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THE Rb85 - Rb86 HYPERFINE - STRUCTURE ANOMALY

Norman Braslau, Gilbert O. Brink, and.Jhan M. Khan
Lawrence Radiation Labdratory

University of California
Berkeley, California

August, 1960

ABSTRACT

The atomic beam magnetic-resonance method with separated os-
'cillatory fields has been used to measure the hyperfine structure separation
and magnetic dipole moment of the isotopes Rb85 and 18.6d Rb86 in the
Sll/zl electronic ground state, Observation of the separation of a
AF - :!:‘ 1 doublet in the intermediate field region gives the value of the
moment; the minimum value of the mean doublet frequency gives the value
of Av, Observation of another AF = # 1 doublet in low field also yields a
value for Av,

Results obtafned for _Rb85 are in good agreement with previously
published values and indicate that transition frequencies calculated from the
Briet-Rabi equation agree with experiment to at least one part per million.

For Rb86 the following values are obtained for the 251/2 ground
state: “

Av = 3946.883(2) Mc
.8y =-4.590(4) X 1074
My = - 1.6856(14) nm (without diamagnetic correction).
The hyperfine-structure anomaly arises in partfromdthe difference of the
volume distribution of nuclear magnetism in the two nuclei, and is defined
as the deviation from equality of the ratio .of the hyperfine-splitting factors

of two isotopes to the ratio of their nuclear g factors. For these two iso-

topes its value is found to be
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85 86
A =0.17(9) %
The Bohr-Weisskopf theory of the hfs anomaly is ainplied to these
isotopes with calculations based on a single particle model with varying dis-

tributions of spin and orbital contributions to the magnetic moment.
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THE Rb™~ - Rb" "~ HYPERFINE - STRUCTURE ANOMALY*
Norman Braslau,i Gilbert O. Brink, and Jhan M Kha.n§
Lawrence Radiat"mn Laboratory
University of California
Berkeley, California
. August 1960
i. INTRODUCTION
In addition to intrinsic nuclear properties such as spin and multipole
-moments, measurement of the volume distribution of the magnetic dipole
moment has éontributed to the development of the theory of nuclear structure.
Bitter pointed out that information could be obtained about the distribution of
magnetism by the étudy of hyperfine structure of atoms in which the.ex-
pectation value of the electronic wave fgnction is nonzero at the position of
the nucleus, 1 Fdr heavy nuclei, Bohr and Weisskopf have developed a
quantitative theory to ex&olain the effects of volume distribution on hyperfine
structure. 2 This theory has been extended by Bohr, 3.4 Eisinger and
Jaccarino, > and Stroke.
Fermi derived the expression for the hfs splitting factor of a
hydrogen-like atom with a point dipole nucleus of spin I and magnetic

moment (»1,1‘1: gIMOI) to be

*
This work was supported in part by the U.S. Atomic Energy Commission

and in part by the National Science Foundation.

i TFrom a thesis submitted by N. Braslau in partial fulfillment of the

Y

requirements for the degree of Doctor of Philosophy at the University of
California,

Present address: Ecolej’Normale Superieure, Rue Lhomond, Paris

5, France.

§Present address: Cavendish Laboratory, Free School Lane, Cambridge,Eng.
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8 2 2 )
a= S gy ke | ¥ (0] Q)
where
_ 2hAv : (2‘
) ~ )

and Ko is the Bohr magneton, g5 is the electronic g factor, Y(0) is the
electronic wave function at the position of the nucleus, and Av is the
hyperfine structure separation. ! If the magnetism is assumed to be distri-
butedover.the finite yolume of the nucleus, the hfs interaction would be ex-
pécted to be reduced by a small amount ¢ from that calculated for a point
dipole. Since the atomic wave functions for 'heavy‘ nuclei are not well known,
one can compare ratios of the hfs interaction in two isotopes and eliminate
the uncertainty in the contribution of the wave functions. For a point dipole,

from Egs. (1) and (2),

Av, &1 (21,+1)
S— L (3)
v, g (21, +1)
PD 2

whereas for a nucleus of finite size, where Av is taken to be the experi-

-mental value,

Av Av (1 + ¢.)
1 1 1 (4)
Av - Av il + € ;
2 2 2
: PD
so that
av, 811 21, + 1 12
- (1+4 ) (5)
sz g ZIZ + 1
2
where, neglecting terms of order ez , the hfs anomaly is :
1 2

AEel—ez. | (6)
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With a few exceptions, anomalies have been measured on pairs of
stable isotopes, where the Av's are usually measured by atomic beam
methods and the moment ratio by -NMR techniques. It would be most inter-

esting to measure the anomalies in a series of adjacent isotopes where the

-effect of adding one neutron after another can be investigated. Eisinger,

39 . K40 anomaly,

Bederson, and. Feld, in their measurement of the K
showed that the moment could be measured directly by atomic beam techniques.
The detection of trace amounts of isotopes in .a beam by mass spectrometer
was employed by Stroke et al. 9 in measuring the anomalies in the long lived
134 s'135,.and Cs'l37.
Because of experience at Berkeley in detecting radioactive beams by
counting the activity deposited on a collecting surface at the focus of the

apparatus, 10 a beam machine has been constructed tGimeasure the Av and

g1 of the shorter-lived radioactive alkalis withcsufficient precision, to.obtain..

.a measure of possible hfs anomalies. We have developed a technique for

measuring the nuclear moment without sacrificing so much intensity as to
make detéction by deposition impractical, as would be the case if one
attempted the technique of Eisinger, where AF = 0 transitions are focused
by operating the deﬂecting‘mag.nets in the intermediate field region. Al-
though some precision is sacrificed, a usable value of the anomaly can be
obtained. After checkingr the technique by measurement of these constants
on stable Rb85 and comparing them with results previously published by |

86

other workers, we have measured the Av and gI of 18.6d Rb™ ", célculated

the Rb85 - Rb86 hfs anomaly, and made a comparison with values predicted

by using various nuclear models and the Bohr-Weisskopf theory.
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II. THEORY OF THE EXPERIMENT
The Hamiltonian of an atom with a J = 1/2 electronic ground state
in an external magnetic field HO is given by ¢

df =hal: J-grugd - Hy-gpgl- Hy D

where ‘I is the nuclear spin and a is the hfs splitting factor. When HO
is zero, the two.» F levels (E =~{ +£) are separated by Av. As HO is
increased, the (2F + 1) fold degeneracy of these levels is split and the
eigenvalues of the Hamiltonian in the (F, mF) representation are given by

‘the Briet-Rabi equation 11

4m 1/2
_ hAv hAv CF 2
W(F,mg) = - o171 - 8% Hymp * = [1 toasT <t X}

(8)
where the dimensionless parameter x has the form
x = (g1~ g5) i}f);vo_ (9)
with the conmection that g1 for alkalis has a negative sign. The positive
sign before the square root in Eq. (8) refers to the state F =1+ 1/2 and
the negative sign to the state F =1 - 1/2. The Briet-Rabi energy level
diagram for 1 = 2 and a negative g1 is shown in Fig. 1.
A collimated beam of neutral atoms is directed through a series
of three magnets; the first (A magnet) has a fieid gradient transverse to the

beam; the third (B magnet) is identical to the first and has its gradient in

‘the same direction. The second (C magnet) .i$ a homogeneous field containing a

"hairpin' capable of introducing an oscillating rf field in the beam region.

While in the inhomogeneous field the atom experiences .a transverse force

F=-|.JLe VH,

ff

where
_OW
Meff™ o0
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is the effective magnetic moment. In the "flop-in' method used in this
ekperiment, an atom must undergo a transition in the C field which changes

the sign of Moff in order to be refocused at the detector.located on the beam

t

axis since the deflection in the third magnet must be equal and opposite to that

1

in the first. The deflecting fields are operated at several thoudand gauss, so

that I and J are decoupled and only AmJ = * 1 transitions are focusable in

our apparatus. The magnetic dipole selection rules

AF =0, £1, Am_ =0 for © transitions, H_, “ to H

F 0

AF =0, £1, Am

F + 1 for ™ transitions, Hrf_Lto H0

apply to transitions induced by t.he oscillating rf field.

Observation of field independent transitions are required to obtain

‘the narrow lines necessary for precision measurements. In the Zeeman

region of hyperfine structure there is a transition which is field independent
to second order with a value very close to Av, For isotopes of odd spin
this is a singlet ¢ transition, and for those of even spin it is a doublet ™
transition. By exciting T transitions with a strap hairpin approximately
2 ¢m long, Av for Rb86 can be determined to within a few kc. Details of
the transition calculation appear in the appendix.

In the intermediate field region, for isotopes with I > 1, the
AF = £ 1 w doublet involving the levels (FT, ¥ F' #2) <> (F~, ¥ F') and

(F+, T orTx 1) <—> (F, + F~=1), 12 has a separation 2 ngLOHO/h, and

"its mean value passes through a minimum so that the transitions are in-

‘sensitive to variations of field in this region. The value of the parameter

at which this minimum occurs is a function only of the spin I;
its value at that point is a function only of I and Av. Details of these trans-

itions for the two isotopes of interest here are given in the appendix. If these-

transition frequencies can be measured accurately enough, both g1 and Av
can be obtained and the anomaly calculated if these constants are known for

the other isotope. From Eq. (5) the anomaly is given by
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g - ‘
1Az ) [(Avh 2, + 1\ 81, J 1 o
@y, \2T # 1 e,

where, by convention,.5 isotope 1 is the lighter of the two.

III. APPARATUS
The atomic-beam apparatus used in the experiment has been con-
structed for the purpose of measuring hfs anamolies of radioactive alkalis
and is described below. The vacuum tank and magnets of a molecula.r beam
apparatus built ‘by Berns,kiA13 were used with new lower gradient pole faces
for the deflecting magnets.

-~

A. Geometry and Vacuum System

The deflecting magnets are arranged to detect transitions by the
"lop-in'" method, so that a refocused beam causes an increase over the

background in the detector signal. = a. L. _ % oslcl 0 L oo s

The vacuum tank is 78-5/8 in. long, 12 in. i.d., and is rolled from
1/4-in. stainless steel sheet. Two brass bulkheads separatefhe tank into
three sections: oven, buffer, and main charhber, each pumped separately
by oil diffusion pumps. Operating pressures are 10—6mm Hg in the main

> to 10-6mm Hg in the oven chamber. O-ring seals are

chamber and 10~
used throughout, both for static seals of cover plates and sliding seals for
beam flag, stoprv-vire, and detector motions. A stop wire is placed.on the
beam axis in the center of the B magnet to prevent the very fast undeflected

atoms franthe il of the Boltzmann distribution from contributing to the de-

tector background. A collimator slit is placed at the center of the C magnet.

[\
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The oven for production of a rubidium beam is made from a stainless
steel block v7/8—in.><' 1 in. X 5/8 in. The beam material is placed in a
7/16-in. diam cylindrical cavity in the block closed by a press fit cap.
Stainless steel slit jaws 1/8-in. thick are screwed to the oven body; a slit
width of 0.005 in. was found to give satisfactory operation and no further
channeling was utilized. The oven was heated to about 500°C by bombard -.
ment of electrons emitted from a U-shaped tungsten filament 0.020 in. diam
positioned in the vertical plane 1/8-in. in front of the slit. Between 10 and
50 watts power is required for a usable beam.

For work with _materials of short half life, it is necessary to provide
a means of placing the oven in position inside the vacuum without waiting
for the machine to be pumped down to its operating condition from atmospheric
pressure, A vacuum lock-arrangement is ,pro;\rided -which allows an oven to

be inserted in .a few minutes.

B. Magnets

The A and B Magnets are identical 1ow-impedaﬁce electromagnets
operated at 300 amp from a bank of submarine batteries,.

The C magnet is. also a low impedance electromagnet having a
gap 0.250 in. wide and 15 5/8 in. long:. By utilizing the presence of the
stable carrier isotope in the beam, the field of this magnet can be stabilized
at any desired value by electronically locking to the peak of some suitable
resonance of,‘the carrier isotope. - Details of this system have been described
elsewhere. 14 Field stability depends on the line width of the resonance used;

typical values are * 0.02 gauss at 3 gauss and * 0.1 gauss at 600 gauss.
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C. Dete'ctors

Surface ionization detectors consisting of heated K-free tungsten
ribbons and an ion collector plate are used to detect the stable alkali beam.
The radioactive component is detected by allowing the beam to fall on the
sulfur surface of a brass 'buttoni¥s. " which can be inserted and removed
through vacuum locks at the focus of the machine. The collected activity is
then counted on low-background NaI(T]) scintillation counters.

One ionization detector, a 0.010 in. tungsten ribbon mounted in the
center of the 0.065 in. exit slit, is used to cieteét fhe resonance used for
‘locking the C field. Another, a 0.075 in. ribbon is p.laced in one position
of the rotary button loader which contains two button locks and a.window
in the other 3 positions and is used to detect the field calibrating resonance.

The pattern of the deflected beam in the focal plane normal to the
beam direction is éymmetrical about the focus and shows as a single well
defined peak (for J = 1/2). If the width of the undeflected beam is much less

than the deflection, Sm,. of the peak, it can be -shownlsvthat

s = 1/35,

where S(1 is the deflection of an atom with the most probable velocity,
a= (Z,kT/m)l/Z, in the oven. For a symmetrical apparatus where the A
and B fields are identical and operated at a field H,

s =K 2

¢ kT
where K is.a constant taking into account the geometry of the apparatus and
the properties of the magnets. The intensity of the deflected beam at the
peak can be shown to ‘lbe a function only of Sa and the total rate of effusion
from the oven. For smsall changes in oven temperature and magnitude of

deflecting fields (as during a run) the beam intensity at the deflected peak
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is a function only of the oven effusion rate and serves as a convenient means
of monitoring any changes in the beam intensity during a run. A third ioniza- -
tion detector, located to one side in front of the plane .of the exit slit, monitors
thé intensity of the deflected peak and serves to normalize the exposed

buttons to a conétant beam level. The outpﬁt of these ionization detectors is

read by a Beckman Model 5 vibrating-capacitor electrometer,

D. Production of the Beam

The isotope Rb86 is obtained from Oak‘Ridge National Laboratory
in the form of RbCI in a weak HCI1 solution, in shiprﬂents of 300 mc with
s‘pecific activities ranging from 300 mc/gm to 12000 mc/gm. Where possible,
specific activity was reduced to approximately 2000 mc/gm for these runs.
The solution was evaporated to dryness using hot nitrogen gas and the RbCl
powder was placed in the oven with freshly filed calcium chips. Reduction
of the chloride took place at about 10 watts of electron bombardment power
and a beam level of 2to 3 X 10-10 amp of ion current was observed by the
detector placed in the exit slit; this beam level was maintained throughout

the run with a typical load of about 150 mg lasting six hours.

E. Radio-Frequency System

Button exposure times of five to twenty minutes require the radio-
frequency oscillators have long-time stability of the order of 1 part in. 107.
The heart of. the assembled system is a Gertsch AM-1 20-40 Mc phase locked
oscillator and a Gertsch FM-4 500-1000 Mc oscillator locked to a harmonic
of the output of the AM-1. A 100 kc standard frequency is provided for the
_AM-1 and is also used to generate the time base for a Hewlett-Packard
HP524B frequency counter. . The 100 kc is furnished by a James Knights
JKF'S 1100 secondary frequéncy_ standard which has been determined to drift

less than. 1 part in 109 per week, by comparison with the laboratory's

National Co. Atomicron, a cesium-beam primary frequency standard.
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With continuous monitoriﬁg by thé frequency counter of the 1-2 Mc
free-running oscillator in the AM-1 which is mixed. with integral megacycle
harmonics .of the 100 kc input in that instrument, outputs stable to 1 part
in 107 are obtained. Frequencies above 1000 Mc are obtained by taking a
harmonic of a suitable frequency in the range 500-1000 Mc. After filtering,
the signal is .amplified by one of a series of traveling wave tube amplifiers
and then carried to the hairpin by coaxial line. A second set of Gertsch
oscillators is provided to furnish a frequency modulated output for locking
the C magnet.

For preliminary work and for calibration of the C field by observation
of some field .. dependent line of the stable carrier isotope, conventional
signal generators, such as the Hewett-Packard 608A and Tektronix 190, are
used with suitable amplifiers. | .

Copper strap hairpins 3/4 in. wide were used to induce the field
locking transition, and for observing the AF = 0 flop-in transitioh and the
AF = 1 Zeeman lines in both the stable and radioactive isotopes. For ob-
servation of the intermediate field doublet, a hairpin providing in-phase
.separated oscillatory fields was used to induce the transition, giving rise to
the characteristic Ramsey patterns, 16 This hairpin consists of parallel
sections of coaxial line with a transition to an eccentric coaxial line in the
beam region where each arm is shorted directly below the beam path.

Figure 2 is a drawing of the structure and shows the rf field lines in the
TEM mode in the beam region. Only the region where the lines are parallel
to the beam is effective in inducing the 7 transitions; the oscillating field
intensity is not.a step function along the beam, but approximates a condition
considered by Ramsey - - that of a’step function with wings, 17 and its effeqt

op -

on the line shape would onlly'-nrarrow slighfly_ the pedestal upon which the
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is a function only of the oven effusion rate and serves as a convenient means
of monitoring any changes in the beam intensity during a run. A third ioniza-
tion detector, located to one side in front of the plane of the exit slit, monitors
thé intensity of the deflected peak and sefves.to normalize the exposed

buttons to a conétant beam level. The oﬁtput of these ionization detectors is

read.by a Beckman Model 5 vibrating-capacitor electrometer.

D. Production of the Beam

The isotope rb80 is obtained from Oak Ridge National Laboratory

in the form of RbCI1 in a weak HCI solution, in shipments of 300 mc with
specific activities ranging from 300 mc/gm to 12000 mc/gm. Where possible,
specific activity was reduced to approximately 2000 mc/gm for these runs.
The solution was evaporated to dryness using hot nitrogen gas and the RbCl
powder was placed in the oven with freshly filed calcium chips. Reduction

of the chloride took place at about 10 watts of electron bombardment power
and a beam level of 2to 3 X 10-10 amp of ion current was observed by the
detector piaced in th_e exit slit; this beam level was maintained throughout

the run with a typical load of about 150 mg lasting six hours.

E. Radio-Frequency System

Button exposure times of five to twenty minutes.require the radio-
frequency oscillators have long-time stability of the order of 1 part in. 107.
The heart of. the assembled system is a-Geftsch-AM-=1 20-40 Mc phase locked
oscillator and a Gertsch FM-4 500-1000 Mc oscillator locked to a harmonic
of the output of the AM-1. A 100 kc standard frequency is provided for the
AM-1 and is also used to geherate.the time base for a Hewlett-Packard
HP524B frequency counter. The 100 kc is furnished by a -James Knights
JKFS 1100 secondary frequency standard which has been determined to drift

less than. 1 part inv109 per week, by comparison with the laboratory's

National Co. Atomicron, a cesium-beam primary frequency standard.
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With continuous monitoring by thé frequency counter of the 1-2 Mc
free-running oscillator in the AM-1 which is mixed. with integral megacycle
harmonics .of the 100 kc input in that instrument, outputs stable to 1 part
in 107 are obtained. Frequencies above 1000 Mc are obtained by taking a
harmonic of a suitable frequency in the range 500-1000 Mc. After filtering,
the signal is amplified by one of a series of traveling wave tube amplifiers
and then carried to the hairp_in by coaxial line. A second set of Gertsch
oscillators is provided to furnish a frequency médulated output for locking
the C magnet.

For preliminary work and for calibration of the C field by observation
.of some field .. dependent line of the stable carrier isotope, conventional
signal generators, such as the Hewett-Packard 608A and Tektronix 190, are
used with suitable amplifiers. | |

Copper strap hairpins 3/4 in. wide were used to induce the field
locking transition, and for observing the AF = 0 flop-in transition and the
AF =1 Zeema‘n lines in both the stable and radioactive isotopes. For ob-
servation of the intermediate field doublet, a hairpin providing in-phase
separated oscillatory fields was used to induce the transition, giving rise to
the. chafacteristic Ramsey patterns. 16 This hairpin consists of parallel
sections of coaxial line with a transition to an eccentric coaxial line in.the
beam region where each arm is shorted d.irecthly below the beam path.

Figure 2 is a drawing of the structure and shows the rf field lines in the

TEM mode in the beam region. Only the region where the lines are parallel

to the beam is effective in inducing the 7 transitions; the oscillating field x
intensity is not a step function along the beam, but approximates a condition
considered by Ramséy - - that of a step function with wings, 17 and its effeqt

on the line shape would ohly narrow slightly the pedestal upon which the
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interference pattern sits. This hairpin also excites (¢ transitions Becaus,e
of the two out-of-phase patches_bf_ rf at the entrance and exit. 18 The
typical out-of-phase Ramsey pattern has been seen on ¢ transitions of:.
stable isotopes, but is.not particularly useful because of its wide line width.
Since the transition probability on resonance is zero in this case, there is
no interference pattern between the two hairpins. The length of the arms of
this structure were chosen to present a 502 imput impedance at the connector
at 4000 Mc; the separation of the two oscillatory fields is 2-1/4 in., giving
a line width of 3 kc on the central interference peak. The observed patterns
had this width; no shimming of the C magnet was required to observe them:.
IV.. THE EXPERIMENT
A. ARb85
‘'The hfs separation of stable Rb85 was measured by Bederson and

19

Jaccarino from the observation of the field independent Zeeman line. . The

moment was measured by Yasaitis and.Smaller by NMR. 20 As a check of

our method, the intermediate field doublet was observed over a l-gauss
region in the vicinity where its mean value was expected to be -a minimum.

A typical set of resonances is shown in Fig. 3;, as observed on the button
loader ionization.detector. Results are shown in Table I. For fchese measure-

85 (3,3)<—>(2, 2) transition

ments, the ma_gnétic field was locked to the Rb
at 4431 Mc.

In order tvo check for the presence of a possible phase shift between
the two oscillatory fields :(which would affect the absolute value.of the fre-
quency.but not the difference between two frequencies), the hairpin was re-
versed with respect to the beam direction and the experirﬁents repeated.
Within the criterion set for the uncertainty of the peak (1/10 of the full width

at half maximum) no shift was observed; from the symmetry of the patterns

none was expected.



Table 1

85

Results of observations of the field-independent doublet of Rb™~. Va7 is the frequency of the AF=0 field=
calibrating transition of Rb87° Observed frequencies of the components of the doublet are v and V.
The nuclear g factor is calculated using Eq. (20).
Observation Va7 H0 v vt v s Wi owr
(Mc)  (gauss) (Mc) (Mc) (ME) (Mc) g
1 469.41(8) 562.18(8) 2611.6514(3) 2612,1138(3) 2611.8826(5) 0.4624(5) 2.938(2)’)(10"4
2 469,65(8) 562.41(8) 2611.6512(3) 2612.1136(3) 2611.8824(5) 0.4624(5) ?..93»7(2))(10"4
3 469.83(8) 562.60(8) 2611.6510(3) 2612,1139(3) 2611.8824(5) 0.4629(5) 2..939(2)><10_4
4 469.95(8) 562.72(8) 2611.6514(3) 2612,1142(3) 2611.8828(5) 0.4628(5) 2.938(2))(10=4
5 470.25(8) 563.03(8) 2612,1145(3) 2611.8830(5) 0.4630(5) Z.,938'(2)><10‘=4

2611.6575(3)

*ARY 0¢T16-TYON
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The values of the constants were obtained by a best fit to the transition
frequencies obtained from the Breit-Rabi equation, using an IBM 704 routine
written by Dr. W.B. Ewbank of this laboratory using the following values of
the physical constants:

. 21
h = 6.62517(23)X10" %7 erg sec®’

ho = 0.92731(2) X10™ %0 erg/gauss

g5(RD)
85

The results for Rb are found.to be

- 2.00238(2). jZZ

Av = 3035.7327(7) Mc

g~ 2.938(2)><.10'4

to be compared to the previously published values
Av =3035.735(2) Mcw2 g
0

g = 2.93704(4)X10"%

B. Rubidium-86

1. Experimental Procedure

For runs with this radioisotope, the following procedure was used:
when the undeflected beam reached a steady value of about 2X10™ 0 amp, a
button was exposed to establish the specific activity of the béam. . The de-
flecting fields were turned on and the monitor detector moved to the peak of
the flopped-out beam and a reading taken at that point. The C magnet was
degaussed -and the C magnet current increased until the locking resonance
was focused. The field was locked to the peak of this resonance and the
calibrating resonance observed. The first search frequency was introduced,
and a button exposed. At the end of an exposure, the button loader was rotated

.to the window position, the search frequency changed, and the button loader

rotated to the next exposure position, after which the previously exposed
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" button could be removed through a vacuum lock and a .fresh one inserted for
the next exposure. After several buttons had been exposed, the buffon loader
was rotated to place the ionization detector in the focﬁs and the calibrating
resonance was again observed to check the field lock. At the end of a run the
monitor detector was read, the deflecting magnets turned off, and the un-
deflected beam level read again as a check of the monitor calibration. The
exposed buttons were then counted, -background subtracted, and correction
made for beam normalization. Individual button counting rates were plotted
against their exposure frequency and the resonance curve was fitted both by
eye and by an IBM 650 computer routine written by H. B. Silsbee, which fits

a bell-shaped curve to the data by the method of least squares.

2. Measurements

By observation ofthe F=1+1/2, m_=-(I1+1/2) <—> - (I -1/2)

¥

transition at several values of static field in the range 4-163 gauss Bellamy . .
23, 24

and Smith determined that I = 2, gy = - 1.7 nm, and Av. = 3960+20 Mc.

This transition was then observed by us in fields up to 630 gauss. At
this field the peak of the transition occured at 516.6%,1 Mc,vleading' to
AV. = 3948.7%2.0 Mc..v . . ..

It was then feasible to search for AF = 1l transitions in a field of 3
gauss. The four-m transitions were seen, and several obsefvations of the field
independent line made, with different hairpins at various values of the static
magnetic field. The radio-frequency system for these experiments is shown
in Fig. 4. The field was locked to the AF = 0 refocusable transition in Rb85

and calibration was made with the AF = 0 transition in Rb87, The results are

given in Table II. -
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The position of the components of the field independent doublet could
then be predicted to within a few line-widths, details of which are given in
the appendix. At a field of 591.9 gauss, with the magnet locked to the

85 ,t 4508 Mc, where the AF = 0 RbS°

(3, 3) <—> (2,2) transition in Rb
calibrating resonance was at 457.5 Mc, the search for these lines was made
with the separated oscillatory field hairpin., The rf block diagram for this
stage of the experiment is shown in Fig. 5. A typical set of Ramse-y patterns
observed on these lines is sh.own in Fig. 6. The persistent asymmetry of
the line indicated that there was a phas'e shift at this frequency and, upon
reversing the hairpin, it was found that the absolute frequency of the lines
did shift, but that the sepa‘ra’cionl was unchanged and that the separation of
the doublet in each position was the same as the separation of the average
value of the two lines in the two posit.io'ns. This is consistant with the
as surnpfion that there is a phase shift distortion, probably due to thé presence
ofbpolystyrene supporting beads in the coaxial structure, which s,hifté the
peak of the resonance but has the same value for the two lines since their
separation is small compared with the frequency. The actual value of the
t\rans&tion frequency can be found from the mean value of the transitions in
the two hairpin positions. If the phase shift were due to a difference in
physical length of the two arms, it would have been observable on the transitions
seen in Rb85.

The observations on this doublet are summarized in Table III.

The results are, for Rb86 in the 281/2 state,

Av = 3946.883(2) Mc

g = - 4.590(4) X 10”4
Mp

wp=lgg|— ) = - 1.6856(14) nm,
M
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Table II

Results of the measurement of the Rb86 hfs separation. Runs 33-79

-were made in the Zeeman region, where Av.was calculated using Eq. (26).
The mean frequency v of the intermediate field doublet was used to calculate

Av, the relationship being given by Eq. 23.

(mp =& 1/2 <—>mp = ¥ 1/2 Zeeman transition)
Run v (&b Av Remarks
(Mc) ‘ {Mc) (Mc)
33 3946.891(5) 1.52 3946.886(5) 3/4 in. strap
39 3946.900(4) 2.98 3946.883(4)  1-1/4 in. strap
13946.893(4) 2.37 13946.882(4)
3946.887(4) 1.66 3946.882(4)
63 3946.894(4) 2.24 3946.884(3) 2 in. strap
78 3946.898(4) 2,66 13946.884(3)
79 3946.894(4) 2.28 3946.884(3)

Intermediate-~field doublet

Hairpin v Average v Av
position {Mc) {Mc) (Mc)
Original 3599.9340(5)
Run 92 :

3599.9345(8) 3946.883(1)
Reversed " 3599,9350(5)

Run 100 .




Table II1

Results of observations of the field-independent doublet of Rb86. Run 100 was made at the same field as

run 92, but with the hairpin reversed with respect to the beam direction.

Run vt v viovT H,

(Mc) (Mc) | (Mc) " (gauss) &1
91 3600.3148(6) 3599.5536(6) 0.7602(9) 591.86(10) -4.588(6)x10" %
360v0,3142(6) 3599.5536(6) 0.7606(9) 591.86(10) -4.591(6)10™%
92 3600.3143(3) 3599.5537(3) 0.7606(5) 591.87(10) ~4.593(3)x10" ¥
93 3600.3142(3) 13599.5537(3) 0.7605(5) 591.70(10) -4.591(3)x10” %
100* 3600.3152(3) 3599.5547(3) 0.7605(5) 592.02(10) -4.589(3)x10™*

vt > vty H g

(Mc) (Mc) _ (gafss) I
92-100% 3600.3147(5) 3599.5542(5) 0.7605(7) 591.9(2) ~4.590(4)x10 ~*

Indicates hairpin in reversed position. The average values above are averages of each transition for

the hairpin structure in both positions.

nzz_

*A9Y 0€16-T1T¥DN
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where the diamagnetic correction to the moment is not included, and, using

the corresponding values of Rb85, for the isotopes Rb85,- Rb86 s
a Av 21_ + 1
1.1 2 = 0.6409562(6)
a, sz ZI1 +1 '
81
1 - 0.63988(56)
g
IZ
giving from Eq. (10)
85 86 o
A =0.17(9) /o

V. PREDICTION OF THE ANOMALY

A. Theory of the Anomaly

The Bohr-Weisskopf theory considers the nuclear magnetism to be
made of a spin and-an orbital c-ontribution;2 t.he former caused by the distri-
bution of particles throughout the nucleus, each of which vpo.sses‘ses an intrinsic
spin angular momentum and magnetic moment; the latter due to circulating
currents in the nucleus caused.by the movement of charged nucleons. This
finite volume effect is important only for electronic s states in which the
density of the electronic wave function at the nucleus is large. It is very
small for pl/2 states and negligible for states of higher J.

The fractional reduction € of the hfs separation for a given isotope
is

€ = - (Rs.as + KZ a,) (11)
where a, and a, are the respecfive fractions of the nuclear magnetism that

are due to spin and orbital angular momentum, and Rs and 'Rl are the

averages of K, and K, over the nuclear radial coordinate, where

£
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R 3 «
, f[l+€ 1} chl/f.,FGdr,
S
R
‘ 0 0
: R 3 | ' - T
[1 - -r;] chr/ [FGdr,
R

70

]
1

g
It
O\‘\\\

F and G are the Dirac radial wave functions of the electron, R is the nuclear
ra&ial coordinate, .r is the elecfron radial coordinate, and { takes into = .
account the angular asymmetry of the spin distribution. 4 It devpends,ori the‘
particular nuclear model chosen. In particular, for the single particle 1
model, Bohr finds |

{=(21-1)/4(1+1) for 1= £ +1/2

L= (211 +3) /41 “for 1= 4 -1/2
The integral above may be evaluated by W.riting F and G as a power series
in r/R inside a uniformly charged sphere of radius R0 and matching these
functions at the nuclear radius -RO with the stand_afd solutions for an un-
screened Coulomb potential. 25 In their original paper, 2 Bohr and Weisskopf

included only terms in the expansion to (R/RO.)Z, approximating the contri-

butions-of higher order terms. Their result is

7o \2
€ = - {(1 +0.38 ¢) a_ +0.62 QE] b(%) (12)
. 0 '

where b is a function 6f RO and Z, the nuclear charge, and is tabulated

in Ref. 2. Note that the value ry = 1.5 X.lO-13'cm was used in this paper
in the expression for the nuclear radius, RO = rOA1/3, instead of the more
recent value of ry = 1.,2‘)(10_13 cm. 26

Fisinger and Jaccarin05 have extended this calculation to include

terms in (R/RO)4 with the results
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H R 1 R
s (b,SZ th sZ) <R_> - (bs4 tb s4) (ﬁ_)

0
2 2 4 .
R R
K b,. —_— -b
12 :
£ 1 (RO) 24 (RO)

- with. the constants b tabulated for 10‘ £Z <‘90;

X
I

(13)

It is necessary to make some assumptions about the particle distri-
bution in the nucleus in order to evaluate the averages over the nuclear radial
coordinate. As a compromise .between the value 1 for a surface distribution
and.3/5 for a volume distribution, Bohr and Weisskopf assumed (R/RO)2 = 0.8.
Eisinger and Jaccarino assumed a single-particle model in which the odd
nucleon moves in a sphérically symmetric square well potential. Their
calculations for these averages are presented in the form of graphs in Ref. (5):

There remains the problem of determining the fractional contributions

a and ay. If the nuclear g factor is defined by the equation

g 1= 8,5+ gL (14)

the fractional contributions are given by

s & " 8y
e = — —————
S g g. - 8
I s £ (15)
gl gIEgS
alzl-a:——
5 81 gs°81

If the spin and orbital angular momenta can be expressed in terms of f and
L respectively for the particular model, a_ and a, are known and € can
be found. From Eq. (6), a value of the anomaly can be calculated for two
isotopes.

Since the nucleus is not a point charge, the electrostatic potential in

the neighborhood of the nucleus deviates from the pure Coulomb potential.

The charge distribution for two isotopes generally is different and affects the
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4

ratio of the hfs ihteractions. This is known as the Breit-Rosenthal effect.
Theoretical estima’ces27 indicate that tf;e contribution to A is of the order
of 0.01 %, which is negligible in this work but may in some cases exceed the
Bohr - Weisskopf effect. 28 ‘Stroke has recently extended the results of
‘Eisinger and Jaccarino to include the effects of the charge distribution which
enter into the evaluation of the coefficients b in Eq. (13), so that the Breit-
Rosenthal effect can be included in the framework of the Bohr-Weisskopf »
theory. 6

- The reduced-mass correction to the electron wave function is
(1 + m/Am)—3, which, for two isotopes of different mass, gives.an isotope-
shift correction:to A that is importanf only for the very light elements.

The presence of neighboring ﬁne-s,tructure_le.vels will, in second order,
perturb levels of the same F and modify the hfs interaction. The effect
~on 'Pl-/?. electrons by the closely lying_.P?’/2 level -4+ which has been treated
.by_,-C1e1l'1dennin"29 - = affects the ratio of the gI' s in the Pl/Z .state. For
Sl/2 states considered in this work, this effect should be negligible; the
second order perturbation effect is of the order of (A v)2/6,- where 6 is the
. separation of the s state and the next state of even parity. ., For rubidium
this is less than 10-4% and is negligible. |

B. Nuclear Models of odd-Proton odd-Neutron Isotopes

1. - Single Particle Model

The simplest particle description of an odd-odd nucleus is to attribute
the nuclear properties to the odd proton and odd neutron, each in its appropriate
3
shell model state, 0 with the total angular momentum of these two particles

vector-coupled to give the g factor

I -1 I -1

= g+ g, (16)
(I £ 1) P11+

&1 °n
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2
where 1 is the spin of the isotope, Ip and In the total angular momentum
of the proton and neutron respectively, gp and g, the proton and neutron

g factor, which are given for either nucleon by

54 + A0 - " (17
E5G+D BTG+ (17

where j is the nucleon's total angular momentum and g and g, are the

spin and . orbital g factors of the '"free' nucleon, as follows:

proton neutron
g =1 | gy =0
g, =5.59 g, = - 3.83.°

Note that in this section, for computational convenience, magﬁetic
‘moments are given in units of nuclear magnetons.

Nordheim pointed out that the ground-state spin of a number of odd-
odd nuclei could be accounted for on the basis of this model, plus empirical
rules giving the coupling of the odd nucleons. 31 These rules can be -justified
on the assumption that the intrinsic spins of these.two odd particles always
tend to line up parallel. The rules are:

. "Strong' rule,

I,:Jp+_]n, if _Jp:!p,:l: 1/2 and if _]n=£ni:1/2

L= [i,-1d,

and the 'Wweak!'' rule,

,if j_ =2 _*1/2andif j_=27F1/2
R in 1/

| 3p = dn | <1< 35+,

‘Fair agreement with experiment can be obtained for magnetic moments by
uéing this rﬁodel, but- although the apprdximate agreement is .encouraging,
‘the model is not sophisticated enough for one to hope to account for the

‘moments of heavier nuclei. It should be pointed out that the above equations

are equally valid for a proton or neutron "hole™ in a closed angular momentum

shell,.
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‘ For nuclei in which the neutron and proton states are different,
~Schwartz suggested that Eq. (16) should still be used, but that the gp and
g, should represent empirical g factors of the odd A nuclei (Z,N-1) and
(2-1, N) respectively, where Z and N are the proton and neutron numbers
of the p\articular odd-odd nucleus. 32 ‘This rule is more successful than
using free=particle g factors. Unfortunately, these empirical g factors
are not always known, but Schwartz finds that using those of nearby nuclei

in the same state gives reasonable agreement.

2. Collective Model

Bohr and Motte1801133consider a system of a single particle and a

.distorted core which is assumed to be uniformly charged and have a g

-

factor
~ 7/A . o
g_R / .
For the case where the total j of the odd particle is coupled to this core,
1 I
& = &g e

I+1 I+1
~where € is the projection of j along the nuclear symmetry axis} for the
ground state, I =,

Generalizing to two particles, one finds

8o = é (2,800 + 2,800
where gﬂ(n) and gQ(p) are the g factors in an ellipsoidal potential. Since
.these are not usually known, g values for pure j states are used; agree-
ment with experiment is expected to be poor. For nuclei with odd particles
close to closed shells, such as Rb86, the core is expected to be close to
spherical and the model is not expected to be useful.
Gallagher and Moszkowski have determined general coupling rules

analogous to Nordheim rules above, making the assumption that the com-

ponents of the neutron and proton spin along the nuclear symmetry axis

always couple parallel, 34
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3. Configuration Mixing Model

N

Attempts to account for the deviation of the measured magnetic
moments of odd A nuclei from the Schmidt limits predicted by the shell
model lead to the mixing of different nucleon configurations with the odd
sing1e=-partic1e‘e::onfigurafcion35 due to very-short-range internuclear forces.
This mixing is assumed to be small, but can profoundly affect the expectation
value of the magnetic-moment operator. This theory has been quite success-
ful in predicting moments of odd A nuclei.

Recently the theory has been extended to include odd-odd nuclei36
but the agreement of the calculated moments with experiment has not been

very satisfactory. Predicted values ofthe nuclear magnetic moment of Rb86 using
‘these models are givenin Table IV,
¢ C. Application of Models to Bohr-Weisskopf Theory

Two models are considered in calculating the anomaly, both of which
are of the single-particle type. In Model I, the differenc¢ between the ob-
served g value and the Schmidt value is eliminated by a reduction of the spin
moment of the odd nucleon, “ which may be considered to be caused by ex-
change currents in.the nucleus. In Model 2, gy instead of g is modified
to give the observed va.lue?'7 To give a predicted A for Rb85 - Rb86, each
model is applied to three stages of the Bohr-Weisskopf theory:

(a) the original theory as modified by Bohr;
(b) the extension by Eisinger and Jaccarino;

(c) the extension by Stroke to include affects of the

charge distribution,
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Table IV

The nuclear moment of Rb86 as predicted by various nuclear models. The
first single-particle model prediction is-made using '"free' nucleon g factors
in Eq. 16. The second uses the measured g factors of nearby odd-A nuclei

in the same single particle states as the odd proton and odd neutron.

33 3: 36,
SP, SP, Collectivej'” Collective” 4 Config. 36
Hexp glfree) g({emp) _ mixing
-1.686 -2,13 =17 " -1.56 -1.14 ‘ -1.0
_ s 85 86
D. Predictions of the Rb™~ = Rb ‘hfs Anomaly

Model 1. For one odd nucleon in a single particle state, the g factor

is given by Eq. (17). For Rb85 the odd proton is in a f5/2 state, one one

finds, assuming & (proton) = 1, gy (neutron) = 0,

-- 1 g oty 8/7.
T 85 eff
Using the empirical value of g for Rb "~ (0.539), one finds g = 4,22,
_ eff _ _ _
Then a_ = - 1/7 g, =-1.114 and a;, = (1 - a ) = 2.114.

For Rb86 the g factor is given by Eq. (16). It is assumed that the
addition of the odd neutron does not affect the proton state, so for gp the
85, . . .
value gexp(Rb ) is used. With Ip‘_— 5/2 and I = 9/2, Eq. (16) gives

gy = - 0.215, using the experimental g factor of R586. From Eq. (17)

with g, (neutron) = 0, one finds nglf = - 1.94. Using these values in Eq. (16)
one obtains
L eff
£=5/6g +11/6 (g /9,
' _ 85,. . - _ 85 _ 11 1 eff
and a = - 5/6 a_ (Rb "), Gy = " 5/6 a;,(Rb""), and a__ = " E (8gp /9),

giving values 0.928, -1.762, and 0.466 respectively.
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Model 1 {a). With the fractional contributions obtained above, € is

calculated with Eq. (12) as derived by Bohr. For Rb, b= 0.58, and for the
2 . B _

fS/Z proton (R/RO) 2~ 0.8, and { = 4/5. For the 89/2 neutron, { = 4/11,

(R/RO)Z 22 0.9 and the €'s are summed for the two odd particles in Rb86.

Model 1 (b). Using Eisinger and Jaccarino's equations for a.uniform

charge distribution, e is calculated from Eq. (11) using K, and T{s calculated

from Eq. (13). From these authors' tables, for the 9/2 neutron,@ezzo_gg
and @eél = 0.88, for the f5/2 proton, @ez = 0“77’6? = 0.70, and the b

coefficients for Z = 37 are used.

e4

Model 1 (c). The b's calculated By Stroke for a surface charge distri-

bution6 are used in Eq. (13). The ézei are the same as for Model 1 (b).

The results are given in Table V.

Model 2. Instead of obtaining gseff, one modifies g, to obtain g

(exp) for Rb85. As before,
e
. g=-1/Tg +8/Tg .
where gleff= 1.117. One finds a_=- 1.46 and a, = 2.46. For RbSC,
=-5/6 8, * 11/6 g,

which yields g, = - 0.216. Using Eq. (117) {where now the neutron has an

ff

eff_ . ¥ 11 n
= 0.119; gsp and 8en have their "free

5 85
); then a = - 5/6 a_(Rb""), a, =-5/6

"effective' g,), one finds gn

nucleon values-and glzp_z gﬂeff(Rb8 g

. , p
85 _ eff N eff
a,(Rb"7), a, = 11/6 [8/9 & /gn], and a_ = 11/6 [1 - (8/9 810 gnﬂ ,
which give the values 1.22, -2.05, -0.905, and 2.72 respectively.

Model 2 (a). The fractional contributions calculated for Model 2 are

used with the parameters given under Model 1 (a), with € calculated using

Eq. (12).

l

Model 2 (b). The parameters of Model 1 (b) and the fractional contri-

butions of Model 2 are used with Eqs. (11) and (13).

Model 2 {c). The b coefficients appropriate to the surface charge

distribution are used with the fractional contributions of Model 2. Results

are shown in Table V.
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Table V

Predictions of the Rb85 - Rb86 hfs anomaly using a single particle model.

Model 1 modifies g to obtain the observed moments; Model 2 modifies
gy to obtair'1 the observed moments. Model (a) uses the original
Bohr-Weisskopf theory; Model (b) uses the formuiation of Eiéinger and
Jaccarino for a uniform charge distribution; Model (c) uses the formulation

of Stroke for a surface charge distribution.

« ®b%) e (Rb%) A
Experiment N cee 0.17(9)
Model la 0.066 -0.331 - 0.40
Model 1b 0.030 ~ -0.293 0.32
Model lc ' ‘ 0.037 -0.219 0.26
Model 2a | 1 0.177 -0.46 1.64
Model 2b 0.024 -1.11 1,13

Model 2c 0.102 -1.00 1.10
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VI. CONCLUSION

Comparison of the experimental value of A with predictions of those
calculated, using the Bohr- Weisskopf theory and a single particle model of
the nucleus with the spin or orbital g factor of the odd nucleon modified to
give the observed nuclear g factor, indicates that the modification of gy
gives poor agreement with experiment. However, the vector coupling model
for the odd-odd isotope and reduction of the intrinsic spin g factor gives
reasonable agreement. At this stage one cannot choose between the uniform
and surface charge distributions. - This work, together with previous work,
indicate that one can at least get order of magnitude agreement using the
existing theory and a reasonably simple single nuclear model.

With three sets of anomalies involving three adjacent isotopes
(potassium -39, -40, and -41, rubidium-85,-86, and -87; and cesium-133,
-134, and -135) now measured, it should be worth whil_e to attempt to extend
the theory to include the configuration mixing and collective models of odd-
odd nuclei.

The apparatus and fechnique described for measuring the nuclear g
factor are not capable to giving the ultimate accuracy desired for a measure-
ment of the anomaly. A new atomic-beam apparatus under construction in
this laboratory will permit g factors to be measured more accurately than
with the present machine. The measurements made here do indicate that,
to at least 1 part per million, the Breit-Rabi equation accurately represents
the energy levels of the hyperfine interaction for rubidium atoms in the

2 .
Sl/Z electronic ground state.
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APPENDICES
“All transitions of interest are of the type AF = +1. From Eq. (8)

the general equation of a transition m, —==m s

+

4m 1/2
-t X, + xz)
21+ 1

4m > 1/2;, (18)

Av

v =g |.J.0H0 (m+-m=)+ (1 +

+{(l + —— x+x)
2m + 1

A. Rb®® transitions {L=5/2)

The doublet of interest for measuring g1 has the m wvalues of

m, = - 1, m =-2, and _m+=.. 2, m_ = - 1. From Eq. (18) the mean

,frequency' of this doublet is

Av 1/2

o 1/2
7.=T[(1--2/3x+x2) +(124/3 %+ x°) ] (19)

The components of the doublet are arranged symmetrically above and below

v and have a separation

+

- koHy
vV o= ._Zgl

(20)
h

The value of x for which V is.a minimum is found by differentiating v
with respect to x and setting the derivative to zero. We find

x= 2L =29 10 _ 519 493 g4 .

9
From Eq. (9), this value of x corresponds.to a field of 562.6 gauss.
Substituting this value of x in Eq. (19),

7= 2Y 1(0.923 544 623)}/% 4 (0.577 215 397)1/2]

2
= 0.860 379 61 Av . (21)
When the transition;s have been observed, the value of g1 is obtained by
~using Eq. (205 and Av is obtained by using Eq. (21) and the minimum observed

value of v,
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8
B. Rb 6vtransitions (I=2)

In this case the doublet transition used to measure g has the m

values m_ = 3/2, m_=1/2, and m, = 1/2, m_=3/2, From Eq. (18),

Av I:(l -6/5x + xz)]'/2 + (1 - Z/5x+x2.)l/2]
2

(22)

v

I

so that v is a minimum at

x=1%4-4/6 _ 450 204 103

10
Substituting this value of x into Eq. (22),.

v - &Y ’:(0.672 326 564)1/%4(1.008 489 847)1/2]
: - (23)
=0.912 095 585 Av
Again the components are symmetric above and below Vv with a separation
.Zg;[ poHo/h. |
For x < <1 (Zeeman region) where Av must be determined before

the doublet search is undertaken, the g1 term in Eq. (18) can be neglected,

and an expansion of the equation to second order in .x yields

av 2 + 2x (m_l_‘ -m )+ x2 - —-;2’-—2 __(m+2+ m 2)
2 2l +.1 (21 + 1) -

(24)
The field independent line of interest for I = 2 is an unresolved

doublet with the m values m, = +1/2, m =+ 1/2. Substituting these into

Eq. (24),
v=A4v (1l + 12 xz)., (25)
25
To sufficient accuracy, from Eq. (9),
2.8H0
<~
Av

and if the AF = 0 flop is transition in,Rb87 is used to calibrate the field,

where its frequency is given by
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va87 = Zﬁo_
2(3/2) + 1

Then substituting this into Eq. (25) and solving for Av,

2
Av = v - 0.00194 (v, 87)" Mc. : (26)
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AF = 1 Zeeman transitions in Rb®°,
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