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ABDSTRACT

The hyperfine-atructure aopmruﬂ:icms in the Sg clectromic ground state

194 485 196

of 39-b Au"’ ", 485-d An"’°, and 6.,2-d Av"’" have beem measured by the

aﬁ@mm«b@m magnetic~-resonance method, From thege measuremantc
497

combined with the known conctants @§ Au”"", the co?vespon@mg nvclear

magaetic-dipole moments were caﬁcmaﬁed by means of the Fexmi~Segrd
formula. A 5% error iz aseigned in these moments to include a pososible

kyperfine-structure anomaly correction. The results are:

L ' Fy
(Me/ses) ! {nm){udicors., )

4
Aul?d #3489.865(32) - £0.073(4)

- . .
Aut?® £6220(38) | S 20.446(7)
Auld6 [, ¥23,100(2200) for- = +08.55(3)

® . -24,700{2600) fox ~0.62(3)



p = e

ST A g e Tt

P e A

L

- . UCRL-14586

z._ INTRODUCTION

. s04 i 7
The nuclear sping of 39-h Au7", 3&:5-:1 Auwb, and 6.2-4 An 196 are

4
known to be 1=4, 3/2, and 2 reapactivew.b’f’ The hyperfine-ctructure (hfs)

. . : 2
separations of these isotopes in the S, electromic ground state have now

&
£

bzen measured by the atomic-beam magnetic-rosonance technigue employing

-

' . N 3 . ' '
the "fop-in' pz'mmpﬁe. From 'vthe measured hiz separations we have cal-

*

culated the nuclear magnetic momcatu of theoo isotopes, using the known

X 197 .
properties of Au 9 for comparizon.

IE; GLNERAL PRINCIPLES

For free atoms of gold in the 251 electronic ground cstate, the intorac-
tion of the zmcﬁeua with the valence 3 electron iz limited to i:hc magnctic-dipole
contact in‘aeractiom, This interaction splitc the J level into two hyperfine
‘levels'. whi ch are labeled by the corresponding total angular momentum
F=lz é, where 1 ie the zwclear spin. In the preaence of an external magnetic
field H; cach F level splits into 2F+%1 magnetic sublevels labeled with mag-
aetic quantum numbers e For J = 4, the energy of these (F, mF) ievels

ia eocribed analytically by the Breit- Rabl a@rmuﬁa, which méay be written,

m units of hAvy, an’

W(F,mox) ., g o '
1y T AT T g g, s 2 l+ 1 K'&/' )

where x = {-g; + g;) (%I-K/h&v)’and the positive yoot is taken. Here g gaj/&’
‘ .

and gy = yl/l are the electronic andi puclear g factors, By and p; AFe ex-

presced in Bohr magnetons, p.@ ie the ma ;;"ut :de of the Bohr magneton, and

hAv is the his separation energy at zero magnetic fieﬁd, The value of &y
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ﬁaﬁve&vac‘% in tals cxzzieuﬁmion iu mt known 2 p; rio How@vcz, cince Av io
mz'@;wmioma}. to gg, ie may be estimated, when iim nyp@ rfine structure and

nuclear memem of amomer ﬁaotose of the same element ore koown, by oapply-

ing the r‘::armi Scsfvr:& fe‘. mal&

i 2! f EA#MZ@’%Q» SRR .
TET T EED @

Thaa.ma.’ikmm of ’-&@gmm in &y @gg = ng/ 2000) mekes it conveniont 2o caleuinte
the va luc of Ay and &y by rolviag Eqa, éﬁ} and {2} simultancously.

mine

&
2
Fou
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P22
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£

Since the algebra1c QQGQG'f gy G&:\Lﬂb*cd@ or

two values of Av have boon cmkmﬂa"e@u o0 for a positive huemcm‘; and ong

£
S
F»
X
o
B
1
3
&
(%)
o

for o mgaﬁﬁve moment, ,' The fnnl value of Av io @b::&me

these twe cé‘f:uﬁmmm@ if they do not ditfer cignificant ».:,ﬂ

A &ypicé,ﬁ en@rgyaﬁ@vea diagram corresponding to Eq, (i) for I = 2, and

By >0 is 'shmv;z in Fig. 4. The E‘ac»n*{-izeqmemcﬁr transitions that mag’ bo oboerved

in the atomic-beam a:w ratus are GL oWR on €;2~@ c%..g‘ gram, Al} thone observable
. | LRoms

trampitions have F =L+ % and i vealve the lovel with i @~ ({W- &Y, At M.,aiaz:m

BEBLLY

may be induced by abscrpiion of k quanta of radiaticn, icuc,‘amg to @ state with

.

M 2 «f+i)+ k. A mu}l@.:?sp?;e qzm.mmm transition of order k (o k-guontuwm

transition) is cavaed by simultancous absozptien or emission of k quanta of

radiation. 6

LI, E’RQEUGTAO“\E Ow SAMPLES
_ Geld-494, ﬁ@*‘s, q,.mi 196 were produced ot the Berheloy Crockor
L&b@zaﬁoﬁy 8 60-in, cyclotzon ’srf &Z:xe roactions A, ko) Aw, for k= 4 amd 2.

A a@«mﬁﬁ natural platinum foil was bomborded with 24-MeV doutorons for 42
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to 24 k., A standard chemical procodure with othyl acefate was used to soparate

LN pure metallic geold sampio

tho radioactive gold from the platinum targes.
was obiained with about 60 mg of stable gold carzisr.

In the work with A‘&ﬁ?d, the target woas procopsed immeaodiatoly alter
cyslotrom irradiation. Because bigh relative opocific activity of the isotopo

126

under estigation in desired for optimum raesuits, the Axn mxgeﬁ wRe

stored for about 4 wook {uatil most of the 39-h activity of Auw mm? docayed).

195

A target for tho study of Aun was usually ostored for 2t least 2 menth belors

wuoe,

v, bXP»RhMuNTAL PROCEDURE

The &@@mAC‘D@uJYQ maﬂmfﬂ“c»;@s@m.me appar u,mﬁ_ and the general pro
cedure emgﬁbyec‘a x‘;'@r; these measurements have beon discussed efmc:whem.&”@
co they are described only briefly here,

The gold sample was contained inside & tantalum .émm lined wﬁﬁl{a &
carbon cup and having a carbon cap and éarmn snout. Eloctron bembardment
heatod the oven to provide tho bfmm of atems., The radicactive boam was
detected by collecting the radioactive atomes on sulfur-conted collector bultons,
Aftor exposure, each mﬁ&&a wao counted in xm~zay acmmmm counters con-
gaining 4 xmn-thiczf Nal{T1) cry@ma. All counting rates for ecach resomance
button were corrected for counter background, for fuctuation of beam imtonsity,

M

and for radicactive dceay when necessasy. The trancition magnetic field was

35

calibrated by obsorving the Ysiandard transition’ Qva in Fig, 1} in R¥ and

27 ) . ) R e

Rb”' beams which wore detected on s surfaco-ionination detectowr. Transition
radiofrequencicos wero oblained with equipment described previc us&y.@ Radio-

Ezequenﬁiea were goenerated and memsmrcu with em@w\gh 2oCuracy to proavce no

significont error in ahc fimal rwuzm.
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AN data of each izotope were analyzed by compuler programs o ebtain

the bant-£it value of Av sccording to the mothod of least-squares, The nuclear

magnotic eﬁ.a’oi@ mom <: cf eachk i.mo"o-m was calew mc::d fxem Eq. {4) by com-~
. $97 10 . .
parisoa with recant mcaawwnwms on Au” . In ozder to allow for &

pescible hic anomaly, & 5% erzor is awig,md to magnetic dipale moments

caleuldted from Eq. (4). The quoted moments are not corrected for diamagnetic
shiciding.

V. RESULTS FOR Au %_

4
max‘aﬁ &ezogaacca af the "m&nmma &smai@e&“ in Ahg@

have been
obﬂewe*“ as 'mavnﬁﬁ:ac flelds zm to 6?8 G. Caﬁcmﬂ.&mm from these rosonRan ees

gave & proliminary Va.hm of &v 3503 éa'&) M e/ see, in ag&ecmcm with the

PN

£
earlicr measuremont EAv 3600(120) dMe/oce] given by W. H. Hooke et al.’
- With this vaﬁm, & cearch for AF = 4 w rwi@wm was {e@,.aibl . The expor-

mental mmm of the Mr aeem&n espmc%rm ase shown s Fig. 2. Ea ﬁig;, 2.

>

the mag zzctic ~Gold~ ﬁm.s;gzeu,aem, (8 v/BH% 0) ezzmg @m q.e/a ﬁ/’Z}MQi/Z ~4/2),
was. mmﬂuﬂy o’maxmé ak two different rf g;@w@r levels,. Thin tent seoms to
indicate that the wnempls alme d @pﬁ‘amg of the resonance line i m% due to the
maognitude of the rf mw&a’; |

294 &euuﬁes ie shmm in Table I.  To allow for the

A summary of Aa
pos aﬁmﬁﬁzy of cymemmﬁc eg"@m ia S:he Y umms, we take the uncestainty
856 aec‘z @hc re end c:iueu‘&mas ia. thiez gsapc;r:}) for the vaﬁaa of Av itc:. b wic
that given by the ima%aaqmms analysis., The finnl rooults nye

_ﬁsv = 2 3489,865(32) Mc/ses and %(m‘:@zﬁr.ﬁ s .ﬁzé.ﬁ?.’iﬁé}» I,

Vi, anwms FOR Aut%S
Bacaw:@ @i the Baag half-3fe of peet @as,.» day@;g he activity produced

by a c}fcim.ma b@mnmm@m ig vezy low, The puscess of producing a gosd
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495

sample of Au uoually depends on how long a glven Pt target can be used

without being burned thro*;ggh by the 70-to 80-uA deuteron beam. The practical
195 |

gamples suggested that the rormal cxperimental

e . . : . 242,43
procedure might be altered slightly to conserve material, The nuclear sping™ °

of Au'??, 2u®%3, A7, 2na Awt??

difficulty inm producing Au

are the same a6 that of Aut?® 1= 3/2;

» s Aé
and the corrocponding hfs separations are, vespectively, Av = 5780, 5390 "

47 ’ 4 « fa
6099, and 44,000 Mc/sce. i3 it was suspected thereofore, that the Av of Auws

193 197

might be come value botweon the Av of Au and Au " . By acsuming that

Av = 6000 Mc/sce, a rosonance of the _s&aﬁdami trancition was first afttempted
and observed for Au’> 2t a magnetic ficld of 273 G, A later recomance, cb-
mefvéd at 528 G, is chown in Fig, 4. A semmary of all resonances is given
in Table I. The calculated values are Av = 26220(38) Mc/sec and

i {uncorr.) = 20,146{7) nm.

VII. RESULTS FOR Au'’® -

 Several resonances of I = 2 with AF = 0 were observed at magnetic

196

fields lower than 75 G for Au"’", All these resonance frequencies show no

appreciable shift from the Zeeman frequency for I = 2. This suggestc that

96

the Av of Aul might be large, The resonance observed at a magnetic field

of 84 G is shown igx Fig. 5. A calculation £rom»_the’ small frequency ghift,

vev R 0.47 Mc/sec, indicat_ed initially that Aw could be as Iérge ae 65,000
Mc/sec. However, in the present atomic-beam apparatus, the magnitudes

ef the refocusing A and B magnetic fields aboué 3500G; hence it iz not poscible
" to observe a standard transition for an ipotope with I = 2 and Av> 46, 0CC
Me/sec, Coﬁsequemky, the resonance ob@@rved‘ could not be due to the émndard

196

transition. In this situation, the Av of Au may be measurcdeither by in-

creasing the A and B magnetic fields or by locking for multiple-cuantum
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transitions.  Since we could not im"r@ma zmwc,a @miﬁy the A and B flelds,
the multiple-quantum fcmmm%ion mc?haé was chosen,  In order to obsezve

muitiple ~quantum transitions, a high rf transition ii@lé ic necegocary in the

V]
[
b
[
O
1;?
5
#$
o
LN
o
2]
e
L 4
3]
P
3
b d
i 4
wr
£3
&r
e

mpresses the rf on the b am. A tunable coupling

{2
]
by
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o0
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airpin and ﬁm o 5‘*&&*‘ of the 7£ amgiﬁﬁe; £0
improve currant trancfor.
Tnc gpectrum QEA mulﬁp’;e-quw%umvgranei‘&iens aarmiaaaing at the lovel

= - (Z -{»r) s labeled in Fig. 1. In Fig. 6. onec of the recomance cweeps is
shown, Thc obzze:vcd resgnwao@ are identifled as dus to 2-q¢a&.€mm and 3~
guantam %raﬁﬁitio ng by comparing them with the cmm:apan&*m transitions in
Aut which has the came spin 20d 2 simil é his. A summary of mauim ia
given in Table 1. Tke final aﬁcﬂamﬁi reculte are Av = +23, 4{22) kMc/sec

with j(uacorr.) = +0,58(3} nm, or Av = -24.7(26) kMs/scc with

Vill. COMBIENTS

. . = XX
The magnetic momont of Aaws iz nearly the same as those @f Au’’",

493 197

AnTT, ‘an‘:i Av and probamy arises from the :C}th ;prama in-a cﬁ,/z cheli,

The aimﬁa:ﬁw of the sping (I= 2) and of the mag mﬁm moments of Au 156

198

.and Au suggests that the ausn assignmem@ and cov.gsﬁings ia ah@:se igsotopns

arc also the samo. The mag#zceic momenﬁé_am consictont with a gmum&-smm
couﬁ&m aticn {7 & 3/2§ (v ﬁ/2> ac propoced by Cﬁrimteacéa ct al, 15

T Remeval of twe meutrons L’wm Auwé (Emé‘i\ howevor, ecauvses ths sround-
etate spin to cbmgclao I= {, with an accempanying change ia magmaic morment.
The simple chell model in not able to ;gi'm & rea@@m;bﬁe ezplanation for the
spﬂﬁ I=4 for these muclei. Although Hooke a&emmeﬁ to analyze the magnetie

moment of odd-odd gold nuclet by using o canecaivc model wit h a strongly -

[
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deformed core, the results have not been catisfactory for those nuclei with
56 . , .
I= 4.
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Sm'nmm:y of reneonances for gold- 194, 495, and 4%6. &

1

Calibration frequoncy

' Tx’ammom'

3485.400(400)

‘g;fgiye &g&ic[a ac) - %mﬁum numhm & “'o&s:a. %;Z:ﬁgj;l‘y
- Rb RY (Me/coe) {irc/sec)
aa® 404540300 45.067(30) 2&,354«9% 3 °§-@~§} ;% 204900400} +2
12.67530)  48.750(30)  26.594{65) 2 -te—2 -3 a2 2600150)  +54
22.562(30)  35.100(30) 46.625(65) '3 ~Le=3 -3  4aessie0)  -24
55.255(30)  78.610(30) 108.646(55) 3 -Le-3 .3 107.640(100) +20
57.080(30)  81.470(10) 132.,004(95) 3 -4 =3 2 1200002007  -s2
122.640{40) 164.950(50) 249.995(90) 2 .52 a%‘am 1200200)  -48
391.920(50) - = ~e- 33,96«4/«’&539 2 o.heel .2 657.450(300)  -445
e 54’:5.609(3@(}? 637.308(97) 3 -f 2 -2 823.600(400) 4602
aee-  545.350{50) 637.648(49) % -3—3 -3 323.@59@00) . +386
sse;.@gaqso) 548.327{50) 640, sazqso» § -5e=3 -3 s28.000300) -366
C4.385(40)  ~eew a%um 3 Fe% I sa9s2000100) -203
L445(40)  eees  3.008(28) F 3 o= i % 3495.500(100) -143
2.09010)  3.506(10)  4.44830) 2 22 L 3a0.1000100) -89
2.410040) _ 3.128(40) 4.485(30) 2 Fe—i % 498.300200)  +41
2.303{40)  3.425(30)  4.899(35) 3 3 =& 3 3499.400(400) 465
2.428(40)  3.467{10) | 4.532(30) % %«s—»% 3 3494.600(200) 4479
2.295(40) . 3.408(40) _-4.3531«4355} e g_ 3494.600(400)  +449
1.519(40)  2.229(40)  3.245(¢0) F %w% -3 3489.883(30) 43
4.520(10) . aeam . 3.217(40) 3 g e -3 3460.883(30) 48
1.524(10) 2.234010)  3.220(40) 3 Gt -% 3689.003(30) 49
z.zgﬁ(go;*"_ 3.387(10)  4.854(35) 3 5 =3 -5 3489.900{200) 12
2.285(10) . 3.398(40) - 4.867(38) 3 -4 =3 -% -239
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’ Calibration frequency Transition Yobo. Fméuemy
Gold (Mc/sac) H quantum numbers zvesidunl
isetope 5 65 RO ) Fa™y Fa™  vefoee) (kefsec)
Aut%% 159.108(50) 207.929(50) 272.886{60) 2 -4 = 2 -2 210.460(200) . +1%4
| 355.930(40) 444.960(20) 502,789(30) 2 -4 == 2. -2 449.250{300)  + 34
385,919(50) 436.463(30) 528.387(40) 2 -1 2 -2 446.350(400)  -157
At go.2ee(10) 122.062(20) 165.703(20) 3 -% o= 5 -3 18800002000 - 44
88.288(10) 122.062(40) 165.703(20) 3 4.o= 2 -3 284.010(300) . +87
88.277(10) 122.030(10) 165.673(20) & -3 == 3 -3 1B7.950200) - 59
88.277(10) 422.030(10) 1265.673(20) 5 %= 2 - 280.875300)  + 3
84.945(40) 147.728(20) 460.105(25) 3 o= 2 3 181.6000350) - 47
84.915(10)  117.728(20) 160.405(25) 3 5 == 2 -3 274.530(300)  +470
2., Reooults: | A (uncorf.b i
' Isotope I {Mce/oac) (nm) XZ
At 4 23489.865(32) 20.073(4) 25 (22 observations)
REE
Ry R Srp—
b. For Aui%,' ¥ obai. is multipiied by a factor k, the order of the multiple ~-quantum

tranzition,
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. FIGURE LEGENDS =~

An enérgv-ﬁevél éiagrém for am atom with J = 4/2 and I = &,

The flop-in, m&iﬁiplm@a&n&m ¢ramcitions chowa all involve the

(5/2, - 5/2) level.

Fig.

2.

3.
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This report was prepared as an account of Government
¢ sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report. '

As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-

mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee

of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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