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"ABSTRACT

The hyperfine-structure separation in the 251/2, electronic ground state

" has been measured for two radioactive gold isotopes, 3-h Au191 and 17.5~-h A 193

Atom1c beam methods, after conﬁrmmg that both nuclear spins are I = 3/2 have

1914

prov1ded hfs separatmns of Av(Au. )= :i:5770(6) Mc/sec and Av(Au193§=:h5882(10)

197

' Mc/sec. Combined with recent work on Au"’’, these values give uncorrected nu-

clear magnetlc dxpole moments of pI(Au v ) :1:0 136(7)nm, and . p,I(Au 3)=i0 138(7) nm,

Both measurements are consxstent w1th the asmgnment of the unpazred proton in gold

.t'ova d3/2 shell-model leve.‘l




i

\Vgether with similar I;nowledge for Au1 .
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I. INTRODUCTION

When comparing experimental results with any nuclear model, it is =

~~~.-\us,:e___fu1 to have data on several nuclei, differing among thémselves-by changes

in neutron number. The effect of such changes in neutron number on the nu-
clear property being measured can then be isolated from the usually more
complex problems of general nuclear structure. In this paper we describe

an atomic-beam study of the elegtronnnucléar hyperfine interaction of two

odd- A isotopes of gold, Auigi and Au193. The results of this study, to- |

95 Au197,' and Au199,v présent a view
of the effect on the 79th proton of additional neutron pairs between N = 112

and N = 4120, IR o | L
| |

- TII.- THEORY OF THE EXPERIMENT . ‘ .
The electronic ground state of gold is 251/2. The energy of a gold
atom when it is placed in a magnetic field H is thus given by the well-known

Breit-Rabi equa.tion1 and is illustrated by Fig. 1 for a nuclear spin I = 3/2.

" The notation is standard where g = p.I/(pOI) and gy = “J/(“QJ) are respec- .

tively the nuclear and electronic g factors, o is the magnitude of the Bohr

magneton, and Av is the zero-field hyperfine-structure (hfs) separation

A'exp'ressed as a frequency. When the magnetic field is weak the states may
' be distinguished by the two qua_nturxi numbers F, where F(F + 1) is the m_a"g-:v_;_- :

nitude of the square of the vector sum of I and J, and m e, the projection - '

of the vector F along the field direction. -

A weak oscillating magnetic field can be used to mix the states,

causing transitions with dipole-s election rules Amp =0 or Amp=#1, de-"

pending on the relative orientation of the fixed and the oscillating fields. ‘An
. . . \\' . ) .. . . » .
additional selection rule is impc\>se_d by the focusing condition of the magnetic~
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resonance apparatus, 2 which is able to detect only those tfépsitions for

which AmJ = = 1, Thus, in principle, the nine transitions shown in Fig. 1
can be observed by simple atomic-beam techniques. However, most of the
resonance frequencies are approximately the magnitude of Av, which usually.
is not known well enough to make’a search practical. The AF = 0 transi-

' tivon marked vs, the so-called '"standard transition, " can be observed Aeven

if Av is unknown. Expanded in powe'rsfof H, the frequency of the standard

transition is given by

B P M 2 3
_ 0 H 21 |, 0 H H :
ve=(-85-2Ig) /— 11 t AV [('gJ t8) % I ] +0 (A"V"z.‘)‘ iz(‘i)

" At low fields, the reson:;mce frequency depends on nuclear spin, but not on
"Av. At successively higher fields, the frequency v, is affected by terfns
of higher order in H? terms that. include Av, Méasui‘ements of v, at
higher fields can ‘thus' be used to determine the hfs Av, The general form
of Eq. .‘(1) .can be :inverted quite si'm‘ply to expressv Av as a function v
| o %
Ay - (Vs+gI-h_H)(vs+gJ'B—'H) B | 2)

n
0 H
(-85 - 2lep) 5 2151 Vs

- Except for g the quantities on the right are known or measurable, The
value of 81 | may be estimated from the Fermi-Segré'formula.,

g1

B3

where the primed and unprimed quantities refer to different isotopes of the
- same élement. The simultaneous solution of Eq. (2) and Eq. (3) yields
consistent values of Av- and gy However, the sign of g1 is not determined

bvaq. (3). ‘Thus, two calculations of Av maust nbrma.lly be made, corre-

Av 21 4 i
AT ; (21 ++11) ’ ' . L (3)
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. sponding to the assumption of a positive or negative nuclear f'n_fxoment. The

magnetic-dipole moment of the nucleus (in nuclear magnetons) is relate& to
the calculated g1 by
wylhm) = (M_/m ) g 1, ~ D [O8

‘where Mp and m, are the proton and electron masses:

III. EXPERIMENT
The atomic-beam magnetic-resonance apparatus used for these meas-. .
urements is of the flop-in design. 4 It has been described before. > The

radioactive gold was contained in a tantalum oven heated by electron bom-
N

Ly
iy

A bardment. The oven was aligned before each run With a small amount of
an alkali compound that qould be detected on the surface-ionization detector. .
Detection of the radioactive beam was accomplished ;by collecting samples on
sulfur-coated 'surfaces,_ which were then analyzed with thin-crysfal écintil;'
lation counters. The counters in‘cluded a single-channel pulse-height ana- ' -
lyzer to select only the platinum x rays following K ca.pfure by the gold

isotopes.,

S
——

N

" The details of isotope production, separation, and identification have

191 193

been described previously. 6 Both Au and Au were produced by alpha

bombardment of natural iridium foil, from which the gold was then evaporated

191 and Au193

by heating. Resonances of Au were identified by their respec-
tive 3-hour and 17-hour half lives. At lower fields, whevre the t§vo resonances

overlapped, a resolution was accomplished by an analysis of each resonance

' ~ exposure into a 3-h and a 17-h component as described in reference 6.

Since the intensity of the gold atomic beam does not remain constant,
a normalization has been required. The procedure used6 is based on fre-

'quexﬁ: measurements of the fast fraction of the gold beam; this fraction is
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only slightly affected by the deflecting fields.
The field in which the transitions took place was measured by obser-

vations of the frequency of a standard transition in rubidium, In some cases,

85 and Rb87, but more frequently only

a calibration was made with both Rb

RbB7 was used.
Because of apparatus limitations, no direct AF = = 1 transitions

~ could be observed. The 'required frequencies (= 6 kMc/sec) could not be
introduced successfully into the transition region if we used existing facilities.

Therefore, the most precise values of hfs Ay were obtained from measure-
ments of the standard transition Ve at the highest possible transition field, X '
about 640 gauss. Typical high-field resonances are shown in.Fig, 2. Here;

the resonances for the two gold isotopes are just resolved.

N\,

At these high fields, t}}e\ca_libration'frequencies were observed to

drift somewhat during l'ong experii’hents. - The frequency of each resonance

exposure was corrected for this (as_sunﬁed linear) drift if any two consecutive:
calibrations were statistically different. Also, the time interval between

~calibrations was shortened so that corrections were necessary for only a

few of the resonance frequencies.

The sources of rf power used to induce transitions among the
Since

Zeeman levels of the atomic system have been des'cribed previously.
0 resonances were quite large (= 500 kc/sec),

the widths of the high-field Av
the precision and_sfability of the fr'equency—generating and frequency-meas-

uring equipment do not contribute to the uncertainty of the final result.



g

- as those of the comparison isotope Au
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IV. RESULTS

The results of these measurements are summarized in Table I{(a) for

191 93

Au and Table I(b) for Au1 . The number in pa.renthevses after each iralue |

represents the estimated statistical uncertainty in the least significant digit
of that value. The similarity of Av results for positive- and negative-mo- -
ment assumptions shows that the sign of iy cannot be determined from these

191 193

data. The nuclear spins of Au and Au have been determined6 as

I1=3/2. Therefore, from Eq. (3) the nuclear-magnetic-dipole moments will

. be in the same ratio as the measured hfs Av's,

The constants of the calibration isotopes RbS> and Rb87,, ,as--'wel].'"ijwm

197  are listed in Table II. These

- constants were used by the IBM 7090 programs HYPERFINE 4 and OMNI

to calculate the hfs Av and magnetic-dipole moment for each of the radio--
active-gold isotopes from each set of experimental data.

The consistency of the resonance data, as demonstrated by the value

of x 2 (Table I),(is sufficient to justify the usual = 70% confidence in the

computed uncertainties of the final averages. However, the least-squares
procedure includes only statistical errors. To allow for the possibility of 3

systematic errors in the measurements, we choose to double the purely .-

statistical errors. The best estimates for the two hyperfine-structure éep-».

arations are, theréfore,

91

Av(Au1 ) = £ 5770(6) Mc/sec,

and
Av(Au193

) = £ 5882(410)Mc/sec.
. The magnetic moments can be estimated from Eq, _(3),1 with the use

of the constants for Auig? given in Table II:

SR O S . SO
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191 +0.136(7) nm

MI(Au )uncorr

93

+ 0.138(7) nm.

HI(At_l1 )

uncori
These values are ﬂnot corrected for the diamagnetic shielding by the inner
electrons around the nucleus, nor has the hfs anomaly been included. The
‘};yperﬁne-structure anomaly (hfsa) is a measure of the inaccuracy of Eq. (3).
Anomalies of more than é few tenths of a percent have not yet been observed.
‘Althou.gh no direct measurements have been made for the gold isotopes, a
theoretical estimate of the hfsa can be made from the formalism of Eisinger
~a.nd,Jaccarix.10. 17 If the odd~A gold isotopes are presumed to be describablei |
by the extreme single—pérticle shell model, then the anomaly between Au191 Y
and Apig? is found to be. :\i%. An uncertaint‘y of 5% has been adopted for
B the magnetic moments calcula?t\e.t\ik‘ from Eq. (3). |
| Thle diania.gnetic-shielding\cforrection18 of 0.95% 'should bé added be-
fore any -detailed comparison with -a 'nx:;éle_ar modeliis made, vA.f_t:er this cor-’

: _ y
rection is made we have

(1

1
91)

| 2 x0.137(7) nm .
corr , _

o '}.LI(Au

and

L gant®)

corr %0.139(’{) nm.,, -

S



| firmation of the assignment of the 79th proton to the 2d3/2 ,shell'-;model level. 'i

e,

"for Au , Au , Au

— - e .

V. DISCUSSION

191 and Au193 gi{re further con-

The measured nuclear spins of Au
A comparison of the magnetic moments of all odd-A gold isotopes is made in
Fig. 3. (Strictly speaking, the comparison is of measured hyperﬁne-strué-'
ture intervals rather than of nuclear moments, but except for the hyperfine~
structure anomaly the two comparisons are equivalent. The error bars in-

dicate the allowance for a possible 5% hfsa correction.) The magnetic mo=

ment predicted' by the sing_le-pa.rticle shell-model for a d3/2 proton is also - =

shown for comparison.
b

For N < 148, the magnetic moments agree quite well with the,single“,‘*

particle value. The = 10% deviation from Hgp = t 0.124 probably indicates

the inadequacy of the model, while the apparent slow increase of By with

N may be due to hfsa corrections to the Fermi-Segré formula[(Eq. 3)}

From studies of the isot_ojée shift in odd-A isomers of mercury, 19,20

“Tomlinson and Stroke have concluded that from N = 112 to N = 118, neutron .

- pairs are added into the 113/2 level. The present results are consistent

with their conclusion since similar nuclear configurations would be expected

191 193 1?5, and Au197,

The radical change in p; caused by addition of the 119th and 120th

neutrons indicates that the i,5 /2 shell has been filled at N = 118. The

‘additiona.l pair of ngutrons must then go into’a. new 1eve1--f5/2, p3/2, or

pi/'z—-where they'maf be more easily induced to contribute an effect on the

99

magnetic moment. A measurement of the isotope shift of 44-min Hg1_

I = .13/2) would contribute greatly to the understanding of neutron levelvs in

this regioh.

-7- : UCRL-11129
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Table I. Gold Resonances

(a) Resonances in Au191

Calibration Au191 Av (Mc/sec)
Resonance Isotopea' Frequency Magnetic Au191 By > 0 pp <0
No. {(Mc/sec) fieldP frequency
(G) (Mc/sec)
2281 207.90(5) 272.96(6) 211.82(10) 5711(30) 5718(30)
2311 549.29(3)  644.47(3)  571.44(20) 5758(9)  5764(9)
2421 549,94(5) 642.11(5) 571.96(10) 5766(5) 5768(5)
2422 550,00(5) 642,16(5) 574.88(15) 5772(7) 5774(7)
85
5661 {Rb87 464.66(4)| 598 02(4)  523.60(20)  5784(10) 5786(10)
Rb 505.05(3)
5991 530.35(10) 623.00(10) 550.80(30) 5774(44) 5776(14)
5992 530.29(10) 622,94(10) 550.70(20) 5776(10) 5778(10)
5993 530.24(10) 622.89(10) 550.65(20) 5776(10) 5778(10)
Weighted averages: 5769(3) 5771(3)
X 2 of the fit (7 degrees of freedom): 9.2 8.7
(b) Resonances in Au193
Calibration anl? a0 (Mc/sec)
Resonance Isotopea Frequency Magnetic Au193 P >0 Py <0
No. (Mc/sec) fieldP frequency
(G) (Mc/sec)
0693 34,31(1) 48.31(1) 34,37(15) 6895(1600) 6976(1600)
0694 59.85(2) 83.37(3) 60.07(10) 6388(370) 6424(370)
0822 104.90(8) 143,41(10) 105,70(20) 6054(240) 6071(240)
0842 169.98(2)  226.42(3)  172.10(20)  5947(84)  5957(84)
1511 204.84(2)  269.16(2)  208.10(40)  5856(110) 5863(110)
1512 204.77(2)  269.12(2)  207.93(20)  5892(57)  5988(57)
1601 437.33(10) 529,27(10) 450.00(50) 5890(30) 5893(30)
1911 433.90(3) 525.71(3) 446,44(20) 5887(14) 5890(14)
85
1961 {Rb87 511.4405) b 636.27(5)  562.95(20)  5878(9)  5881(9)
Rb 543,84(5)
2241 200.46(3) 263,89(4) 203.59(20) 5865(60) 5873(60)
2281 207.90(5) 272.90(6) 211.43(10) 5815(30) 5821(31)
2344 549,98(3) 642.14(3) 569.50(50) 5873(22) 5875(22)
2831 449,36(3) 541,69(3) 462.60(40) 5894(26) 5898(26)
2832 449,38(2) 541,71(2) 462.60(20) 5896(13) 5899(413)
85
5661 {Rb87 464'58(4)} 597.96(3)  524.75(20)  5873(10)  5876(10)
Rb 504.99(3)
Weighted averages: 5880(5) 5883(5)
X 2 of the fit (14 degrees of freedom): 11.0 11.0

2The calibration isotope was Rb87 unless otherwise noted.

bCalculated from the calibration resonance.
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- Table II. Con_stan’cs used in calculations. ' | -
o - Value ‘ ) - » o ' Reference
p.o/h = 1,399677 Mc/sec-G | R . 8
.Mp/me= 1836.12 | o | o 8
g;(Rb) =-2.0023457(5) - e | 9
g5(Au) =-2.0033253(11) | S o 9
Re®: 1-s5/2 o - 40
| Av=3035.7324 Mc/sec o - 11
| ne +1.3482 nm® o | o 11 !
e 1232 ERR T - 10 "
Av=v68.34.6826w17v>lcﬂ/-fsec , , _ . o 11
- pE+2.7414 am® o | . o 41, 12
Al 12372 - B o 13
. A.v=60v99.43201>84(10) Mc/sec ST | 9, 14
_HI'=+0.143'486(9)nn{a S ¢ 9,15
o a”These‘rn'ome_nts are uncorvrec_‘céd‘ fdr diamagnetic shielding.
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MU-32916

Fig. 1. Energy level diagram for a free atom with
I=3/2and J=1/2, One AF =0 and eight
AF = £ 1 focusable transitions are shown.
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2001 T T T |
Gold resonances
AU|93 _ \
H=598.0 gauss
| 501 B
Av=5784 (l0)
Mc/sec
oleol= l Au'gl _
50} -
O ] 1 ] ] ]
520 521 522 523 524

Resonance frequency (Mc/sec)

Fig. 2. Analysis of observed counting rates into
3 - h Aul91 and 17.5 - h Aul93 components.
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Fig. 3. The magnetic moment variation for odd A
gold isotopes with changes in neutron number,
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