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Nuclear Magneri¢c Moment, Hyperfine Struicitdlrg‘,
and Hyperfine-Structure Anomaly of Ag m

Stephen G, Schmellii. . Vernon J. Ehlers, and Howard A. Shugart

Department of Physics and Lawrence Rad...tion Laboratory,
‘University of California, Berkelcy, Culifornia

July 26, 1966

ABSTRACT

The atomic-beam magnetic-resonance technique was used to
- measure the free-atom ground-state hyperfine structure separation Av,

‘_ the nuclear magnetic moment By and the hyperfine-structure anomaly

109A110m' 110m

of 260-day Ag (I = 6). Ky was obtained independently of

Av by observing a A'F';: = 1 doyblet at its field-independent point. The

110m 110m

results are Av({Ag “Y(uncorr)

) = + 30313.756(4) MHz, p(Ag

109A110m -

‘= + 3,587(4)nm, and - 2.47(12)%. The results are shown to

fit in well with existing theories.
i -
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I.. INTRODUCTION

By measuring the difference in energy between various pairs of
hyperfine-structure levels, one can use the unpaired s clectron of the
silver isotopes as a probé to determine the nuclear spin I, the hyperfine-
structure interaction conétapt Av, the nuclear magnetic.mOment By
and the hyperﬁne-structu‘re (hfs) ahomaly A, The nuclear spin, magnetic
moment, and hyperfine-structure ariomaly all provide information about
the nuclear state of the atom being studied. The 251/2 electronic ground
state of the silver isotopes makes them particularly well suited for atomic-
beam magnetic-resonance (ABMR) studies, The spin of Ag“om has

already been measured in this Laboratory by the ABMR method. 1 This

paper reports a further study of this isotope, including a measurement

of Av and a diréct measurement of Bpe 2 The hfs anomaly with respect
to Agm9 can then be determined from the relation
1A2 _ |.L2 Avi (ZIZ + 1) Ii ) 1 : 1)
- — L] - ——— »
. My v, (ZI1 +1) I, :

where subscript or superscript 1 stands for Ag109 and 2 for Ag“om.

10

Because the protons in Ag1 ™ are in a different configuration from

09, the interpretation of the anomaly is somewhat different

‘than in the case of two adjacent isotopes with similar proton configurations. -

109 110m

For Ag and Ag the Bohr-Weisskopf theory3 of hfs anomalies

predicts a very large anomaly, which was found in fact to exist.
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1. APPARATUS AND PROCEDURE
The basAic e;c’perimenta.l technique used was the atomic~-beam flop-in
magnetic-resonance method of Zacharias. The beam was detected by col-
lecting the atoms on sulfur-coated buttons which were then counted in low-
background Geiger counters. For further detaii.% of the method, the reader

is referred to the several review articles on the subject.

The Ag“om was produced in the Materials Test Reactor at Arco,

Idaho, by an (n, y) reaction on natural silver metal, About 2 g of silver
foil was bombarded for 24 days at a flux of 5X1014/cm2-sec. Natural

silver has;,‘] two stable isdtopes, Agio7 and Agwg, in approximately equal

108 108m 110

abundancé. In the reactor Ag™ ", Ag Ag 10m

, and Ag1 were all

110 .

08 is 2.4 min, and that of Ag is

produced’; Since the half-life of Agi

24 sec, ,'é'hey had both decayed away by the time the sample was received.

8m

The ha.lff-life'of Agio .is greater than 5 years and possibly as long as

: !
100 yealfrs;s and it has a very low specific activity. This was verified by

looking at a y-ray spectrum of the sample taken with a Li-drifted Ge
crystafI and _comparing it with the spectrum of another sample bombarded

7 yea;i-s earlier. In the spectrum of the new sample none of the AgiOSm

pea.ksi stood out above the background, whercecas they were the dominant

1410m h

peaké for the spectrum of the old sample inwhich most of the Ag ad

decafyed away, As a further check that the radioactivity used for detecting

the f eam arose from Ag110m

, two resonance buttons that were counted
periodically, one for 8 months and one for 18 months, decayed with a
half-life of about 260 days.

The atomic beam was produced by electron-bombardment heating

of a tantalum oven containing about 80 mg of the “silver foil., The rest of
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the apparatus used is {rery similar to that used by Vanden Bout in his
measurements on gold'.{sotOpes, and is described in a recent paper.

The Hamiltonian of an atom with J = 1/2 in the C-field region of
an atomic-beam machine is

H=aTl. T—uOgIT- ﬁo'“og.}j" ﬁO‘ : ‘ (2)

where HO is a uniform static magnetic field, o is the Bohr magneton,
and g and gy are the nuclear and electronic g factors.
This Hamiltonian can be diagonalized, and the energy levels

W(F, MF) are given by the well-known Breit-Rabi formula, 7

A ' : ' 4M_x 1/2
= - hav hAav Mp 2
CWIERME = e st Mefho * 2 [ ” "(zrﬁr“‘] ’

(g8; - 84) .
where x = ——IT{ZS-V—‘-I-—- p.OHO. and the plus sign goes with the state

(3)
F =1+ 1/2 and the minus sign with F =1 - 1/2. It has also been assumed
that second-order corrections are negiigibly small, so that AQ = a(l + 1/2).
This assumption is justified in Part IIIL

In Eq. (2), a and gy are unknown pararh‘eters to be determined by
experiment, The procedure is to perform a series of measurements of
the energy difference between pairs of (F; MF) levels, and after each ex-
periment make a least-squares fit of the data to Eq. (2), varying a and ‘gl
to obtain the best fit. The values of a and g; giving the best fit are then
. * taken as the starting point for the next measurement, which should reduce
¢ the uncertainty in a and gy

First, the so-called "standard transition" (13/2, ~11/2) «—— (13/2,
~-13/2) was observed, starting at low magnetic field (5 G), and then at

increasingly higher ficlds. Each time, improved values of a and gi
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were determined and used to predict the transition frequency ét a
higher field. After this transition had been observed at fields up to
6000 G, a and gy were known well enough that one could look fér
AF = % 1 transitions, which would fix Av and g accurately enough
to determine a hfs anomaly.

There are two reasons for lookinlg at AF = % 1 transitions.
First one c;;n get a value of Av accurate to seven or eight significant
figgfes; and second, one can determine 91 independently of Av, as

explained below,

In this atomic-beam apparatus the resonance line-width is rela=

tively independent of the transition frequency. Provided field inhomo-
geneities are small or 6ne is at a field-independent point, one can (by
using mi.crowave cavities ;vith long transitién regiéns) make the line-'
width as small at high frequencies ( = 24 GHz) aé at low frequencies
( =1 MHz). This means that by looking at high~-frequency AF = % 1
transitions one can get a measurement of Av accurate to many mo;'e
" significant figures than one can by observing only low-frequency transi-
tionsv. It 'should also be mentioned that although it is desirable to mea-
.sure AQv directly‘ at almost zero field, where the dependence on g5
and g1 is small, it was not possible to ‘do so in this case because of
- a lack of fréquency-generati_ng equipment in the 30-GHz range. Instead
Av was determined principally by the best fit .o,f the three AF = =1
transitions listed in Table I. All three lines were measured at their
field-independent points.

| The second reason for looking at AF = i i transitions is that,
in addition to using the frequencies of the two lines of th¢ hyperfine -

doublet (13/2,-7/2) =~ (11/2, -9/2) and (13/2, -9/2) «— (11/2, -7/2)

N .
7

'S
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to find Av, the difference in frequency of the two lines equals
2p0H g;
—5

ables one to get a direct measurement of Hy independently of Av and

Observing such a doublet at its field-independent point en-

thus to determine the hfs anomaly.

To observe the two lines of this doublet the microwave cavity
hairpin shown in Fig. ia was used. This cavity was operated in the
TEO11 mode having the rf field configuration shown in Fig. 1b, As
can b.e seen from the drawing, this mode provides the necessary oscil-
lating magnetic field perpendicular to the static C field for observing
a AM_ = %1 transition. A typical resonance obtained by using this

F

cavity at a field-independent point is shown in Fig. 2.

III, RESULTS
A least-squares fit of all the data shown in Table I gave the

following results:

Av(agtto™ - 4 30313.756(4) MHz,
p.I(Agiiom) (uncorr) = + 3.587(4),
1095110m _ _ 3 47(12)%.

The errors in parentheses are twice the standard deviation given
by the least-squares fit., With 20 data points and two independent vari-
ables, XZ = 2.03. When the test of e;cternal consistency is used, the
quoted errors give a confidence level greater than 99%. When g5 was

allowed to vary as a third parameter the value of obtained,

gy

AgJ ==2.002349(5), was consistent with the previously measured value, 8

gy = - 2.0023474(22). The value of Wy agrees with the valuc of
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Easley et al, 9pl = + 3,55(4)nm. The hyperfine-structure anomaly was
computed by using

Av = - 1976.932075(17)MHz, &

and

109, _ . . 10
m(Ag™ ) = - 0.129924(4) .

2. .. .
The small x indicates that the errors assigned were very con-
servative, and that the Breit-Rabi formula gives a good description of

the hyperfine levels of Agiiom.

Since the program fits a, not Av, and.
since the Breit-Rabi formula is only a first-order perturbation-theory
calculation, an estimate was made of any second-ofder corrections to
Av which would cause a deviation from the interval rule. This estimate
was made assuming fhat the electronic wave functions were the solution‘é
of the Dirac equation for an elec‘tron with zero binding energy in a
Coulomb field, and that the quadrupole moment of Ag“om was 1 barn.
The shift in &v caused by the mixing of the 251/2 electronic ground
state with the nearest 2D3/2 excited stgte by a second-order quadrupole
interaction was about 34 Hz, less than the experimental uncertainty.
For these same wave fﬁnctions the second-order dipole interaction

matrix element between these states vanishes. Because of a parity

selection rule the second-order dipole and quadrupole interaction matrix

elements between the .251/2 and the ZPi/Z and 2P3/2 levels also vani:sh.

‘Thus, within the accuracy of this experiment, Av = a(l + 1/2),

\

&

v
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IV. DISCUSSION

The spin I = 6 of Agiiom is consistent with the shell model if

one assumes the configuration ﬂ(gg/,);i, V(ds/z)-i. Justification

for putting the protons in a configuration with seniority three comes

109m 107m

from noting that both Ag and Ag have I « 7/2, and that the

magnetic moment of Agmgm is consistent with having three g9/2
11 I=26 for Ag“om then follows from
the weak Nordheim rule as modified by Brennan and Bernstein. te An

proton holes coupled to I = 7/2,

estimate of the me}gnetic.moment using free-nucleon g factors gives
Feree = T 3.39 nm. By taking empirical g factors from neighboring
odd-a nuclei, Easly et al. 9 obtained S 3.54 nm, in good agree-~
ment with the experimental value of 3.59 nm. We have repeated this
ca.lc;.mlation and gé’c a similér answer,

The hyperfine-structure anomaly, defined in Eq. (1), arises
because the'hyperfine-structure interaction of an s electron is sensitive
to the detailed structure of the magnetic field inside the nucleus. The

magnetism arising from the intrinsic spin and that from the orbital

motion of the nucleons have different spatial dependencies. Thus, the

relative contributions of intrinsic spin and orbital motion to the magnetic

moment are different from their relative contributions to the hyperfine~

structure interaction inside the nucleus. This means that a is not strictly

proportional to g
One can estimate A4, using the theory of Bohr and Weisskopf3

(B-W). Using &v = a(l+ 1/2), ;= g; 1, and rewriting Eq. (1) as
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3y 8y 1.2 8y (1Hey)
= = (14 8% = =
a3, 8 g, (1+¢;)
redefines
1+ ¢ : :
1,2 1 |
A-i+ez-i. , (4)

‘Here ¢ is the fractional reduction in the hyperfine structure

.under that for a point nucleus. One can then use the B-W theory to

09

calculate € for an odd-A nucleus. This was done for Ag1 as ex- .

plained below. The B~-W theory can also be adapted to the case of an

odd-odd nucleus. In the spirit of the B-W theory, one can show tha,t13

GO'—O = ﬁp(p + 5n€n, | (5)
where and ¢ arethe ¢'s of the neighboring odd-A nuclei and By
and [3n are the fractional contributions to the magnetic moment from

protons and neutrons respectively.

~ Equation (5) was used to estimate e (Ag“om). The B's were

determined by assuming that the contribution to the magnetic moment

from the protons was the same as that for Ag109m

. 1 .
neutron g factor to {fit the Ag 10m magnetic moment; ep was taken to

and adjusting the

be the € estimated for Ag109m

110 109

and ¢ was estimated for a d neutron,
n 5/2

Both e(Ag ) and € (Ag ) were calculated by using the uniform
spherical nuclear charge distribution.of Eisinger and Jatc:ca.rino14 and
the trapezoidal nuclear charge distribution of Stroke et al. 15 to deter-
mine the electron wave functions. The nuclear p.a.rameters were taken
from the paper of Eisinger and Jaccurino, ’I‘able II lists the calculated

values of the ¢'s and &'s as well as the experimental value of 109A110m.
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Since the errors in the calculated A's are probably %1% or greater,
both values include the experimental result,
If the magnetism in two nuclei arises in much different relative

I . s . . 10
amounts from intrinsic spin and from orbital motion, as with Ag ?

HOm, the B-W theory predicts a large anomaly. This prediction

and Ag
of a large anomaly is borne out. For two nuclei with different shell-
model configurations, the B-W the’ory would predict an anomaly even
for the extreme case in which both nuclei had magnetic moments cgual
to the Schmidt value. This is in contrast to the case of two nuclei with
the same configuration for which the predicted anomaly would vanish if
both moments were equal to the Schmidt limit--or,’ in fact, just equal

09

to each other. That the nuclear magnetism of Ag1 is very different

Om is evident from the large difference in their mag-

from that of Ag“
netic moments, The large hfs anomaly confirms this difference, but
the present state of nuclear theory makes it difficult to extract much

additional information from this large hfs anomaly.
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Table 1,

Resonance data. x

= 2,03,

Calibrating isotope data

110m

Ag Data

Run No. Isotope Freq, H Transition Freq. Residual
(MHz) (gauss) (F, mF) > (F',mF') {MHz) {MHz)
344 65132 1.757(5)% 5.015(14) (13/2,-11/2) <> (13/2,-13/2) 1.085(10) 0.0055
341 Cs 17.762(5) 50.091(14) (13/2,-11/2) <~ (13/2,-13/2) 10.815(10) -0.0087
34C1 csi23 36.362(5) . 101,135(14) (13/2,-11/2) +—+(13/2 -13/2) 21,950(5) 0.0004
34C2 cs“3 36.360(5) 101.130(14) (13/2,-9/2) —(13/2,-13/2) 43,860(20) -0.0049
34D 5133 54,670(5) 150.035{13) (13/2,-11/2) « >(13/2 -13/2) 32.700(10) -0.0002
341 “3 93.692(5) 250.083(12) (13/2, -11/2) > (13/2,-13/2) 54.980(10) -0.0010
3451 cs“3 134,926(10)  350.101(24) (13/2,-11/2) <->(13/z -13/2) 77.647(10) 0.0014
3472 Cs 1,23 134,930(4) 350.111(9)  (13/2,-11/2) <> (13/2,-13/2) 77.650(5) 0.0022
341 G133 646,583 (4) 1264.793(6) (13/2,-11/2) <> (13/2,-13/2) 304.762(5) -0.0003
343 Co 133 3407.191(7)  3362.028(4)  (13/2,-11/2) < (13/2,-13/2) 1002.145(10) 0.0005
34K Cs 133 9629,936(17) 5999.865(6)  (13/2,-11/2) <> (13/2,-13/2) 2455,238(12) 0.0041
34L c,s’” 11514.957(30), 6717.940(11) (13/2,-7/2) <—>(11/z =1/2) 25666.650(60) -0.0014
34 M Cs133  23833,024(20)P 6717.998(8) (13/2,-7/2) < (11/2, -7/5) 25666.659(28) -0.0084
34p Cs!33 23189,056(20)C 5822.970(7) (13/2,-7/2) <> (11/2,-7/2) 25543.879(1+) -0.0103
48C1 Csi22  414522,751(150) 6720.880(56) (13/2,-7/2) <> (11/2,-9/2) 23820.514(10) -0.0013
48C2 C):‘«'j’3 11522,834(150) 6720.912(56) (13/2,-9/2) <~(11/2,-1/2) 23826,640(10) -0.0005
54 A Cs133 0 44523,079(60) 6724.004(23) (13/2,-7/2) <> (11/2,-9/2) 23820.516(5) 0.0007
54B Cs133 ;  11523.035(50)  6720.988(19) - (13/2,-7/2) <> (11/2,-9/2) 23820,515(3) 0.0001
54C Cs133 14523,130(50) 6721.024(19) (13/2,-9/2) <=(11/2,-7/2) 23826.641(4) 0.0008
54D Csi}3 11523,102(50) 6721.013(19) (13/2,-9/2) <= (11/2,-7/2) 23826.641(3) 0.0000
, . 133
Constants for Cs : Av = 9192,631770 MH=z.
gy = 3.98994 X 10 ~ Bohr magnetons
gy = - 2.0025417(24) Bohr magnetons
a. Unless otherwise specified the C5133 transition was (4, -3) <« (4, -4).
C5133 transition was (4, 2) <+ (3, 1),
133

Cs™ transition was (4, 3) <~

(3,1).

-’L‘F-

210L1-1Td0N
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Table II. Values of the hf{s anomalies. \
[/
Charge Distribution € (Agio9 € (Ag1 10m) 109A110m 7
. (79) (%) (%)
‘._/
Uniform -3.3 -0.5 -2.8
Trapezoidal -3.8 -0.6 -3.2
Experimental Result -2.47
’,
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FIGURE CAPTIONS

Fig. ta. Schematic drawing of microwave cavity hairpin, (b) x{ fields

Fig. 2.

in cavity
) ) _ . 110m
(13/2,-9/2) =< (11/2,-7/2) transition for Ag’ at

6721 gauss.
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Normalized counts per minute

-
8 ? .

5 - —

O ! 1 L | | 1 e ! |
23826616 628 640 652 .664

‘Frequency (MHz)

Fio. 2 ~ MUB-12094

o
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