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The nuclear magnetic moment and atomic hyperfine splitting
of the rare K~ isotope have been measured by the atomic beam
magnetic resonance technique. Detection of K40 atoms, from a
source of normal potassium, was achieved by employing a con-
ventional surface ionization detector as the ion source for a mass
spectrometer, and by utiliiing an electron multiplier to count the
K~ ions. Sy measuring the frequencies of appropriate lines in the
Zeeman pattern, the nuclear moment was determined to be
pI= —1.2964~0.0004 nuclear magnetons. The hyperfine splitting
in the ground state was redetermined, with higher precision than
that of previous measurements, to be 2 v = 1285.790~0.007
Mc/sec.

The ratio of the nuclear g factors of K" and K~ was measured
directly by observing, in the same homogeneous magnetic field,
II, the frequencies of two lines (a doublet} in the Zeeman spectrum
of each isotope. The doublet separation of these lines is, in each
case, proportional to 2gIp0H, so that the ratio of the doublet
splittings yielded directly

~
g(K~)/g(K")

~

= 1.24346&0.00024.
Prom these results and- from the previously measured Av(K39},

the hyperfine structure anomaly of these K isotopes is

{$2I(K~)+1jg(K~) av(K~)/[2 j(K )I+1jg(K@)hv( K~) }—1
= (0.466+0.019) percent.

The theory of the hyperfine structure anomaly, as developed
by A. Bohr and V. P. Weisskopf, has been applied to the interpre-
tation of this result. The predictions of a number of specific
models, previously suggested to account for the observed nuclear

g factors, have been compared with this experiment and with
previous results on the anomalies for the Rb and the abundant
K isotopes. The "asymmetric core" model of A. Bohr gives the
best over-all agreement, mainly on the basis of the K4' —K39

anomaly. In general, all models which are, in their essential
features, based on the independent-particle model with spin-orbit
coupling, give predictions in fair qualitative agreement with the
experiments. The contribution of K~ to the hfs anomaly seems,
however, to be (fortuitously) insensitive to the differences between
the models investigated.

where po is the Bohr magneton, pl is the nuclear
magnetic moment in nuclear magnetons (nm), $(0) is
the normalized electronic wave function at the nucleus,
and m/M is the ratio of electron mass to proton mass.
If the subscripts 1 and 2 denote two isotopes of the
same element, then since lt (0) will be identical for the
two isotopes, '

Avg (2It+1) gt

Av2 (2Ig+1) gg

(2)

where g= vr/I is the nuclear g-factor.
Kopferman' and Bitter' have pointed out that if the

finite size of the nucleus is taken into account, 0 v will

*This work has been supported in part by the Signal Corps,
Air Materiel Command, and ONR.

' E. Fermi and E. G. Segre, Z. Physik 82, 729 (1933).' Nuclear mass sects on the hfs are at least an order of magni-
tude smaller than any of the e6'ects here considered.

3 H. Kopferman, Eerernomente (Akademische Verlagsgesells-
chaft, M.B.H. , Leipzig, 1940), p. 17.

I. INTRODUCTION

HE interaction of the nuclear magnetic moment
with the moment due to the orbital electrons

causes the ground state of an atom with electronic
angular momentum Jk= —', 5 to be split into two hyper-
fine levels characterized by the total angular momentum
quantum numbers F=I&—',. Fermi and Segre, ' assum-

ing the nuclear moment to be a point dipole, calcu-
lated the energy separation between these two levels to be

Sm (2I+1) ns

~u o'—
I

lg (0) I',
3 I M

depend on the spatial distribution of the nuclear mag-
netic dipole, and the right side of Eq. (1) must be
multiplied by a correction factor 1+&, where e depends
on the magnetic dipole distribution over the nucleus.
If this effect is taken into account, Eq. (2) must be
replaced by

&vt (2It+1) gt—(1+a)
&v2 (2I2+1) g,

(3)

' A. Bohr and V. P. Weisskopf, Phys. Rev. 77, 94 {1950).
5 P. Bitter, Phys. Rev. 76, 150 (1949).

Ochs, Logan, and Kusch, Phys. Rev. 78, 184 (1950).
'I. R. Zacharias, Phys. Rev. 61, 270 (1942); Davis, Nagle,

and Zacharias, Phys. Rev. 76, 1068 (1949).' P. Kusch and H. Taub, Phys. Rev. 75, 1477 (1949).
9 T. L. Collins, Phys. Rev. 80, 103 (1950).

where 6—~&
—~2, is a measure of the hfs anomaly and

depends on the nuclear structures of isotopes 1 and 2.
Bohr and Weisskopf4 have shown how the measure-

ment of 6 leads to information about the structures of
the nuclei involved. Their theory accounts for the hfs
anomaly observed between Rb" and Rb" by Bitter'
and a similar anomaly for K" and K" reported by
Ochs, Logan, and Kusch. '

The addition of one neutron to the K" nucleus
profoundly a6ects the static properties of the nucleus;
the spin changes from 2 to 4 and the magnetic moment
changes from +0.39 nm to —1.24 nm. A comparison
of the Av and gi values for K" and K" might therefore
be expected to reveal a considerable anomaly of the

type discussed above. The Av of K4', Av of K", and p&

of K" have previously been measured. ' ' A direct
measurement of p,r(K4') had, however, never been

attempted, owing to the small natural abundance of



states mv= —S/2 and mv= —7/2 are readily computed
to be

1- (9 Sq (9 7q.,=- WI —,-- /-W] —,--
[2)

hv ( 10 q «( 14 ) -**

gzhvx
(S)

2 g 9 ) & 9 ) gz —gz

1- (7 Sq (7 7qv-=- Wl ———
I
—Wl ———

I

2) i2' 2)

Av ( 10 ) '* (' 14 & «gzAvx=—
~

1—*+* [ -~ 1—..+. [
— —.(6)

2 0 9 ) ( 9 .) gz gz—
Thus, the transitions belonging to Ii =I&2 are identical
except for the last (nuclear) term, which appears with
opposite signs in ~+ and v . The transitions given by
Eqs. (S) and (6) therefore constitute a doublet whose
separation ls

»=2gz»*/(gz gz) =—'g»~I-I/I . (7)

The K3'(I= ~) atom in a magnetic field exhibits a pair
of transitions similar to the above, given by

Flt . i. Energy levels of the K'0 atom as a f'unction of an
external magnetic 6eld.

K" (0.01 percent of ordinary K), which makes the
isotope unsuitable for nuclear induction methods. It
was therefore decided to measure the ratio g(K4')/
g(K") by the atomic beam technique. The experiment
also includes a direct measurement of ziz(K") and a
remeasurement of Av(K4O).

II. ENERGY LEVELS

The energy levels W(F, «ziv) of an atom with J= 2 in
an external magnetic 6eld IJ are given by the Breit-Rabi
formula"

Ap gran pt8 px
W(Ii =I&-,', aviv) = —— +

)z 2(2I+1) gI gz—
Av ( 4tsvxa—

)
1+ +x' (, (4)

2 & 2I+1

where x= [(gg gz)zzIII j/b'av, gJ i—s the Land~ g-factor
for the electronic con6guration, and gl is the nuclear
Lande g factor. "Figure 1 shows the energy levels of a
K" atom (I=-,', I=4) as a function of an external
magnetic Geld.

The frequencies corresponding to transitions between
'0 G. Breit and I. I. Rabi, Phys. Rev. 38, 20/2 (I93j.}.
"The nuclear Landd g'factor is defined as Ininus the ratio of

the nuclear moment in Bohr magnetons to the nuclear spin, i.e.,
gI ———g(~/3I}.

v+ ———LIV(2, 0)—W(2, —1)j'
h

hv glhvx=—H1+*')'—(1—~+~') «j+
2 ' gz —gz

I
v =—LW(1, 0)—W(1, —1)j

h
glove=—L(1+"»-«-.+"»j-

2

It is seen from Eq. (7) that if the field is kept constant
during the course of a run consisting of measurements
of s+ and v of both K" and K the ratio of the g's
can be determined from

~ (K-Vg (K-)=g.«-Vg. (K-)=g«-Vg(K-). (8)

Moreover, if the 6eld at which the transitions character-
ized by Eqs. (S) and (6) occur is known, the doublet
separation wiB yield the nuclear g-factor of K4' directly.
The field dependence of these transitions is shown in
Figs. 2 and 3."

III. THE OBSERVATION OP TRANSITIONS

The atomic beam apparatus as used in this experi-
ment is a high resolution radiofrequency spectrometer
suitable for the observation of the transitions discussed

"Note that the constant of proportionality between x and the
magnetic field H is difkrent for K3' and K".
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in the preceding section. A well-collimated beam of
neutra1. atoms is made to pass through three magnetic
6elds, the A, C, and 8 6elds, in that order, before being
measured by the detection, apparatus. The A and 8
fields have gradients in the same direction which are
sufFiciently large to produce measurable deQections of
atoms whose effective magnetic moments are of the
order of 0.1. Bohr magneton. The C field is a homo-
geneous field on which is superimposed an oscillating
perturbing 6eld capable of inducing transitions in the
atoms of the beam. If an atom is made to undergo a
transition of such a nature that in its new state it has
an efI'ective magnetic moment of opposite sign to that
which it had in its original state, its deRection in the 8
field will be opposite to that which it suGered in the A
6eld. Such atoms can be caused to strike the detector
and are said to be refocused; the transitions are rendered
observable by an increase of the beam intensity at the
detector ("flop-in" transitions) .

The K" transitions which are of interest in the
present experiment occur between the energy levels

(F, —5/2) and (F, —7/2). As can be seen from Fig. 1,
these energy levels have slopes and therefore e6ective
magnetic moments of the same sign at all fields except
between the "zero-moment" fields, for which @=5/9
and x= 7/9." Flop-in transitions can therefore be
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FIG. 3. The field dependence of the K~ doublet, the separation
of which, when compared to the K~ doublet separation, gives
g {K40)/g (K39)

observed if @=~3 for the A and 8 6elds. Alternatively,
the deflecting 6elds can be adjusted to have the value
x=7/9. I" atoms in the mi ———7/2 state will then
no't be deflected by the A or 8 fields. If such an atom
is made to undergo a transition to the state my = —5/2,
it will have a finite effective moment in the 8 field and
will be deflected away from the detector ("zero-
moment flop-out" transitions).
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FIG. 2. The 6eld dependence of the K~ doublet, the separation
of which was measured in order to determine g(K@). x is a pa-
rameter which is proportional to the external magnetic 6eld.

"It can be readily shown from the Breit-Rabi formula that the
effective moment, p ff ——aR (P, try)/BH for an atom in the
state (F, fig), vanishes in fields given by x= —2m p/(2I+1).

IV. THE APPARATUS

The apparatus'4 on which these experiments were
performed has the following characteristics: The
vacuum system consists of a brass casting ten feet
long and one foot in diameter. The main chamber,

which contains the magnets and detection apparatus,
is usually at a pressure of 3X'10 ~ mm Hg and is

separated from the poorer vacuum of the oven chamber

by a partition chamber. The schematic drawing of

I"ig. 4 indicates the physical arrangement and the

pumping system of the apparatus.
The oven for the production of the K beam is 2-,'

inches high and ~ inch in diameter. It is made of steel

and is provided with a slit which is 6 mils wide. A few

turns of tungsten wire heat the oven to about 450'C.

'4This apparatus, including the deflecting magnets, and the
mass spectrometer, was designed by Dr. Hin Lew while a member

of this laboratory.
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724A frequency meter was used to measure frequencies
below 2 Mc/sec. Since the tunable frequency was
always known to better than 1 kc/sec, this was also
the accuracy of the mixed signal. Figure 7 shows a
block diagram of the frequency source.

V. EXPERIMENTAL PROCEDURE AND RESULTS

a. The Ratio of the Moments

!
5Mc

CRYSTAL i

)5Mc

) ISMc

I
"' I™3"' I.
J 30Mc

x2 I 60Mc

60Mc

L) WWV

HALLICRAFTER
RECEIVER

0t
I
MIXER

jtp-f

WAVE METER
GR 620 OR 724

G.R 805C
JIG. GEhl.

It was shown in a previous section that the transi-
tions (9/2, —7/2)e-+(9/2, —5/2) and (7/2, —7/2)+-+

(7/2, —5/2) in K4' differ in frequency by 2gz(K") @&II/h.
Similarly the frequencies of the transitions (2, —1)~
(2, 0) and (1, —1)~(1,0) in K"differ by 2gr(K")lieH/h.
In order to measure these two doublet separations to
sufficiently high precisjon, the transitions had to be
observed at high fields (~9000 gauss) where it was
diKcult to prevent the C field from drifting during the
course of the measurement of the four transitions. The
following method of taking data was therefore adopted.
The two K."transitions were measured alternately and
repeatedly; the time of each observation was recorded.
Then the mass spectrometer was retuned, and the two
K39 transitions were similarly measured. This procedure
was repeated several times. The resonance frequencies
of the four transitions were then plotted as functions
of time and straight lines were drawn through the
points belonging to the same transition. All points
were less than one kc/sec from the best straight lines,
showing that the C field drifted very nearly linearly
during the course of a run. The resonance frequencies
of a11 four transitions for particular times, and therefore

TORF
W/RES

Fio. 7. Block diagram to illustrate the method employed to
obtain radiofrequency currents with stable, variable frequencies
in the ranges required for the present experiment.

belonging to the same field, were taken from these
curves and are listed in Table I. The average value of
Sv(K4')/8v(K") obtained from these data is 1.24350
&0.00024, where the quoted error is the average
deviation from the average of all measurements.

Diferent A and 8 Guilds are required to render the
K" and K' transitions observable. It was therefore
necessary to determine the e6ect of stray A and 8 Gelds
on the C field. This was done by studying a strongly
field dependent line L(2, —2)&-+(2, —1) in K"j as a
function of A and 8 fields. It was found that the eGect
on the C field of a change in the deAecting 6elds, from
the values required for K39 transition to those used for
K' transitions, is only 4 parts in 10' at 9000 gauss.

Applying this small correction factor, we obtain
g(K")/g(K") = —1.24346&0.00024.

b. The Measurement of Itr(K")

480

460

O

D 440

P- 420

380

SSQ
150.050 i50.055
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l50.060

The frequencies of the components of the K"doublet
corresponding to a particular magnetic Geld were meas-
ured by a method similar to the one mentioned before.
From the mean frequency of the doublet, x was calcu-
lated by use of the Breit-Rabi formula $Eqs. (5) and

(6)j. Knowing x, the doublet separation hv(K4s) yields
(K4D)

Values of pq at diferent values of H were obtained
in this manner. At each field, the C Geld was allowed
to drift for several hours, while the doublet frequencies
were repeatedly measured. Figure 8 shows a portion of
the data taken during one such run. The values for the
moment obtained in the course of each run were

averaged to give the values of p& quoted in Table II.
The weight assigned to each run was determined by
the magnitude of x as well as the number of individual

measurements made during the run.
The weighted average value for fir(K4') is —1.2964

&0.0004 nm, where the quoted error is the average
deviation of the 5 runs. From this, g(K")= —0.32410
&0.00010. The diamagnetic correction to be applied
to potassium is +0.13 percent. " Including this cor-

rection, fir(K ) becomes —1.2982 nm.

Fio. 6. Resonance curve of the transition (9/2, —7/2f-+9/2, —5/2)
in K'0. The half-width of the curve is seen to be 3 kc//'sec. "%V. K. Lamb, Phys. Rev. 60, 817 {j941).
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Tanrx L Data obtained during experiments for measuring g(K~)/g(K39}.

15
20
25
30
35

55

15
20
25
30
35
40
45
50
55
60

v+ Mc/sec

150.1530
0.1562

'

0.1614
0.1654
0.12
0.1730
0.1763
0.1792
0.1816

150.0837

150.0523
0.0546
0.056/
0.0591
0.0614
0.0639
0.0666
O.ON2
0.0719
0.0/46

K40

v Mc/sec

145.9298
0.9378
0.9450
0.9525
0.9600
0.9677
0.9752
0.9827
0.9900

145.6820
0.6875
0.6932
0;N91
0.7054
0.7118
0.7182
0.7242
0.7310,
0.7375

bv MejseC

4.2232
4.2184
4.2164
4.2129
4.2092
4.2053
4.2011
4.1965
4.1916

4.3703
4.3671
4.3635
4.3600
4.3560..
4.3521
4.3484
4.3450
4.3409
4.3371

b+ Mg/8~

117.6686
0.6673 '

0.6661
0.6648
0.6636
0.6624
0.6611
0.6599
0.6587

117.7092
0.7082
0.7072
0,7062
0.7052
0.7042
0.7031
0.7020
0.7007
O.N94

K»
Mc/sec

114.2702
0.2723
0.2745
0.2767
0.2790
0.2811
0.2833
0.2855
0.2877

114.2187

114.1950
0.1967
0.1985
0.2QQ2
0.2021
0.2041
0.2062
0.2083
0.2106
0,2129

bv Mc/8~

3.3984
3.3950
3.3916
3.3881
3.3846
3.3813
3.3778
3.3744
33710

3.5142
3.5115
3.5087
3.5060
3.5031
3.5001
3.4969
3.4937
3.4901
3.4865

v{+40)
iv{K»}

1.24270
1.24253
1.24319
1.24344
1.24363
1.24369
1.24374
1.24363
1.24342

I.24361
'..24366
~. .24362
'..24358
I.24347
'. .24342
'..24350
..24367
'.24377
1.24397

Average: 1.24350~0.QQQ24

c. The Measurement of kv(K4s)

While the measurement of g(K4s)/g(K») is limited
essentially only by the accuracy of the frequency
measurement, the value of err(K4'), which is obtained
by use of the Breit-Rabi formula, depends on gJ and hv.
gq is known to sufficient accuracy for our purposes (the
value used in the present calculations is 2(1.001145)),
but the best determination of Av(K4') to dater had an
error of 0.050 Mc/sec assigned to it. The resultant
uncertainty in pl is 0.00j. nm, an error greater than the
error introduced by the measurement of the two
transition frequencies. A redetermination of hr (K")
was therefore desirable.

The frequencies of both components of the doublet
(F=I&sr, —7/2)~(F=I&rs, —5/2) pass through a
maximum at g= 1.5.Sy observing both these transitions
in the neighborhood of this ield, the maximum of the
mean frequency v, can be measured. v, is about
193 Mc/sec. Since r =-'slav((1+x')& —(1—x+x')&j, the
value of x corresponding v, is fo'und by differentiation
to be @0=I.466037. Av can now be calculated from a
knowledge of v . The percentage error of hv is equal
to that of v, , which was measured to an accuracy of
about j. part in 200,000. Table III shows the results of
two runs of the type described above as well as the
results of previous measurements. It is seen that the
new value of hv(K4') overlaps the older results.

d. The Moment of K"
By combining our results for g(K4')/g(Ks') and

pr(K4s), a value of g(K") can be calculated We obtai.n
g(K")=0.39097&0.00015 nm. Collins' has applied the
nuclear induction technique to K", with a saturated
aqueous sohltlon of KN02 Rs R sRInple. Hls result ls
g(K")/g(H') =0.13999~0.00002. With Gardner and

10.6
13.8
18.5
19.1
19.3
19.2

—1.2971—1.2964—1.2970-1.2965—1.2957—1.2962

' J. H. Gardner and E. M. Purcell, Phys. Rev. 76) 1262 (1949).

Purcell's value for the proton moment 's g(K")
=0.394048&0.000070 nm. Our value is in agreement
with this result. Since Collins' measurement made no
allowance. for possible chemical efIects on the position
of the resonance, we conclude that the chemical correc-
tions are smaller than the experimental uncertainties.

e. The HFS Anomaly

From Eq. (3) the hfs anomaly is given by

hv(Kss) g(K") 9
5=e(K") e(K"—)= — — —1.

LLv(K4s) g(K") 4

With Kusch and Taub's' value for hv(K") of 461.723
+0.010 Mc/sec and the values for hv(K4s) and g(K")/
g(K") obtained in the present experiment, we obtain
6= (0.466&0.019) percent. This experimental value of
4 must now be compared with the 6's calculated on the
basis of difI'erent nuclear models for K" and K".

VI. COMPARISON 'VFITH THEORY

a. The Bohr-Weisskopf Theory'

The hyper6ne structure anomaly arises from the
6nite size of the nuclei and from the difference, in the

TABLE II. Results of six runs during ~vhieh pI(K") divas measured
at different magnetic fields.
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two isotopes involved, between the distributions of the
nucleon spins and currents which give rise to the nuclear
moments. The magnetic hyper6ne splitting, resulting
from the interaction of the nuclear magnetic moment
with the magnetic moment of an S-electron, ) is given
by the Fermi-Segre formula, Eq. (1). For a nucleus of
finite size, the factor yr I $(0) I' must be averaged over
the nuclear volume, and the resulting Av depends on
the nuclear size, on the nuclear charge, and on the form
of the distribution of the magnetic moment in the
nucleus.

In particular, a nuclear moment caused by the intrinsic
moments of one or more nucleons will cause a greater
anomaly than a moment caused by orbital motion,
since the moment arising from a 'current is strongly
concentrated at the center of the nucleus. By a direct
computation of the above average, assuming a spheri-
cally symmetrical distribution of moments and currents,
Bohr and %eisskopf obtained

e= —(a,+0 62rrz) .b(Z, Es)((R'/&o'))Ao (10)

where n, and 0.~ are, respectively, the fractions of the
total nuclear magnetic moment as a result of spin and
orbit

TAsrE III. Results of previous and the present
measurements of dls (K~).

Zacharias»
Davis et al.a

Present work Run No. 1
Run No. 2

Average

d,s(K»), Mc/sec
1285.7 +0.1
1285.73 ~0.05

1285.786+0.01
1285.794&0.01
1285.790&0.007

& See reference 7.

Another hyper6ne structure anomaly measurement
was made by Ochs, Logan, and Kusch, who compared
the isotopes K" and K" and obtained b,r(K) =e(K")
—e(K")= (0.226+0.010) percent. Assuming, again, the

g, of a free proton, these authors observed that satis-
factory agreement with the Bohr-Weisskopf (B—W)
theory could only be obtained by assuming gl, =1.The
present experiments give As(K) = e(K")—e(K").

Although the B—tA' theory makes no assumption as
to the state of the odd proton (or neutron) responsible
for the nuclear moment, the result —that go= 1 for the
odd-proton nuclei investigated —lends support to an
independent-particle model. However, the theory makes
the assumption that the nucleon responsible for the
moment is more or less uniformly (at least symmetri-
cally) distributed throughout the nucleus, which would
not be the case for a single-particle orbit. Furthermore,

b(Z, Eo) is a parameter (taken as 0.19 percent for all
the K isotopes) tabulated in the paper of Bohr and
Weisskopf. Since the value of

I $(0) I

' cannot, in general,
be computed with sufFicient accuracy to determine e

from measurements on a given isotope, a comparison
between experiment and theory can only be obtained
from measurements of the ratios of the Av's and g~'s for
two isotopes of the same element (for which the

I $(0) I'
are assumed the same), as shown by Eq. (3).

The 6rst set of measurements of the requisite accu-
racy resulted from the work of Bitter' on the Rb
isotopes, for which the measurement of the moment
ratio, when compared with the previous measurement
of the Av ratio by Millman and Kusch, " showed an
anomaly

b,(Rb) = e(Rbss) —e(Rb") = (0.33&0.05) percent.

Bohr and %eisskopf showed that the computed value
of 6 is in satisfactory agreement with the measurements,
provided that it is assumed that the nuclear moments
result from the odd proton, with g, =5.587 and gl, = 1;
the assumption of gz=Z/A, on the other hand, gives a
result in de6nite disagreement with the experiments.
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t Since, for electrons with L,)0 (p, d, etc.), the electron wave
function vanishes at the position of the nucleus, the finite nuclear
size and jor distribution of spin and moment in the nucleus has
negligible eGect on the hyperGne structure. However, due to
relativistic eGects, the wave function of an electron in a 'p~ state
has, for heavy nuclei, an appreciable ~sg component and can,
therefore, also give rise to an hfs anomaly.' S. Millman and P. Kusch, Phys. Rev. 58, 438 {1940).
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Fzo. 8. The graph shows the resonance frequencies of the
components of the K~ doublet as a function of 'time while the
C Geld was allowed to drift. The drift of the magnetic Geld is
seen to &f. nearly linear over a period of two hours.



TAsl.z IV. Basic data on the spins and moments of the
K and Rb isotopes.

Nuc1eus

K4'
K39
K40
Rb8'
Rb8'

Odd Odd
proton neutron
state state

fb/2
Pk

g(Schl1dt)

0.0826
0.0826

—0.4209
0.3448
2.5290

g(meas-.
ured)

0.14311
0.2607—0.32412
0.5406
1.8314

the application of the B—% theory to odd-odd nuclei
requires at least one further assumption concerning the
mechanism of coupling between the neutron and proton
spins and their orbital angular momenta in order to
obtain the relative contributions to g. The necessary
extensions of the theory, permitting its application to
specific models, have been given by A. Bohr.

e= D1—+0 381')u,+. 0 62al, jb(.Z, R0)((R'/Ro'))A, . (12)

In this expression, 0., and nl, are as previously dered,
b(Z, R,) is the same as in the 8-W theory; ((R'/Ro'))A~
must be computed for the specific model under con.-
sideration, as must the constant f'. In the case of the
independent-particle model with spin-orbit coupling, ~'

Bohr obtained"

1 = (2I—1)/4(I+1), for I= L+
= (2I+3)/4I, for I=L— (13)

For models such as those developed by Bohr,"in which
the single particle is coupled to an asymmetric, rotating
core, the expressions for 1 are more complicated.

In the following discussion, we compare the theo-
retical and experimental values of the hyperfine struc-
tur'e anomalies for a number of speci6c models; the
comparison is shown for the K3'—K4I and Rb~ —Rb"
anomalies as well as for the K39—K~ anomaly. The
data on which the computations are based are given in
Table IV. In addition, we use the values g„""=5.5870,
g

""=—3 82/0
Model Ia. %e assume a strict single-particle model,

with the odd nucleon in the state given in Table IV.
The intrinsic moment of the odd nucleon is, however,
assumed to be di6erent from its free moment; its value
is chosen to yield the observed nuclear moment with
gI.=1.Such a model has been proposed by Bloch,~ by
de Shalit, ~' and by Miyazawa. 2' The modi6cations of

20 A. Bohr, Phys. Rev. 81-, 134 (1951).
2' A. Bohr, Phys. Rev. 81, 331 (1951).~ M. G. Mayer, Phys. Rev. 78, 16, 22 (1950).~ F. Bloch, Phys. Rev. 83, 839 (1951).~ A. de Shalit, Helv. Phys. Acta 24, 296 (1951).
'6 H. Miyazavra, Prog. Theoret. Phys. 6, 263 (1951),

b. The Theory of A. Bohr""
Bohr has shown that a more accurate theory of the

hyperhne structure anomaly leads to the following
modification

the intrinsic moment could be a result of meson ex-
change currents in the nucleus.

K39 and K4I: for a dj proton, we take

I I g„"' 6
ga+ gz= +

I(I+1) I(I+1) 5 5

With g(measured) from Table Ip, we obtain g~AII(K")
=4.6965 and g,"I(KAI)=5.2845. Furthermore, for a d,'

proton, 1'=1 and. ((R'/R02))»„—0.66; —A= (1.38n,.
+0 62III) (0.19)(0.66) percent, with n, = —g„"'/5g,
ul, =i—e,. The results are shown in column 3 of
Table V.

K~: Coupling a dt proton and an f1~A neutron to give
I=4 yields

4 I I. I g.(dt) 4g-(fIIA)
g&+ g.= +—

I(I+1) I(I+1) 5 5

Assuming g„(d;)=g(K")=0.2607 and gl, ——0 for the
neutron, we compute g„"'from g (fIym) =g„"/7 and the
experimental g(K~); g„"'=—3.2923.

For the proton, the constants are as in K"; for the
neutron, f'= —', and ((R'/ROA))A~0. 85, whence
= (138II,„+0.62nr~) (0.19)(0.66) percent+ (1.124m, )
)&(0.19)(0.85) percent with a,,= —g„"I(KA')/25g, al, ~
=6/25g, II, =4g '"/35g. The result is shown in column
3 of Table V.

Rb": for an fAIA proton, g= —g„"I//+8/&, 0=A,
((R'/R, '))A„—0.80; b=0.58 percent for Rb.
—.= (1.304~,+0.62~,)(O.58)(0.80) perce~t.

Rb'I: for the pi proton, g= gI,"I/3+ A,

((R2/RAA))A, =0.49; b=0.58 percent, etc.

The results are given in column 3 of Table V.
Model ib. The model is the same as 1a, except that

we now ascribe the deviations from the Schmidt limits
of the magnetic moments to a change in gI., taking g„'"'
and g„""as the intrinsic nucleon moments, and using
the measured g to compute gl,"I. (In this model, the
neutron also has an effective orbital moment. ) From
the point of view of a meson theory, this model corre-
sponds to the assumption that the meson currents afkct
only the orbital angular momenta. The results are
shown in columns 5 and 6 of Table V.

Model 2. Feenberg and Davidson" have suggested
another model which is less extreme in its "independent-
particle" character. According to this model, the ground-
state nuclear wave function is an admixture of a single-
pRI'tlcle wave fullctloll (given s L Rlld I) Rlld R Illally-
particle wave function, for which the total angular
momentum I,and the spin s are the same, but for
which the orbital angular momentum diGers from that
of the single particle by one unit. Accordingly, the
nuclear moment is made up of two parts (weighted
according to the squares of the strengths of the re-

~' Private communication. %e thank Professor E. Feenberg for
illuminating discussions on this problem.
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ThaLE V. Comparison between theory and experiment of the hfs anomalies of the K and Rb isotopes. All results are given in percent.

Experiment Model 1a Model 1b Model 2 Model 3

K41

0.226+0.010

0.466+0.019

0.066

0.520 —0.280

0.181

—0.308

0.611
—0.266

0.541 —0.26
0.43

spective contributions to the wave function). The 6rst
is the Schmidt limit corresponding to a single nucleon;
the second is the opposite Margenau-Wigner 7 limit

(gl.
——Z/A) for the same I. The proportions of the two

types of contribution are chosen to 6t the observed
nuclear moment. %e illustrate by considering K" for
which we take g= ags, „(da)+(1—a)gM w(pt) with

gs,h(d;) =0.0826 and gM w(p() =2.1790. Thus, for
g=0.2607, we obtain a=0.9ls. The computation of the
hfs anomaly now proceeds in a straightforward fashion

—e = (1.38a,, s,h+0.62nI. , s.h) (0.19)(0.66) percent

+(n, M w+0.62nr„M w)(0.19)(0.60) percent,

where n, , s,h
———ug~""/5g, etc. In the above, b is (as

always) taken to be independent of the model; &=0
and {(R/Ro ))Ay—0.60 fol a uIllform, spher1cally sym-
metrical spin distribution.

In applying the Feenberg model to K", we have
assumed that g= (1/5)g„'+ (4/5)g„' with

g,'= g(K.")=o,gs.~(dt)+ (1—~,)gM w(pt);

g
'=

. 0 47033= + gsa {f7~2)+(1—o )gM —w(g7n).

The computation of (K4') then proceeds as outlined
above. The results of the application of the Feenberg
model to the 6ve nuclei under consideration are given
in columns 7 and. 8 of Table V.

Model 3. A. Bohr has developed a nuclear model in
which the odd nucleon is assumed to be coupled to a
symmetric, rotating nuclear core.~o Depending on the
nature of the coupling between the odd nucleon and
the core, diferent values of the nuclear moments can
be obtained. In general, the magnetic moments com-

puted by Bohr are in fair agreement with the observed
values.

The application of this model to the computation of
the hyper6ne structure anomaly has been discussed by
Bohr" for the K" 4' and Rb"" isotopes. The results
are reproduced in columns 9 and 10 of Table II. Bohr'8

suggests the foll.owing asymmetric model for K~: The
nucleus is deformed into an oblate shape (negative
quadrupole moment) under the influence of the f7~~

~7 H. Margenau and E. P. signer, Phys. Rev. SS, 103 (1940}.
~8 Private communication. %e are indebted to Dr. A. Bohr for

making these results available to us.

neutron. The missing dg proton will then prefer to go
into a state of m= ~~with respect to the nuclear axis,
leading to I=4. The resulting g factor turns out to be
—0.28, in comparatively good agreement with .the
observed value (see Table IV). (This is a case of extreme
coupling; partial decoupling of 1. and s for the' odd
nucleons might lead to even better agreement. ) For
this model, Bohr has computed e{K~)= —0.26 percent,
as given in column 9 of Table V.

c. Discussion

Comparison of the computed and measured hfs
anomalies in Table V indicates: (1) qualitative agree-
ment for all three models, (2) closest quantitative agree-
ment with the model of Bohr (model 3), and (3) poorest
agreement with model 1(b). This last is perhaps not
too surprising, since this method of computation
(ascribing the deviations of g from the Schmidt limits
to an anomalous gI.) leads to values of gz,

'" that are
critically dependent on the nuclear state; the same is
not true of model j.a, for which the computed values
of g,'" are fairly consistent.

Perhaps the most surprising result is the close
agreement between the predictions of models Ia and

2, even for the case of Rb, where the deviations of
the moments from the Schmidt limits are not incon-
siderable. It is interesting to note, in this respect, that
models 1a, 2, and 3 differ appreciably only in their
predictions for K" and K". Indeed, it. is only on the
basis of the hfs anomaly for these nuclei that it is
possible to make any choice between the three models.

The major conclusion, however, is that the available
date on the hfs anomalies gives strong support to
nuclear models which are, in their essential features,
based on the independent-particle model with spin-orbit
coupling. The problem of the nature of the coupling
between an odd proton and an odd neutron is, however,
not particularly elucidated by the K" measurement,
since the predicted e for the models employing j-j
coupling (1 and 2) and, for the model of Bohr (3) are
so closely alike. It is to be hoped that measurements on
other odd-odd nuclei will shed more light on this
question.

The authors gratefully acknowledge the guidance
and aid of Professor J. R. Zacharias.


