/2)-(5/2,-5/2) .203.6042(35) - 0.0031 72290
4D k7 2750.4857(70) 1100.0625(25) (5/2,-3/2)-(5/2,-5/2) 694.0465(45) - 0.0022 42730
8H cst33 1947.397(13) 2500.1780(88) (5/2,-3/2)-(5/2,-5/2) 1846.123(10) - 0.0064 5915
8I cst?? 1947.391(13)  2500.1741(88) (5/2,-3/2)-(5/2,-5/2) 1846.115(8) - 0.0106 7516
32A cst®3 0.5441(70) 1.555(20)  (5/2, 1/2)-(3/2, 1/2) 21451.585(13) - 0.0038 3391
32B cs 133 0.6030(70) 1.723(20)  (5/2,.1/2)-(3/2,-1/2) 21450.720(26) + 0.0033 1479
32C1 cs?33 6119,922(18) 4599.9002(75) (5/2,-3/2)-(5/2,-5/2) 4303.085(14) - 0.0032 3244
32ce cst33 6119.913(18) 4599.8965(75) (5/2,-3/2)-(5/2,-5/2) 4303.087(12) + 0.0039 3902
32D1 cst33 6119.906(18) 4599.8934(75) (5/2,-3/2)-(5/2,-5/2) 4303.083(12) + 0.0043 . 3902
322 Cs™33 6119.901(18) 4599.8912(75) (5/2,-3/2)-(5/2,-5/2) 4303.082(12) +0.0063 3902
32F1 cs?33 11998.303(24) 6900.0140(90) (5/2, -3/2)-(5/2,-5/2) 8118.300(24) + 0.0082 1151
32F2 cs?33 11998.328(24) 6900.0204(90) -(5/2,-3/2)-(5/2,-5/2) 8118.310(24) + 0.0004 1154
32F3 cs133 11998.323(24) 6900.0185(90) (5/2,-3/24)-(5/2,-5/2) 81'18.305(24) - 0.0011 ' 1151
37A1 cst33 3126.650(10)- 3214.4947(54) "(5/2,-1/2)-(3/2,-3/2) 19564.390(30) + 0.0018 1111
37A2 cst33 3126.656(10) 3214,4979(54) (5/2,-1/2)-(3/2,-3/2) 19564.390(30) + 0.0018 JRELE
37A3 cs133 3126.657(10) 3214.4982(54) (5/2,-1/2)-(3/2,-3/2) 19564.390(30) + 0.0018 1111
37B14 cs?33 3126.632(10) 3214.4851(54) (5/2,-3/2)-(3/2,-1/2) 19565.820(30) + 0.0004 1111
37B2 cst33 3126.633(10). 3244.4856(54) (5/2,-3/2)-(3/2,-1/2) 19565.820(30) + 0.0004 1411
37B3 cs133 3126.636(10) 3214.4871(54) (5/2,-3/2)-(3/2,-1/2) 19565.820(30) + 0.0004 1111
37CH1 cst33 3126,655(10) -3214.4974(54) (5/2,-1/2)-(3/2,-3/2) 19564.390(30) + 0.0018 1111
37C2 cst33 3126.655(40) 3214.4974(54) (5/2,-1/2)-(3/2,-3/2) 19564.390(30) + 0.0018 1141
37C3 cst?3 3126.655(10) 3214.4974(54) (5/2, ‘-'1/2)-(3/2,‘-3/2) 19564.390(30) + 0.0018 1111
37c4 cs'P® 3126.639(10) 3214.4889(54) (5/2,-3/2)-(3/2, -1/2) 19565.820(30) + 0.0004 1141
37C5 cst33 3126.639(40) 3214.4889(54) (5/2,-3/2)-(3/2,-1/2) 19565.820(30) + 0.0004 1111
37c6  cst3? 3126.639(10) 3214.4889(54) (5/2,-3/2)-(3/2,-1/2) 19565.820(30) + 0.0004 1111
47 A1 05133 3126.684(17) 3214.5427(91) (5/2,-3/2)-(3/2,-1/2) 19565.8202(27)'+‘0.0004 137200
47A2 cs!33 3126.712(17) 3214.5278(91) (5/2,-3/2)-(3/2, -1/2) 19565.8202(25) + 0.0004 160000
4781 Cs'¥? 3126.659(35) 3214.500(19)  (5/2,-1/2)-(3/2,-3/2) 19564.3877(25) - 0.0007 160000
47B2 cs'®®  3126.662(35) 3214.501(19) (5/2,-1/2)-(3/Z, -3/2) 19564.3877(25) - 0.0007 189000
50A1 cs?33 3126.7240(60) 3214.5345(32) (5/2,-3/2)-(3/2,-1/2) 19565.8198(7) - 0.0000 2041000
50A2 cs?33 3126.7240(60) 3214.5345(32) (5/2,-3/2)-(3/2,-1/2) 1;356‘5'.81'98.(8) - 0.0000 1563000
50A3 cs133 3126.7250(60) 3214.5350(32) (5/2,-%1/2)-(3/2,-3/2) 19565.3885(7) + 0.0002 2041000
50A4 cs?3? 3426.7250(60) 3214.5350(32) (5/2,-1/2)-(3/2,-3/2) 19564.3885(7) + 0.0002 2041000
50B1 cs133 3126.7290(60) 3214.5372(32) ' (5/2,-1/2)-(3/2,-3/2) 19564.3885(7) + 0.0002 2041000
50B2 cst3? 3126.7290(60) 3214.5372(32) (5/2,-3/2)-(3/2}-1/2) 19565,8198(8) - 0.0000 1563000
50B3 cs133 3126.7200(60) 3214,5323(32) (5/2,-3/2)-(3/2,-1/2) 19565.8196(8) - 0.0002 1563000
50B4 cst?3 3126,7220(60) 3214.5324(32) (5/2,-1/2)-(3/2,-3/2) 19564.3879(7) -'.0.00'04 2041000
50B5 cs??3 0.310(10) 0.886(29) (5/2,-17/2)-(3/2; 1/2) 21450.7173(9) 0.0002 1234000
50B5 (35133 0.310(10) 0.886(29) (5/2, 1/2)-(3/2,-1/2) 21450.7173(9) 0.0006 1234000
50B6 cs133 0.310(10) 0.886(29) (5/2,-1/2)y~(3/2, 1/2) 24450.7169(9) - 0.0002 1234000
50B6 Csi33 0.310(10) 0.886(29) ...(5/2, 1/2)-(3/2,-1/2) 21450.7169(9) + 0.0002 1234000
50C1 cst3 10.315(10) 0.900{29)  (5/2,-1/2)-(3/2, 1/2) 21450.7164(12) .- 0.0007 694400
50C1 cs133 0.315(16) 0.900(29) (5/2, 1/2)-(3/2,-1/2) 21450.7164(12) - 0.0003 694400
s0c2  Csto3 0.286(10) . 0.817(29) - (5/2,-1/2)-(3/2, 1/2) 21450.7168(10) - 0.0002 999900
50C2 cst3? 0.286(10) 0.817(29) 21450.7168(10) + 0.0001 999900

(5/2, 1/2)-(3/2,-1/2)
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Rus
6A
6B
6C
6D

10B
10C

10D

13A
13B
13C

43D

13G
13H
131
137

26A
26A
26B
26D
26E
46A1
46A2
46B1

46B2
49B1
49B2
49B3

49B4
49B5
49B6
49B7
49B8

49C1

. 49C2

49C3
49C4

Table VI. Experimental data for Au199
. Gold transition .
Calib. o Weight
isotope Yealib, {MH2) H(G) (Fy, my)-(F,, m,) Y Ay (MH2) Residual factor
k39 44.2092(75)  50.0010(68) (2, -1)-(2, -2) 35.3835(75) +0.0017 12440
&7 200.5910(75) 150.0160(37) (2, -1)-(2, -2) 108.2210(60) - 0.0029 22860
K39 503.0970(85) 280.0329(33) (2, ~4)-(2, -2) 207.1910(40) - 0.0035 43790
K39 2750.4095(85) 1100.0352(30) (2, -1)-(2, -2) 956.658(10) - 0.0044 90570
cst3? 500.4440(75) 1049.899(12) 2, 0)-(1,-1) 10589.038(13) +0.0015 6400
cs1?3 500.4140(75) 1049.899(12) 2, 0)-(1,-1) 10589.0395(40)  + 0.0035 62500
cst?? 500,4140(75) 1049.899(12) . 2, 1)-(4, 0) - 10589.3190(90) - 0.0023 12350
cst3 500.4140(75) 1049.899(12) (2,-1)-(1, 0) 10589.3245(50)  + 0.0002 40000
g7 0.7051(70)  1.0020(99) (2, -1)-{1, 0) 10962.0255(90)  + 0:.0049 7746
k7 . 0.7042(65)  1.0008(92)  (2,-1)-(1, 0) 10962.0240(60)  + 0.0025 12910
g7 0.7035(70)  0.9998(99) (2, 0)-(1, 0) 10962.7215(90) - 0.0014 12350
&7 0.7026(70)  0.9985(99) (2, 0)-(1, 0) 10962.723(10) - 0.0004 10000
cst33 498.9456(80) 1047.594(13) (2,-1)-(1, 0) 10589.3185(40) - 0.0007 62500
cst33 498,9480(80) 1047.598(13) (2, -1)-(1, 0) 10589.3187(55) - 0.0005 33060
cs133 498,9500(80) 1047.601(13) (2, 0)-(1,-1) 10589.0360(70) +0.0015 20410
cst33 498,9528(80) 1047.605(13) (2, 0)-{1,-1) 10589.0368(30)  + 0.0023 111100
cst33 5546.432(10) 2100.2126(36) (2, -1)-(2,-2) 2214.1790(80) - 0.0000 10950
cst33 5546.343(10) 2100.1809(36) (2, -4)-(2,-2) 2214.1350(60)  + 0.0025 15800
cs133 8627.052(12) 3200.3745(43) (2, -1)-(2,-2) 4063.048(10) + 0.0057 6050
cs 133 8345.833(15) 5500.3926(59) (2, -1)-(2,-2) 9102.635(15) - 0.0091 2419
s 11468.376(25)  6700.4070(94) (2, -1)-(2, -2) 12084.595(24) - 0.0013 868
cst3? 498.9408(70) 1047.586(11) 2, 0)-(1,-1) 10589.0345(10) - 0.0001 1000000
cst33 498.9324(70) 1047.573(11) (2, 0)-(1,-1) 10589.0357(12) +0.0011 694000
cs133 498.9296(70) 1047.569(11) (2, -1)-(1, 0) 10589.3195(13)  + 0.0002 591700
cs133 498.9503(70) 1047.601(11) (2, -1)-(1, 0) 10589.3195(42) + 0.0002 694400
cst33 498.9430(60) 1047.5898(94) . (2, 0)-(1,-1) 10589,0345(5) -0.0001 4000000
cs133 498.9440(60) 1047.5914(94) (2, 0)-(1,-1) 10589.0345(8) - 0.0001 1563000
cs133 498.9550(60) 1047.6086(94) (2, 0)-(1,-1) 10589.0345(6) - 0.0001 2778000
cst33 498,9610(60) 1047.6181(94) (2, 0)-(4,-1) 10589.0345(4) - 0.0001 6250000
cst?3 498.9440(60) 1047.5913(94)  (2,-1)-(1, 0) 10589.3192(5) - 0.0001 4000000
cs133 498.9450(60) 1047.5929(94) (2, -1)-{1, 0) 10589.3192(6) - 0.0001 2778000
csiiz 498,9530(60) 1047.6055(94) (2, -1)-{1, 0) 10589.3192(8) - 0.0001 1563000
cst 498,9630(60) 1047.6212(94) (2, -1)-(1, 0) 10589.3192(4) - 0.0001 6250000
cst33 0.265(10) 0.757(29) @, 0)-(1, 0) 10962.7231(4) +0.0002 6241000
cst33 0.267(10) 0.763(29) 2, 0)-(1, 0) 10962.7227(4) - 0.0002 6240000
cst33 0.269(10) 0.769(29) 2, 0)-(1, 0) 10962.7229(5) +0.0000 3996000
cst33 0.302(10) 0.863(29) (2, 0)-(1, 0) 10962.7231(6) +0.0004 2775000
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‘Table VII. av/v of 100-kHz crystal standard
Run Date (av/v)X10?
[ 4 8/15/63 +9
8 10/1/63 + 14
32 11/23/64 + 8
forKAu198: /23/
E— 37 6/24/65 +3
47 10/20/65 + 8
, 50 11/19/65 +9
i 6 9/7/63 + 10
10 10/11/63 + 13
for Aut?9. < 13 12/4/63 + 2
26 7/26/64 + 2
46 9/23/65 + 6
49 11/12/65 +9
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at the field-independent point; no resonance was observed because of the

small transition probability and in sufficient microwave power. - With a more

'powerful klystron available, Run 37 was made to measure the doublet separ-

ation.
Run 47 was the first run made with a cavity hairpin; we began the

run using about 100 mW of rf power. This yielded a resonance 45-kHz wide.

- By tracing out the power plot of Fig. 18 we determined that only about 10 pW

of rf power was necessary to induce transitions with a cavity hairpin. After
optimizing power we obtained a 10-kHz line, which is about the natural line
width with a cavity 2 inches long.

Run 50 was made with a cavity hairpin 5-in. long in order to get

final values for av and the doublet separation. Each of the three transitions

was swept twice with the C field and cavity in their normal orientations,

once with the cavity direction reversed, and once with the C field reversed.
A

‘'This multiple sweeping provided a check on any possible resonance shifts

such as the Millman effect. 10 None were observed. Line widths were
typically 1 or 2 kHz wider than the natural line width of 3 kHz for a 5-inch
cavity. We made a careful power plot for each transition before making the
four sweeps mentioned above. The AV resonances consisted of the unre-
solved lines (5/2,+1/2) - (3/2, + 1/2), and therefore in the least-séuares
fitting routing each observation was entered twice, once with the quantum
numbers corresponding to each transition. The error in the computer re-
sult for a (Au198.) has been increased to compensate for this doubling of the
number of AV observations.

99

Run 6, the first run with Au1 , was made to determine the sign of

My and get a better value of Av. Resonances 6E, 6F, and 6G were ob-

servations of AF = 1 transitions. However, because the high frequencies
involved and the use of the shorted strap hairpin gave us peculiar line shapes,
these data were discarded. Resonances 6A, 6B, 6C, and 6D were at lower

frequencies and the data were retained., Run 10 was made to observe the

 doublet at the field-independent point. Run 13 was made to replace the

AF =1 resonances discarded from Run 6. These resonances are labeled
13A, 138, 13C, and 13D in Table VI. The doublet was observed again
yielding resonances 13G, 13H, 131, and 13J. The standard transition was
observed at 3100, 5400, and 6500 G and we obtained resonances 13E, 13F,
13K, 13L, 13M, and 13N. However, the shorted hairpin was used and later
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information required that these data be discarded; ; Run 26 was made to
replace these discarded data and obtain a value for g5 Resonance 26A2
was taken with the C field reversed to check for a possible Millman effect
in the coaxial-style hairpin (shown on the right in Fig. 12) which was used
for all the high—field g5 §vork. Run ' 26C was a failure due to vacuum

problems.

Run 46 was the first run made for Auigg with a cavity hairpin. The
line widths were typically the natural line width of 40 kHz for a cavity 2
inches long. Approximately 1 mW of rf power was required to induce the
AMp = 1 transitions of the doublet using this ‘TM, o, mode hairpin. Run 49
was made to obtain final values of ‘Av and the doublet separation. To check
for shifts in the resonance frequency, we switched field and cavity direvct'ionvs
in the same way we did for Au198. The line widths were again approximately
the natural line width for a cavity 5 inches long.

Figures 19 through 22 show a sample resonance for each member of
the doublet, for a .Av transition, and for a gJ determ1n1;19g93tandard transi-

t10n in Au198. Figures 23 through 26 do the same for Au The errors

in the co'untiﬂg rates were calculated with the assumption that the statistical

" error in the total number of counts N was 4 N.

B. Description of Results

The computer routine used to calculate the values of é,, gy and
g1 giving the best least-squares fit to the data is called HYPERFINE 4DP,
the DP indicating that this is a double-precision routine. A complete
description of the mathematics involved is available from the Atomic Beam
Group, Lawrence Radiation ‘Laboratory., The program diagonalizes the
Hamiltonian B ' : '
= o o A »
J=al-J-gs (5 )HT -g (5)HIL (59)
for gold with a '2-51/2 ground state. All energies are expressed in units
of .MHz. The program assumes the interval rule by setting a(l + 3) = av
exactly if no electri'c-qﬁadrupole or fna.-gnetic-octupole interaction is allowed.
This is the case for the ground s‘tate of gold.
The results of the least-squares fit are given in Table VIII. In cal-
culatlng 83’ the routine uses the values of gJ(K ) and gJ(Cs 133 ) given in

Appendix A. From these results other parameters can be calculated, again
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&
Table VIII. Results of the least-squares fit. v
Parameter : Au198(1=2) Au199(1=3/2) )
a  8580.286697(97) MHz 5481.364327(74) MHz
'glzg‘i'o4 1.59084(57) 0.9706(12)
g5 -2.0033055(17) -2.0033037(19)
Number of Coan | 37
observations .
¥ ° C 5.37 4.93

£
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with the constants listed in Appendix A. These calculated parameters are
given in Table IX. The final results, with errors increased to 2 standard

deviations to account for any possible undetected systematic errors, are

198 and Au199

given in Table X. Since the gJ' s of Au agree to within 1

standard deviation, an avefage value has been listed for the quantities

198, 1 3 198, 133
g4t 7199 /g (139 ana g (an!?® 1% /g (cs1?),

supersede all of our previously published preliminary results.

.-Th‘ese~-results
39-42
The nuclear magnetic morrnnent calculated from the experimental

value of gl,' with |~L_I(nm) = g1 I{ EE- ), is labelled p.I(uncorr) in Tables IX

- and X.~ This value differs from the true value of the nuclear magnetic mo-

.ment. This is because the external magnetic field in which the measure-

ment of gy was made is modified at the nucleus by the diamagnetic field:
produced by the atomic electrons. The true nuclear magnetic moment,
labelled H‘I (c.or_ri) in Tables IX and ‘X is obtained from ul(uncorr) by
gl(corr) = (1-0). p.l(uncorr). T4he parameter ¢ has been calculated by
Kopferman for all the elements.

Since all second-order contributions to the hyperfine structure have
been shown to be zero or negligible,x we can be confident that the least-
squares fit (or in this case the Breit-Rabi formula) yields the true g; and
g1 and the true a associated with s electrons. 5

- The {it is very good, as shown by the low ¥~ and the small residuals
(Tables V and VI) that are distributed randomly with respect to sign. The
low XZ indicates that I was somewhat conservative in assigning errors to
the input data. However, I feel my own judgment of data quality is as im-
portant in assigning errors as.is the compatibility of these data with other
data in a least-squares fit. Therefore, I have left the errors as originally
assigned. ~Throughout this thesis the error in the last figures is; indicated
by a number in parentheses. | | ‘

Note that although av is listed in Table IX as being calculated
from a, this designation is due only to the fact that program defines
AV = a(1+%—) and fits a value of a to the data. The experimentally measured
and determined quantity is really Av. The meaning of a is discussed in
198 /g9,

Sec. V. Similarly for the electronic g factors, the ratios gJ(Au
133
(Cs 77) are the

199 3 198 133 1
gylau” ") /g (K 9),gJ(Au 7 )/g;(Cs™77), and g (Au 99)/gJ
quantities that were really determined by the experiment. The least-squares-

fitting routine requires that some values be assumed for gJ(C8133) and for
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Table I1X. Parameters calculated from the results of Table VIII

Parameter
AV
;Ll(uncorr)
pl(corr)
197A---
g (Au” ") /g (K77)
gy(au” ") /g (Cs 1)

At 122

Au199(1'=§12)

21450.71674(24) MHz
0.58419(21) nm
0.58979(21) nm
8.528(39) %
1.00050445(87)

1.00038140(87)

10962.72265(14) MHz
0.26733(33) nm |
0.26989(33) am
3.65(13) %
1.00050355(93)

1,00038049‘(93)

Table X. Final results

Parameter
AV
Hl(uncorr)
p.I(corr)

197A___

g7

gJ(Au

198, 1
78199 /g (c

Au198(1=2)

21450.7167(5) MHz

0.5842(4) nm

- 0.5898(4) nm

8.53(8) %

(Au'?® 199)/gJ(I<.‘39)= 1.000504(2)

133

Au199(1=3/2)

10962.7227(3) MHz
0.2673(7) nm
0.2699(7) nm

3.7(3)%

s77)=1.000381(2)
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1
gJ( 39) and then fits a value of gj("Au 98)'01‘ gJ(Au 99) to the data. Pre-

cisely the same ratios and values of a and g1 result if the assumed values
of gJ(K ) and gJ(Cs13 ) are changed by + 50 parts per million and doubtless

a much larger change in the absolute scale of the g factors could be tolerated.
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V. INTERPRETATION OF RESULTS W
A. Electronic Results
198

If Eq. (18) is evaluated for Au and Au199 with n, 1.215 (Ref. 44),
(1 - %g) = 1.482 (Ref..45), and Fr = 2.1976; if these results are corrected
for a value of 6 = 11.2% (Ref. 46) and for the values €(199) = 8.3% and
€(198) = 4.8% (the values of € to be calculated in Sec. V. B),we get
a(198) = 8790 MHz ‘and a(199) = 6080 MHz. Since the calculation is proba-
bly good only to 10%, these values agree with the observed a's. The cal-
culated values are larger than the observed valués, however, if the error
is ignored. Childs and Goodman have noted that this'is true for Au197 a

well, 8 They ascribed the discrepancy to core polarization. Although it is

S

possible to promote core s electrons to d states, this is a negligible
third-order effect. The total effect of core polarization can be described
by mixing configurations, of the type ns6s® and nsbsn's n <6 <n! with
the ground-state 6s configuration. 8 In any event, the effect of core polari-
zation will only be to introduce the same correction factor into Eq, (18) for
all isotopes. Hence the anomaly will be unaffected and no attempt will be
made here to calculate the extent of core polarization. As we have shown.
that second-order hfs contributions are zerd or negligible, we can con-
clude that the a values computed by the least-squares routine describe
the hyperfine structure due to s electrons in the isotopes Au and Au199.
If the g factors of potassium and cesium are assumed to be correct
as given in Appendix A, then we have for the absolute g factor of gold,
g7 = - 2.003305(2). The Margenau and Lamb corrections can be calculated
with knowledge of the value of the effective principal quantum number,
ng = 1.2—165. (Reéf. 44). This calculation yields (Ag)Mz 47X 10_6.andf ('Ag)ﬁ
='12X10 7. - If we combine this calculation with the quantum electrodynamical
correction of - 2319 X 10_6, we get gJ(Au) = - 2,002260 exclusive of

_ theory
corrections from configuration mixing. If configuration mixing is to ex-

plain the difference between this value and the observed value, it is un- v
likely that the rough method of estimate used by Phill.ips'21 could provide

a correction of - 0.001045. Her method begins to break down for the alkalis’
at rubidium and is quite‘ poor for cesium (see Appendix B). For gold one
would expect the agreement to be so poor as to make the calculation worthless.

Presumably, one could obtain good agreement if the calculation were done



plainthe deviation of the observed moments from these values.

" would be more or less reascnable for Au
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very carefully and if enough spectroscopic data especially x-ray data, were
available, since no mechanism other than configuration mixing seems to be

able to account for the increase in g7 with increasing Z.

B. Nuclear Results -

The spin\«of Au199 is 3/2, as is the spin of all the odd-A gold

. 1,3,13 - ' . P . :
isotopes. "’ 7’ ! The most reasonable explanation for this is that these

spins are due to the d3 > hole in the proton conf1gurat1on (1g7/2)

12 (Zd3/2)3, where only states above the closed shell at

(st/z) (1hyy/2)
50 protons are listed. This assignment of the 2d3/Z protons 1s consmtent
with the observed positive nuclear quadrupole moment of Au (Ref 8). It
is also con51stent with the fact that the observed moment is closest to the
Schmidt moment corresponding to j = £ - 1. If the odd neutron in Au 198 i
assumed to be in a 3p1/2 state, then the rules (40) unamblguously predict
that the spin is 2. This is indeed the observed sp1n This neutron assign-
ment is also consistent with the observed spin and parlty of Hg 199 (Ref. 47).
' The ochmldt predlctlons for the magnetlc moments are: (199
= 0.4124 nm.and p(198) = 0.762 nm. Several mechamsms are available to ex-

One mechanism that does not work is the use of higher sen1or1ty

coupling schemes If for example the proton conflguratlon is taken to be

10
[(ihii/z 2][ 3/2) 32‘3/2] with jy and j, coupling toaspln of

3/2, the predlcted moment for Au becomes 1.84 nm. Of the nearly 20
such coupllngf_schemes that are allowed by the Pauli exclusmn principle and

199

, not one predicts a positive

198

magnetic moment smaller than 0.7 am. For Au , an odd-odd nucleus,
the possible coupling schemes aré even greater But agafin, no reasonable
scheme comes close to pred1ct1ng the magnetlc moment observed.

Another mechanism that fails to predict the observed magnetic mo-
ments is the configuration- m1x1ng theory of Ar1ma and Hor1e The coeffici-
ents of Tables I and III are evaluated with parameters given by Stroke et al,, 3
and are used in Eq. (49) to obtain values of HI Assumlng various arrange-
ments of even numbers of nucleons in unfllled shells, one obtains 32 dif-

ferent corrections to'the ‘Schmidt moments ThlS is because the coefficients

'of Tables I and III depend on the occupatlon numbers of the states involved
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L d

in the excitation. For gold the only excitations considered were: W
_ . -3 'Y
2d3 /5 7 2455 . Py/2 " P/
for protons " for neutrons
thg /o = 1hyyye : | Mtz " tasse -

However, not one scheme of the 32 tried gave a magnetic moment for

Au199 smaller than 0.5 nm. Arima and Horie did a similar calculation for
197 199

Au and Au

they got magnetic moments varying from 0.3 to 0.4 nm. The agreement is

. . . 48 .
using various nuclear potentials. For both isotopes

not bad for Au199 but it is poor for Au197_. Their predicted value for
H(Auigs) is equal to the Schmidt value. |

~ Kisslinger and Sorensen computed the magnetic moments of many
nuclei based on a shell model with simple residual forces.,49 They con=
sidered both configuration mixing and collective motion or phonon cor-
rections to the Schmidt moments. Their approach should be particularly
well-suited to the gold nuclei which are neither spherical nor strongly de-
195, Au197, and Au199

point out that this prediction differs drastically from the observed moments

formed. For Au they found b to be 0.9 nm. They
‘because of the configuration-mixing corrections; these could be made
smaller by choosing a potential more like Arima and Horie's. However,
fhey also point out that this causes the vmagnetic moments for the excited
states of the gold nuclei to be unreasonably large.

vIn view of the seeming hopelessness of theoretically predicting the
magnetic moments, we ‘will construct an interpretation of the observed
moments by the following.scheme: The theoretical magnetic moments of

Au197, Au.199 199

by choosing the proper value of g, inthe Schmidt formula (the method of

, and Hg will be made to fit the observed moments either

quenched g factors) or by choosing the proper admixture coefficient in

Eq. (49) for some single-excitation configuration-mixing scheme. For .
each value of g and a, a value of € can be calculated using Eq. (57).
The scheme which then predicts the best values of _197A199 and .

197 1
? A 98 will be chosen as best describing the observed facts. The value of

€(198) can be taken to be €(Au199)v + €(Hg199), or e(Au197) u 'E(Hg199),
and both choices will be considered. Hg199 is used to give information

on the odd neutron in Au198 since nothing is known about Pt197. Table XI
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Experimentally, 197A199= 3.7(3) %

Table XI. Predicted values of * a'?’

Mechanism 'Exc-itatiovn ‘ :

; : : SRR ) 197 » 1 4197 1
P ~ energy . G(Au'g ) €(Au 99) 97 419
Effective g_ --- ‘ 13.0 4.9, 7.7
V(p1/2—p3/2)-' . 0.5 ’ : 136 ‘ 8.3 4.9
vlgy27is0) 20 137 8.4 4.9
n(d3/2-d5/2}' 1.5 , 13.1 . 6.4 6.4
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gives the results of this calculation for 1974&1_99. v
- It is easily seen that the use of effective g, factors leads to a poor

value for the anomaly. Both neutron excitations give reasonable agreement *

‘and we choose v(p1/2-p3/2) as best descri‘bing the situation sipce it has the

lower excitation energy.

199

Because - Hg has a single p1/2 n'eutroin, there can be no configura-

199

tion mixing for the interaction of Eq. (48). Hence, we compute € for Hg )

using an effectiv_e gy- We get e(Hg199) = - 3.5%. The value of the moment
was taken to be 0.503 mn (Ref. 50). This value allows for two values of €:
2) e(aul?®) = eant?y + e(ug!??) = 10.1%
b) e(Aul?®) = e(au'??) + €(g!?%) = 4.89 .

The resulting anomalies are:

a) 177498 3 20,

and :
1

by 1975198 g 49,
Obviously, only b) givés a reasonable result. Thus the best fit to the data
is obtained.by using the nuclear parametets of Au 1,99,,., rather than those of
A 197 . _ S :

The magnetic moment of Auigg can be calculated by coupling

199 197 199 . . 198, _

M(Hg 77) to p(Au ) or K(Au ). The former choice gives p(Au }=0.65nm

198) = 0.77 nm. Although neither agrees

and the latter choice gi{res H{Au

very well with the observed moment of 0.59 nm, this is probably as good as

can be expected for an odd-odd nucleus. The fact that the moment calculated

with the Aul?’ moment agrées better than that calculated with the Au199 -

moment seems to contradict the preceding paragraph. However., the theory

of odd-odd nuclei being what it is, 'this:is not surprising.
In conclusion, then, we can explain the magnetic~-dipole moments of

Au198 and Au199 . 197 by assuming dif-

f

ferent amounts of pi/z-p3'/2 quasi—particle excitations in the neutron states

and their anomalies with respect to Au

of these isotopes. All purely theoretical attempts to do the same fail.
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: ... VI.. CONCLUSIONS

This research has definitely shown that the hyperfine-structure

anomaly is not necessanly a "1% effect' as:it is often labelled The useful-

ness of this anomaly as a parameter describing the nucleus is not great
because it is hard to interpret, particularly for-odd-odd nuclei. However,

it can be useful, as in this research, as a check on the va11d1ty of a con-

: flguratlon-m1x1ng scheme to explam nuclear magnetic moments

The failure of all current nuclear ‘models to pred1ct the observed
rriagnetm_moments of the gold nuclei makes the. acquisition of more nuclear

data for these isotopes desirable. Even ‘more- des1rable is information

" about the rad1oact1ve odd A platmum 1sotopes, about which nothing is -

known. With such information available, a thorough theoretical investiga-

~ tion of the nuclei in this mass region could be made.



-74-

ACKNOWLEDGMENTS

It is a pleé.sure to acknowle'd'ge‘ the contributions of many people to
this work: the inspiration and leadership of Prof. William A. Nierenberg,
the experimental advice and encouragement from Prof. Howard A. Shugart,
the invaluable guidance given by Dr. Vernon J. Ehlers to this experiment
and my entire graduafe program, the clarifying discussions with Dr. Auriol
Bonney and with Dr. Brian Judd, the stimulating conversations with my

fellow graduate students in the Atomic Beam Group, the work of the many

technicians, machinists, engineers, health chemists, and secretaries which

makes the operation of a large research group possible, the support and en-
couragement of my parents, and the patience of my wife, Rachel, with the
awkward workirig hours of a graduate student.

This work was supported financially by the U.S. Atomic Energy

Commission and the National Science Foundation.



o .. APPENDICES
. ‘ A, 'Values' of physical constants assumed”
. ' ko/h = 1.399613(14) (Ref. 51)
mp/me= 1836.10(12) (Ref. 52)
4970 _ ,
av(Au~ ") = 6099.320184(13) (Ref. 53)
g * 10%(au'?") = 0.520994(33) (Ret. 53)

gJ(K39)‘ =-2.0022954(22)°

gJ(Csi33) =-2.0025417(24)°
(1-0)" 1 =1.00958 (Ref. 43)

a . . . T ’ . ’ : - .. . . S
None of the errors indicated in the values above were used in computing

the errors in the r‘esult‘s of this thesis.

' bSee Appendix B.
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B. Measurement of the electronic g factors of
Cs, Rb, K, and Na ‘

Early in this work I was trying to extract the values of Av and

198 and Au199 from observations of the standard transition in

g1 for Au
each isotope alone. The value of g7 for K39 and 65133 had to be known
accurately because these isotopes were used to calibrate the magnetic field.
The lack of good values for the g factors of all the alkalis inspired us to
measure them. Tuncay Iﬁcesu, and I made the Rb and Cs measurements,

and Professor Adnan Saplakoglu and Erol Aygun made them for Na. The

Na result is included here for completeness. ' '

Our method was as follows: First, the standard transition was ob-
served in K39, then in the other alkali under investigation, then again in
K39, etc., until approximately 25 observations were made for each isotope.
A single observation consisted of the average of six recorded frequencies.
These six frequencies consisted of three pairs of frequencies symmetrically
spaéed about the peak‘ of a resonance from somewhere near the peak to
somewhere near half-maximum. All this was done as rapidly as possible
to eleminate effects of magnetic-field drift. Typically, we could switch
.from one alkali to the other in about 2 minutes. The measurements were
made at a variety of magnetic-field strengths, with the strength used at
any one time (1000 to 5000 G) depending on the alkali.

In the first series of measurements on cesium we used the shorted
hairpin on the left in Fig. 12, and discovered the difficulties of using such
a hairpin at high fields. This effect was discussed in Sec. III.C. All sub-
sequent measurements were made with a terminated coaxial hairpin. '

Figures 27 through 30 show chart-recorder traces of the resonances
obtained in each of the alkalis during the series of experiments. All of the
resonances observed are very free from structure and asymmetry and dis-
play excellent signal-to-noise characteristics.

The average of the two potassium frequencies bracketing a pérticular -
frequency for the other alkali involved was used to calibrate the magnetic
field for that alkali frequency. The least-squares fitting routine, .
HYPERFINE 4DP, mentioned earlier was used to fit the data. A value was
assumed for gJ(K39) and the g7 of the other alkali was varied until the best

fit was obtained. Table XII gives the results of the least-squares fit and
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Table XIII lists the hfs constants that were assumed for the alkalis in
the calculation. _ .

By dividing the results of the least-squares fit by the value of
gJ(K39) assumed, we obtain the ql,lia;;tity actually determined by this experi-
ment, namely, the ratio of gJ(Cs. ) gJ(Rb87), gJ(Rb85), or gJ(Na.23) to
gJ(ng). Final values for these ratios, with errors increased to two
standard deviations to allow for any undetected systematic errors, are
given in Table XIV. The average value of the ratios g (Rb85)/gJ(K39) and
gJ(Rb87)/gJ(K39) is listed there as gJ(RbBSf’ 87)/gJ(K3§) since the two values
agree extremely well and there is no reason to expect an isotopic change
in g7 for an element this heav5y8.. 5’1(;hese rgsults supersede all previously
published preliminary results. ~ "’

Second-order corrections vanish for the ground-state hyper-fine
structure of the alkalis for the reasons given earlier for gold. The second-
order quadrupole corrections for alkalis should be only a thousandth those
of gold. This together with the fact that the data fits well makes us very
confident of our results.

The theoretical corrections to the value g5 :60_ 2, mentioned in
Sec. II. A., were calculated for the alkalis by Perl. Although there are
errors in his paper, as noted by Hughes, 61 none of the numbers we quote -
are in error. Table XV lists these calculated corrections. Balling and
Pipkin's measurement of gJ(Rb85)/g(e) by optical pumping51 enables us
to connect our measurements with Crane's measurement of the absolute
g factor of the free electron. 17 Using gJ(RbSS)/g(e) = 1.0000063(10) and
gl(e) = - 2.002319244(54) together with our results yields the experimental
values for the absolute g factors of the alkalis listed in Table XV. The
agreement between these values and the theoretical values given there is
quite good. The increasing deviation with atomic number would seem to
indicate that the configuration-mixing corrections should be recalculated.
Phillips indicates that these corrections are only rough estimates.

Figures 31 through 33 summarize the results of this research.

e
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Table XIII. Constants assumed for the alkalis in the
least-squares-fit calculations

o glx104 a
NaZ? | 1771.6260470(23)P  8.04639C
x> - 461.719723(30)4 1.41922¢
rRpS° ' 3035.732439(5)¢ . ©2.93700°
RrbS” | | 6834.682614(3)° 9.95323°
cst?? | 9192.631770" 3.98994°
%This assumes p(Hi) = 2.792670 nm.

uncorr

-bSee Ref. 54.
€See Ref. 55
dSee Ref. 56

€See Ref. 57

133 '
fThe Cs AV is the present frequency standard for other -av's.

Table XIV. Final g5 results

gJ(Na23)/gJ(K39)= 1.0000007(2) ,

g (Rb"> 87)/gJ(K39)=1a0000 182(2)

g.J(Csi33)/gJ(K39)= 1.0001231(3)
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Table XV. - Comparison of theoretical and éxp.e‘r'imental g5 s

Na K Rb Cs
(48) yEp - 0.002319 - 0.002319 - 0.002319 - 0.002319
(8g)q, + 0.000022 + 0.000020 + 0.000020 +0.000018
(ag) + 0.000004 + 0.000004 + 0.000004 + 0_.000004
(88) g - 0.000002 - 0.000005 - 0.000050 - 0.000140
(48)iotal - 0.002295 - 6.002300 - 0.002345 - 0.002447
g (theor) - 2.002295 - 2.002300 - 2.002345 - 2.002447
g ;(exper) - 2.002297(2) - 2.002295(2) - 2.002332(2) - 2.002542(2)
Deviation -1 (1) +3(1) +6(1) -48(1)

(ppm)
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