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ATOMIC BEAM STUDIES: HYPERFINE-STRUCTURE SEPARATIONS
IN POTASSIUM-42, RUBIDIUM-84, AND CESIUM-129;
MAGNETIC MOMENT AND HYPERFINE-STRUCTURE ANOMALY
IN POTASSIUM-42

Jhan M. Khan

Lawrence Radiation Laboratory
University of California
Berkeley, California
ABSTRACT

The atomic beam flop-in magnetic resonance method has been

" used to measure the hyperfine-structure splitting (A v) and magnetic

" moment (UI), in one case, of four radioactive alkali isdtopes. The

electronic ground state is 281/2 . The results obtained are:

Isotope Half life '~ Nuclear spin “Av( —If—ét) A ul(nm)
42 - ' ‘ .
K 12,5 hr 2 1258.877(4) -1.1395(20)
rRpS% 33 d 2 3083.159(4)
csl?? 6 hr 1/2 = 8900(150)
cs 29 31 hr 1/2 9229(30).

From the Ay and My of K4Z. it is possible to determine the hyperfine-

structure anomaly,

12 ; A Vi UIfZ _I_l_ ZIZ+1 ) .
A o = 7 T IT 1{ X 100% ,
F\B V2 Mg 2 1 A ,

1
) 41 .
with respect to K39, K4O, and K l. By convention '"1'" refers to the

lighter isotope. These are:



Vi

3% s ozoesym e
. . | : (“\
40A42 = - 0.25(25)%, .
. | '
%% = 4 0.a2(25)% .

"

The three anomalies are compared with the predictions of two
models for the distribution of nuclear magnetism.

‘The 12.5-hr K4‘2 isotope'is reactor—produc‘ed by an (n, y)
. .reaction from the 6.9% K4l isotope. .The target material was KCl
(99 9%) and was encapsulated in quartz - The 33- day Rb8‘.1 1sotope waé
x.;cyclotron produced by a (p,n) react1on from the 59 9% Kr8‘%,__1_§,otope.
The krypton was bombarded in gaseous form, by 12 vMeV ApIg'_QI_ZOI”lS. The
31=hr C5129 isotope was cyclotron-produced by‘an (a 2n) reaction from
.. the 100% Iv_127 isotope. The target material was Bal, in powder form.

: "o
- An (a, 4n) reaction on the same target material produced Csl' 7.

2
(x
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I. INTRODUCTION

The properties of nuclei have been studied by many methods
since the nﬁcleﬁs emerged as an entity in atomic structure. . Sincé the
nucleus was first observed as a scattering center possessing the prop-
erty of mass and charge, many of its characteristics have been recog-
nized. Among these are spin angular momentum, magnetic and electric
multipole moments, and manifestations of a finite extent. ’~ These are
frequently' referred to as the static properties of nuclei,. in that their
measurement generally does not prodice internal changes in the nucleus.
Nuclear models have been proposed to describe these properties. By ‘
use of nuclear energy-level separations and construction of a set of
nuclear wave functions -consistent with these spacings, detailed theo-
retical models for nuclear structure have been produced. 3-5 To test
these models, nuclear Spectral data have been collected, and remark-
able correlations have been made. By way of example, the books

Elementary Theory of Nuclear Shell Structure by Mayer and Jensen and

' Theories of Nuclear Moments by Blin-Stoyle show the degree of quali-

tative--and sometimes quantitative=;agreement between theory and

. 3 - .
data in the study of nuclear level structure. 6, In the experiments

presented here, two properties have been explored. First is the

magnetic dipole moment; next is the interaction of this nuclear moment

with the electronic magnetic field. The latter interaction, in the case
of s-state electronic configuration, can be used to probe the nuclear

volume and the distribution of the nuclear magnetism. This has been

summarized in a paper by Eisinger and Jaccarino in which are pre-

sented the measurements and theory to the date of their work. A very
exacting test of a theory of nuclear structure would be its ability to
predict both the magnetic moment and the distribution of nuclear
magnetism. The number of eXpei‘imentally determined moments is
presently quite large, covering most nuclei. However, the measurement
of the effects of the distribution of nuclear magnetism employing the

hyperfine-structure interaction has been limited to just over a dozen.



There are numerous methods capable of 1nvest1gat1ng the static prop-

erties of nuc1e1 Of these the atomic- beam magnetic- resonance

' Vmethod en_]oys a dlstmct advantage It is capable of studymg ground-—

state and some exc1ted state atoms with stable or radxoactlve nuclei

wh11e the atoms are free from interactions with other atoms There-

fore, the hyperflne-mteractmn Hamiltonian descr1b1ng the 5ystem con-

ta1ns only the nuclear and electromc terms of the atom. As the field

of atomic beams has been rev1ewed by a number of authors, 9,10,11,12,13

a deta11ed descr1pt1on of the general techniques and methods need not

_‘be given here However, in a following section we present the physical

fpr1nc1p1es of the method. For the present we con51der the atomlc

'system as be1ng composed of an electronic magnetlc moment coupled

to a nuclear magnetic moment, both of which interact w1th an external

| imagnet1c field. The vector magnetic moments are proportlonal to the

correspondlng angular momentum vectors. The interactions of the
magnetlc moments with each other and with the external f1e1d are ex-

: pressed in terms of vector products. The matrix elements of the in-

teractlons are therefore proportional to the matrix elements of the

| angular-fmomentum vector products 1nvolved. With these matrix

elements the complete interaction matrix can be constructed and dia-

gonallized, yielding the eigenvalues for the energy levels of the atomic

system’ in the homogeneous magnetic field used in the experiments°

'v Th1s calculation is the basis for the theory of atomic hyperflne

1
structure 1

The experimental method employs three reglons of 1nteract10n
through which the neutral atoms must pass, The first region establishes
the orientations for the electromc magnetic moment. This condition is
referred to as spatial quantization and is produced through the quantum-
mechanlcal interaction of the electron magnetlc moment w1th the magnetic
field. The second region also conta1ns a magnet1c field and contains
the radio- frequency magnetic field perturbat1on. This perturbatlon can
cause tranS1t10ns from one or1entat1onal state to another, given the cor-

rect value of magnetic field and radio frequency satisfying the Boiar

M

g

<5
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condition. The third region serves to separate, spatially, those
atoms which make electronic orientational transitions from those which
do mot.

- In the experimental apparatus these interaction regions are in
fact three magnets. Two inhomogeneéous magnetic fields are separated
by a région of homogeneous field. All three fields have the same di-

rection in space, in common with the gradients of the two inhomogeneous

‘fields. The fields exist within a vacuum chamber. At one end of the

chamber is a source of neutral atoms. This source is a stainless
steel oven,containi‘ng the sample material. The oven is heated to
500 to 700°C for the alkali atom beams considered here. The atoms

pass out of the oven through a $mall slit and are collimated by-a second

‘set of slits and pass down the axis of the vacuum chamber and magnet

system. As the atoms enter the first inhomogeneous magnetic field,

the interaction of the electronic magnetic moment with this field produces

.an acceleration of the atom transverse to the beam axis. . If the orienta=
‘tion of this magnetic moment does not reverse, the displacement is

- augmented in the third magnetic field, which is also inhomogeneous.

However, if avtransition_takes place that reverses the projection of

" the electronic magnetic moment refocusing occurs. This is termed

the refocusing or 'flop-in" condition, and the refocused atom returns

to fhe axis of the system, where a suitable detector is located. The

' detailed trajectories are determined by the design characteristics of

the apparatus.

The specific apparatus used in these experiments was constructed

by Dr. Gilbert O. Brink, ' . Norman Braslau, and the author from the

vacuum chamber and magnet system of an older apparatus. The original
structure was described by Bemski15 and the modifications appear in
the thesis of Norman Braslau. 16 The purpose was to introduce such
characteristics as to allow precision measurements of the hyperfine-
structure splitting and nuclear magnetic moments of radioactive alkali

atoms. Consistent with this purpose, the system design and detectors



ol
(hot-wire surface icnization) were specified.- The study of-radioactive
alkali atoms was made possible by the introduction of a deposition
- system which:.allowed th_e monitoring -of the decay rate of refocused
radioactive beams by scintillatidn and proportional-flow B counters. Y
- The first studies carried out were on rubidium-isotopes. The
~ hyperfine-structure separation and 'rnag'netic\rnome,nt-of-'R‘t§15,.were
~ remeasured to check the apparatus: 16 These results were consistent
- with previous determinations. Measurements: of these properties for

16,17,18 reported here are the results for

Rb8r6 have been completed;
81

’ K42, and in progréss by J.D. Faust is the study,of_'ﬁhe tsotopes Rb

.and Rb8,_2. . Also under construction in the laboratory is a first-order
focusing mass spevct'ror_heter capable of operating at pressures less

. than __1_0m8mm Hg. This‘i-'c;levice was desighed-by the author :and constructed
by,the Physics Deparjcmént machine shop. It is hoped that reduction of
gas-scattered background ions may permit direct electrical observation

~ of long-lived radioactive atoms.

Included, in addition to the . hfs separation:.and magnetic moment
of K{lz-, are the hfs separations of: Rb84y, Cs}27, ‘and Cs-lzg.,' Invthe
following section (Section II) is a review of-hyperfine-structure theory
and. a development of the quanturh?mechanic:_al formalism which gives
the energy levels for the J = 1/2 atoms,. Section III presents the.nu-
~ clear models applicable ininterpreting the hfs anomaly. In Section
IV 1is a description of the apparatus used, followed in Section V by

the experimental procedure. The experimental results are presented

in Section VI, and in Section VII, a discussion of the hfs anomaly of
42
K.

5
i
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II.,_ THEORY OF HYPERFINE STRUCTURE
A, Rev1ew L |

‘The hyperfine ‘intera:ction was. first recognized in medium-
and high-resolution optical spectroscopy early in the 1920's. Detailed
study of this interaction had to wait for.several years until G. F.
Uhlenbeck and S. Goudsmit proposed the electron intrinsic spin to
explain fine structure. Pauli suggested the existence of a nuclear spin
and associated magnetlc dlpole moment to explain the hyperfme—
structure sphttlng observed 9, This nuclear magnetic moment, when

1ncorporated into the vecto_:: coupling ,model of.the ‘atomic e_lec_trons,

,gave a consistent explanation of the hyperfine structure and its field

. dependences. Thus armed, optical spectroscopists have been able to

establishst’he nuclear spins of rriény of the stable isotopes, and have
been able to establish the level ordering and to measure the magnitude

of the hyperfine-structure separation to within 10% in some cases.

" Refinements in the method came, which reduced the Doppler broadening

of the optical lines by liquid air cooling of source'e, ahdréherpened the

Voptic‘al' resolving power.by employing the Fabry-Perot etalons.

Further extensions of theory for single electron spectra came
with the theoretical evaluatlon of the electron magnet1c f1e1d at the
nucleus by Fermi and Segre 20 This specification of f1e1d comblned
with hyperfme -structure separations in alkali atoms gave values of
the nuclear magnetic moments which had an ultimate accuracy of a
few percent. Breit and Rabi in 1931 evaluated the energy-level de-
pendénce upon field, using quantum-mechanical methods. It is this
formalism which serves as the basis for the work presented here.
Many others studied nuclear spins and magnetic moments, employing
the field dependence of the effective mégnetic ‘moments of the orienta-
tlonal states of the atom1c electron nucleus system in ‘combination
with the Stern-Gerlach type of atomlc beam deflection experlment Later
Rabi introduced the radio-frequency resonance method which increased
the sensitivity and accuracy of the meth‘od‘ar‘id'fr'endered the older

methods more or less obsolete.



It is therefore the purpose of this section to present the Breit-
Rabi and Fermi-Segré formulas and show the manner in which these

are applied to atomic-beam magnetic ' resonance method.

B. Theory of the Hyperfine-Structure Interaction .

To define clearly the nature of the hyperfine interaction and the
energy levels of the system in low, high, and intermediate magnetic
fields, we must specify the properties of the atomic electron-nucleus
~ system. (At an early point in the development, the single- -valence-
-electron restriction will be 1ntroduced which will limit the number and
10,11
type of the interactions of the nucleus ‘with its electronic env1ronment)
1. The nucleus, to first approx1mat1on, is regarded as a point

charge of magn1tude Ze, possessing sufficient mass to render

nuclear motm?n negl1g1ble

2. The electr1cal interaction of the electrons w1th the nucleus is

as sumed to be coulomb1c

3.  The electron possesses an intrinsic spin angular momentum

%/2. ’

4. " Associated with the spln angular momentum of the electron is

a magnetic moment u y 4 s = =g p.os , where y gyromagnetic
 ratios gy = electronic spin g value U'O Bohr magneton

- b

2mec
5. Associated with the electron orbital .motion;is .an-angular
momentum z , with magnetic moment

L Tyl
6. The total electronic magnetlc moment is the vector sum of these
two, uJ = p_, + u{ . The total electromc magnet1c moment can be
expressed

Wy = ggMgT

where - o o=
J=8+4

<)
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7. The nucleus possesses an intrinsic spin angular momentum
Al and a magnetic moment ﬁl = quO_I. ,
where g i g |
X ~ 5 .
I™ M J’
m = electronic mass,
M = proten méss;
To specify the hyperfine interaction of the nuclear magnetic moment

with the electronic field we state the classical form

=T H) | S -y

- where ’?IJ ‘'is the vector magnetic field of the atomic electrons
at the site of the nucleus. I "
For the case of interest here, the s‘ingle"‘ valence electron in the s-
state, the interaction has been caléﬁlated by Fermi and Segre, assuming

a nuclear dipole of zero extent. The magnitude of the field is given by

Ho= 8 u w0 1%, | ) (-2

vwhere §(0) is the value of the electron wave function at the site of the

~nucleus.

The magnetic field I_:IJ, at the nucleus tra.ns.forms under Yotation of
coordinate system like 7, and hence has matrix elements propbrtional
to J, for representat‘igns in whica J in diagonal. By combining ex-

pressions for the nuclear magnetic moment and the field, one obtains

H=hal 7, S " . (11-3)
where \ : .
" ha-=- §3.1l up My | ¢ (0) |7‘ . _ o (11-4)

In the absence of external fields this term gives the hyperfine-structure

separation. However, with the addition of extér‘nal magnetic' field two

additional terms appear: the interactions of the electronic and nuclear
7 .

magnetic moments with - ﬁc, ‘the external ""C' field, giving



H=haT- T-g u_f B - ng,o 3’ B, L L I-5) .

This Hamiltonian may be solved.in either of two representations.
These representations are characterized by the degree of coupling of
I and 7. In the low-field case, the dominant term is the hyperfine
interaction proportional to 1.7, withT- f{bcland 7 ﬁc .regarded
_as perturbations, and F = 1+ J with F, M (the projection of . F on the
field .axis) being constants of motion. For hlgh magnetic fields T and
J are strongly coupled to the external field, and the hyperfine inter-
action is then a perturbation. The two extreme coupling cases may
be seen in Fig. 1. 'The development of the.ée two cases is not: of general .
usefulness here., it can be found in the llterature | _ )

-The Hamiltonian may be solved exactly for its elgenvalues in
either system, giving the Breit-Rabi formula. 21 The secular deter-
minant. for a given M = M_ + MJ can be readily solved for J=1/2,

. 1
and results in

AW My AW 4AM 2
W(F’M)--ﬂzl'{'_l) - -I—— I—Icm‘:i: —2— [1 +Z—i+—1—',X+X;}]

(I11-6)

where

szhA\)" (Ei) 3

K. |
LT T )
et -~ AW 3

and the + sign refersto F =1+ l/Z,Ya‘.nd the - sign refer's to

F=1-1/2, provided the square root is facfored fifst if possible.

The above equation, known as the Breit-Rabi formula, is applicable o

to atoms for which either I or J is 1/2. The form remains the same

but J and I interchange roles for I=1/2, (Plots o'f‘W(F, m) for @
= 1/2, 1=1/2 and 2, respectively will be seen in Figs. 3 and 4).
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In the cases in which I and J are greater than 1/2, the form
of the Hamiltonian becomes more complic,ated. Additional terms ’

appear by virtue of the interaction of higher multipole moments of

the nuclear charge and current distribution with higher derivatives of

the electroniomeignefi'c and electric fields, as allowed by the symmetry

properties of each. The restriction upon the observable nuclear

multipole moments states that owing to the parity of the multipole
operators and the nuclear wave function only even electric moments and
odd magnetic moments will be honvanishing., Therefore, a nuciear

spin of 1 has onlyvan observable rhagnetic dipole moment and electric
quadrupole moment, spin 3/2 has a magﬁetic dipole and octupole
moment and an electric quadrupolé. ‘At present, only dipole, quadrupole,
and octupole moments have been obsefved, althou'gh‘it is wholly possible
that higher moments exist and may be discovered with the advent of

greater precision.

C. Observable Transitions and the "Flop-In'' Technique

A schematic representation of the apparatus appears in Fig. 2.
A and B magnets éupply the inhomogeneous fields and the C magnet

supplies the one homogeneous field. The transverse forces used in

‘the deflections of the atoms can be expressed as

Te_vw=- 2V - ST .

3H Meff

The effective magnetic moment of the atom in the various energy levels

‘can be obtained directly from the Breit-Rabi formula; it is

( Zm . . X) .
- _ oW _ — 2141
Meff = = E - ™8y * (8p - g5)ig 4 \1/2 (IL-7)
where
&1 T
My



)
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MU-13185

, Atoi'riicr beam apparatus (schematit).:

Fig. 2.
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as expressed in F, M_, representation, with the + signs corresponding

to F=1+1/2 and IF- 1/2 respectively. As the value of (x) increases,
the effective magnetic moment approaches * i, since ’ngl‘> >,g]J,‘
This can also be seen by observing that the effective magnetic moment
is the negé.tive slope of the energy curves drawn in the Breit-Rabi
diagrarm, Figs. 3 and 4. :
_For values of x » 2 the effective magnetic moment that intefacts
with the fiel'd gradient in.the A and B. magnets is essenfially
- g Ho™ 5 This value of x serves as a critevrion for the field value,
while deflection amplitudes and geometry considerations determine
the usable field gradients. Ny |
Given the above x value in the A and B magneté, 'it is easy to
follow the atomic orbits through the apparatus.v The direction of the
magnetic gradients is the same in both magnets. If, thereforé, the
effective moment of the atom maintains the same orientation through-
out, the deflection in the A magnet is continued in the B magnet,
‘and. Path 1 of Fig. 2 describes the trajectory. 4Howevery if a per-
turbation is introduced whic1:1 reverses the direction of the effective
moment, the transverse force in the B magnet is reversed and the
atom returns to the axis, as shown in Path 2 of Fig. 2. »
The two classes of perturbation found in experimental practice
are spatially vérying magnetic fields and radio-frequency magnetic
'fields. The static-field perturbations can arise from any rapid change
| in field along the trajectory which has a 1arge Fourier component at
the resonance frequency. Generally this perturbation is too small by
several orders of magnitude to be observed in properly designed
apparatus. One may also set the C field to zero, which then randomizes
the orientations. This is generally found experimentally and establishes
the zero-field condition. Radiofrequency transitions may be excited
by a magnetic field rotating at the resénance frequency. In practice,
however, oscillatory fields replace the rotating fields. The effect of

employing the oscillatory field is to add a counterrotating magnetic
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hAv

0 0.5 1.0 1.5 20

MU-13310

Fig. 3. Breit-Rabi diagram; I1=1/2, J=1/2.

Ty
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)

min —le I_2 3_2 5_2

MU- 16436

Fig. 4. Breit-Rabi diagram;

1/2,

I=2,7

g1<0.
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field vector of the same frequency and of phase such that the vector

sum lies in a given plane. The effect upon the resonance frequency

‘has been estimated by Bloch and Siegert.  They showed that there is

"a shift in frequency of the resonance, given by

- ' 2
w. - w =—(2b—1) , where w, = - W . - . . (I1-8)
0 r - wo - wl, . . 1 0

Typical value of b, is 10* cps and of w, is 108 cps, thus -

Wy . @ ~ 1 cps < < experimental uncertainty.

The plane of the oscillatory rf magnetic field with respect to the

fixed C field establishes the selection rules for the resonance transitions.

For an rf. magnetic field perpendicular to the fixed field, © or

Am = # 1 transitions may take place. For the field component parallel

- to the fixed field, g or AM =0 transitions are allowed. The F-state

selection rule states AF = 0, *1. By noting that in the Breit-Rabi
diagram of Fig. 4 'for the case I = 2, gy < 0 (as for R584 and K42),
one sees that the refocusing transitions at large x correspond to
AMJ = = 1 in the high—ﬁeld or Paschen-Bach region. Fo.llowing these
curves bac;kward, we see that for ' AF = Othere is only one refocusing
transition: F =1 +i-1/2,VM =-1- 1/2 3 M=-1+ 1/2. For
AF = %1 all transitions are refocusing except

[F=1+1/2 ‘ F=1-1/2
| QM - i+'1/z> — (M_: I- 1/2>
The expressions for the frequencies of the transitions are given by

the Breit-Rabi formula (Eq. II-6) . In t‘héfol"lowing sections we state

~ these explicitly in application to evaluating the hyperfine structure and

nuclear magnetic moment.
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D. Determmatlon of A \)

. One of the quantities of interest is the zero-field hyperflne o
separation. This cannot be evaluated directly, as there would be no
reference axes at zero field with which to reorienf The functional v
dependence of the Breit-Rabi formula upon Av can be used to determine
its value from resonances taken at finite values of the static magnetic
field. , _ o - L

For preliminary determihation the refocused AF = 0, AM = £1
transition can be used. The exdct expression for this transition fre-
quency can be expanded in the low-field approximation to obtain, to

- second order in H,
B AL SR
VT Yotz Ye) By T c/seey |
. As the field increases, one must usée the exact expression, $olving for
Av: '
4 8iinH /o guaH e\
_ h h

gJ“o <, 21 - 8ot )
t DR tIEl TR

The g; is assumed to be known; the only quantity that has not been

evaluated is g1 By the following method of successwe approximations

(I1-10)

Av=

one may obtain A v to within a few megacycles F].I‘St, one neglects
the g1 term and obtains a prehmlnary value of A v . According to the
Fermi-Segré formula the ratio of the splitting factors of two isotopes

of the same element becomes

o
w
—

1 1 o | B oy

— Ay —
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. .The a  is related to the hyperfine—structure splitting by

ha(2l+l) - T me12)

hAv-= >

The _a.pproxi'm_aﬁ:fte result obtained is

‘Wl) ~ Tep TR0

(II-13)

By use of this relation, the gy .can be obtained, withvufltimat'e accuracy

of a few percent from .an isotope whose 8; is known, Inserting this

into Eq. (II-10), one obtains a corrected Ay, and the process can be

repeated 't.o converge upon the. value limited by the. expe,rirrrental error
of the measurement or by the Fermi- Segre formula

The final step.employs- exmtatmn of. a AF = %+ ] transition at
low field where all frequencies converge to s v as HC approaches
zero. The experimental radio-frequency hairpin used to introduce the
oscillatory field is designed to allow only AM = * 1 tran31t10ns with
large transition probability. For I+ J equal to an integer, there
exist only AM = 0 transitions for which the frequencies are field-
1ndependent to first order in H However, for I and J equal to a
half- 1nteger, _one may obtaln the value of A v which. is 11m1ted orly
by the uncertainty width resu1t1ng from the rad1o frequency loop
that excites the transition.

The general expressmn for the frequency of such a tranS1t10n

2
2IFT A TR )

_4 < g , )51/2
. - : 2
4+l 4 s X X ]

2I+1° 7

is

v = gluoH (m_-m_) + AZ—\)-

(II—vl4)
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If one expandsithis to second ordeér in x, neglecting terms in gy» one

obtains

-

| _ Awv 2x 2 2 2 2 o7 ;
v S l}*zm (m, -m_) +x <1 (21+1)2[m +m_ )] (m-1% ~

This equation indicates that for m:=+1/2 and m =7+ 1/2 the term

+
linear in x vanishes. For the particular application.in these experi-

ments, for I = 2, this becomes

4

For typical low-field measurements. Hc -is about 2 gauss..

R :,,’ - . '— ‘,.," 2 - , oo 2 . = . . X 8
.2 f(2.88.\° [ 5.6 3.2 - -6
R ( AvC),. __3_> ~ (2X1077)° o 4X10

X10

7 ’E“Or‘;. Lo
R Hc 2 gaussv

Aw3 000 Mc, '

o whlch allows ‘ A\) to be 'de‘f:ermih'ed' for example, to within a few

kllocycles out of 3000 Mc. It is p0551b1e to use the Breit-Rabi

formula. without approx1mat1ons to obta1n an’even better ‘value.

E. Determination of gI

From the evaluatmn of the hyperfme structure separation,
the nuclear g factor can be obta1ned to a few percent from comparison
with another isotope, umng.tne Ferm1~Segre,formula. For greater
'aécuracy,_ it is necessary to obtain a g valuev which is not dependent
upon the Fe rrn1 -Segre formulas explicitly. This ‘can be done by
observing that the seeond term of equation (II-14), involving‘ Av, has

stationary values. We define this second term
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vE =5 (1 too Xt X (1 + s X +x ) ‘ > (II-17)

and the derivative with respect to x can be made zero for certain

values of m ‘and m_ and x, which ¢an be visually estimated from the

“

Breit- Rab1 diagram.

For the case in questlon (for Rb84 and K4f2) the value of: m

and m_ are +1/2, +3/2 and +3/2,+1/2, respectively. Under the

2 PP , o
condltlons of ;—}%) 0, the difference in frequency between the two

lresonance transitions g1ves a value for the nuclear g factor,

) Voo ihv | 12T +2x N ] 2T T %X
Ax -2 |2 . 1/2 2z 1/2
T »4m+ A : 4m >
(1 + 2T X+ X ) :1 + ZI+1 —_— X + X -
For 1=2, m_= 1/2,.3/2 , m = 3/2, 1/2
- 0_'2x—6x/4 ;{+  2x - 2x/5
(1-6/5x + x°)} /& (1-2/5% + x 2172
"the value of x for whlcn ZV = 0 is
- 1314—0’/—6__ 0.420 204 103 . | (I1-18)

. For the value of Hg correspondlng to this x, the frequenc1es of the

5/ 2\ =3/2
transulon( _3/2) — ( _ 1/2) or \)+ and the transition

=5/2 F=3/2 .
<m- 1;2) )<m: 3//2) or y_.are given by

ve= v FgpgH

T

and the difference frequency is given by

\}+ - \)._ = ZgI HO L_LC . (11_19)
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Thus the accuracy with which gI may be obtalned is determlned by the

accuracy of v, -y and Mo H

+ C . : N N - .‘ Ll
The. final considerations concern any additional effects that might

invalidate,the conclus1ons put forth. . Some perturbing effects are:

e

(a) electromc state admixing due to Coulomb interaction of the

electrons, (b) second order contributions to the hyperfine energy from

near-lying fine-structure states or exc1ted states, and (c) changes

- in-the electron wave functions in the region of:a finite nucleus

The state admixing in alkali atoms has been con51dered by
Lamb who concludes that this might explain the change in gy This
effect cannot alter the gy as determined by the above method.

Schwartz has con51dered the second-order effects 1n the hyperfme

energy and proposes. them to be of the order (A V)’ /6, where 6 is

the energy increase’ necessary to reach the next interacting state.
42

For K ° this is less than 10~ %
The last effect, which is of great‘fmportance in optic’al

spectroscopy, appears in the form of a change in scale when the g1

A value is deduced- from the A Vs and does: not appear at all when the

g1 is evaluated from the separation of two resonance lines whose
frequenc1es are measured at field- 1ndependent points. This effect
must be considéred in evaluatmg the anomaly, and introduces a

correction factor of the order of 10 %.



-21-

III. THEORY OF ANOMALOUS HYPERFINE STRUCTURE

A, Introduction

»

- Given, by.some experimental method, the ayperfine-structure
¥ separation and magnetic moment for two isotopes of the same element,
one may ask how these may be related. For ,thez case.of s electromns
(whose spatial distribution is spherically symmetric) the delta function

. or contact term'ofv rthe’electrori-nucleus magnetﬂic dipole interaction

gives rise to the Fermi Segre formula which is based on the assump-

7, 24
tion of a nucleus w1th zZero spat1al extent. This states 9

' [N N .‘ : . 3 : ! 2
A v, 2 21, +1. 2, +1 lglll |¢,1(0)|
a

— . = : > (I1I-1).
Ay 5 2L, +1 2T, + 1 |g12_| [5(0)]

To a first approximation the squares of the wave functions cancel, as
taey belong to the same electron configuration. However, the ratio

of the A y's fails to satisfy the'above relation, by as much as a per-
cent. . This leads to the definition of the hyperfine-structure anomaly.
For eaeh isotope the.value of Ay differs from the Fermi-Segr\e" value
by a factor 1 + ¢ . Since the individual ¢, the fractional hyperfine-
interaction reduction, may not be measured directly, owing to in-
-adequate knowledge of the electron wave function, we must evaluate

its change from isotope to isotope of a given element. For small values
of e, the following ratio is used to define the hyperfine structure

anomaly:

1l + ¢ ) .
1 1,2 »

a~ e, - = -2

I RS S S S e

B

_wnere, by conventlon, tne smaller superscrlpt refers to the hgnter
nucleus. Therefore tne nfs anomaly is def1ned as

' /b v lgI |21+1‘)' |
1p% = F LA 1| X 100% . o (-3)
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Up to this point we have made no statement as-to the source of these
deviations. It is now necessary to give the nucleus further properties.
The nuclei whose prope'i'fies are considered in the following discussions

are of medium and heavy atoms. The nucleons contained within these

-

“nuclei are attracted by extremely short-range forces, range of the
order-of 10 !%cm. These forces drop off as 1/r", where n is
near 6. Free nucleons have the properties of finite spatial extent,
spin angular momentum, magnetic dipole moments, and--in the case
of protons--charge. In the aggregate state these properties are com-
bined in 'éomplex ways. There exists, for the whole nucleus, the
property ,:Qf a nonzero volume which reflects an incompressibility of
the nucleons. Between the individual nucleons of one type (protons
or neutrons) there are forces which depehd upon the relative orientation
of their angular momentum vectors.
' Taking the nucleus as a whole, it has ‘E)__een found that a central-
- force-field shell model can be applied even though the eicisting forces
are essentially in’terparticle.s This shell theory has qualitatively
“predicted the nuclear energy-level scheme, including the magic-

" ‘number shells. The: successof this ‘approach suggests further analogies

 \with atomic electrons. The property of use here is that of a nucleon

orbit within the nucleus. This property is utilized by Bohr and
‘Weisskopf to introduce the orbital magnetic moment of unpaired
nucleons to predict nuclear magnetic moments. The essential
features of this approach have been accepted. ,

The shell theory predicts other nuclear pr0pert1es " Of these,
the electric quadrupole moment prediction has proven inaccurate in
certain cases. The large values observed in experiment suggest that
many protons are contributing, rather than the single unpaired proton.
This suggests the p0551b111ty of a collective miotion of (the closed shell
or cove) nucleons. Tne core may have assoc1ated W1th it ¥olume and
surface oscillatibhs as well as an effective volume angular momentum.
This was considered in detail by Bohr and ‘Mottelson, and proved con-

sistent with nuclear energy level data. This, then, represents an
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additional term that may appear in the expression for the nuclear
magnetic moment prediction.
Another ramification of the finite size of the nucleus is a modi-

15, 26 Therefore

fication of the electronic wave function at the nucleus.
any interaction which depends upon this will likewise be altered. This
occurs in the hyperfine interaction and fnust be considered in the pre-
diction of the vhyperfine-vstructure anomaly. -

To summarize, we see that the evaluation of any corrections to
the Fermi-Segre formula must take into account the orbital and spin
states of the unpaired nucleons as well as any collective motion of a
core composed of all the nucleon pairs. In addition, changes in the
electron wave function must be inéluded.

To further complicate the picture, the odd-odd nucleus introduces
the problem of coupling of the unpaired proton and neutron to each
other and to any core motion. | .

The two tests that must be applied to the models available are
the prediction of the nuclear moment and the hypérfine—structure
anomaly. 6,217 Three models are currently applied to the pi‘oblém and
employ the Bohr-Weisskopf theory. The first two differ in the weighting
of nuclear ground—sfate single-particle and core contributions. The
last introduces configuration mixing. This has the effect of admixing
into the ground-state sing'le—particle wave function small amounts of
the wave functions of excited states of the nﬁcleoné. As applied to
odd-even and even-odd nuclei the prediction of magnetic moments has
been quite successful. However, its application to odd-odd nucleons

remains as a future development.
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: B. General

" The hyperflne structure anomaly has been observed in atoms
in the: s and pl/2 electromc state in Wthh the electron has a non-

neghglble probablhty te belng in the nucleus ‘ The p1/2-state, in

«<

, relat1v1st1c theory, has an s state.wave functlon component in regions
near the nucleus of the order Za times the pure s- state value. We
shall here 11m1t ourselves to s- state atoms ' | ' v

- The Fermi- Segre formula was calculated by assummg the
nucleus to be a point dipole magnetlc moment. The 1nadequency of this
assumptlon was f1rst suspected by Kopfermann. The first isotopes
experlmentally studied were Rb85 nd Rl:>87 29 Amelasured anomaly
of 0.35% was obtained. 30 As t1me passed additional measurements
»were made and theoretlcal 1nvest1gatron proceded Bohr and Weisskopf
in a series of three artlcles proposed a model of the hyperf1ne 1nter=- »
~action Wthh comblned the effects of changes in the electron wave function,
separate sp1n and orb1tal nucleon contributions to the nuclear magnetism,
and a collectlve mode of closed shell motion in the nucleus which could

couple with the unpaired nucleons. 31,32,33 They apphed these theories

to the anomaly pred1ct10n for Rb85 and Rb87 w1th relative success.

_ Further developments have refined this approach They include
more' exact evaluatlon ‘of the electr_on wave function and the incorporation
of the results of the collective .model, ~ Another approach has been the
conﬁguration mixlng model to explain the magnetic moment deviations

frorn the Schmldt 11n:11ts°

C. The Bohr- We1ssk0pf Theory

With the failure of the simple model employing a uniform
3 .
distribution of nuclear magnet1sm whose radius varied as Al/ it
became necessary to separate the nucleon magnetic moment into two -

intrinsically different parts--the spin and orbital components. To

[

first approximation for odd-even and even odd-nuclei, all nucleon

spins except the 'walence' or unpaired nucleon spin couple to zero.
Therefore, the hyperfine interaction reduces to the interaction of a
single electron with a single nucleon moving in the nuclear volume,

using a relativistic wave function for the electron.
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Using the hyperfine interaction constant defined by Eq. (II-3),

we separate this into
(I1I-4)

a=a_+ta,,
which are to be compared with the point dipole hyperfine interaction

constant,
. 8n 2
aa® " 3 gigr VO |7

For the values of a, and a,: _ :
R 3

©
I r
as = = —-3—— gSgJ SZ w(R) dTn jFG— Q(SZ,G:CP) R—3_ FG dr 3
N R o T (u1-5)
. . R
S L 1S@®) | 2sdr | FGar+ T pGar
:a&— - 8, 85 g>_ ) 2,47, ,—1;3 ,
N R 0 - (111-6)
-where w(R) = distribution of nuclear .Spin magnetization,
§(‘—R‘) = nuclear wave function,
Q*: spin asyfnmetric distribution function.

and a, = 0. If we define

As R - 0 the expression for a_-—a
v s pd.

R sk Vr3
f (1 +C -3) FG dr |
0 v : (III-7)
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i 0 2 R AT S AR
o = , . u-8
. = . ey , ( )
J FGdr
0
and “Zs and T?, , the ave;.rage values over the nucleus, we obtain
a - a
E_ = pde S s
s 2 4.
(111-9)
a ,-a
= pd 4 ,
t . %pa

which represent the fraction reduction due to the finite extent of the
orbital and spin nuclear magnetization. | '

To evaluate the expressions: for the k's, information about the
\ .electron wave functions is necessary, as well as ‘the angular a5ymmetry
. of the spin distribution expressed by Q which h,as been calculated by
Bohr31""3r3 for various single-particle states.
For a given isotope, the relative contribution of spin and orbital
'»"-"-magné»‘ciz‘ation to the-lmagnetic moment must be established. For the
vector couphng I = { + s for a sinéle unpaired nucleon and

uI . p, + p,& s uS1ng the g factor notatlon,vone has

Q= ot Zs P o . (I-10)
4 .
For the total fractional hyperfine, interaction reduction, we have

c=-(a X +a % ). | (ITI-11)
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The electronic wave funct1on 1s calculated for the region within the

nucleus, assum1ng the nuclear potent1a1 of a un1form charge d1str1but1on

3.1 2026 ¢ oot T
Ve=lz- zx) g §ofer x=gsls
where R = radius of the nuclear charge distribution. With these wave

functions, 'T<'s and _K; are evaluated in the form
Qo O .

N
< - P

. ‘- o '. ', i P x o /R . |
Ks'™ [‘?52(51/2) LAY 61‘/2’} (:Z/ "{ s4(51/2) + bt 4(51/2)!
ol T R ) | e"/' ‘. .
K, =b,,(S S%RZ\"b (s, ,,) ¢
PR T A Vo e VI VA VZ \5?/’
N € - €

where the coefficients b are tabulated for the above expressmns as
well as the rad1al averages. o

In an extension of the above method Stroke * ‘extends the series
solut1on for the kK's and tabulates new coeff1c1ents 3‘4This represents

a slight incréase of prec1S1on )

D. Collective Model

When quadrupole moments were measured and found to be many
times that associated with a single nucleon, it became necessary to
propose a nonspherical nuclear core. The simplest form of this
asymmetry was the ellipsoid, with a symmetry axis associated with it.
Next, surface oscillations were proposed, which might contribute to
the magnetic moment. As a consequence, an additional term could be
added, yielding

—

¢ hond =
U= zme (8 Stg tteg R, | (111-13)
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~ where" P is the angular momentum of the core, gR ~ Z/A the g

value of a umformly charged core.
The regions in which the collectwe model should be applicable

lie far from the spherically symmetnc magic- -number configuration,

and in regions of large A“:.(_A being the total nucleon number).

E. Configuration Mixing Model

Blin-Stoyle and Arima and Horie have developed a configuration-

, "m1x1ng theory which predicts many magnetic moments for odd-even
and even-odd nuclei. 6735, 36,37 In apphcatlonto_ the hfs anomaly of
85 and. . Rb87 the value predicted is 0.34%, eompared to 0.35% observed.

The wave function employed has the form

gt 2ot

where the b; 's can differ only by one sin'gle-partiele s‘t_avte_'_f_‘ljlo‘m-

\]; -with A{ =

s L The smallness of a, ( <, 1) allows one to 11m1t the contr1but1on

to terms linear in o. in the expression for tne expectatlon value of

the magnetic moment

u=d(y | (;ivg2>§+g;f 1) K] 5'1,1 . - (III-14)
_ n
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F. Conclusmn

The basic vahd1ty of the Bohr- Wels skopf approach is well
established and serves as the basis for the current hfs anomaly
. predictions. The greatest ambiguity that exists at present is associated
. with colleetive modes, possible interconfiguration mixing, and--for
;odd-odd nuclei--the. coup11ng schemes.
~ (Stroke and Blin- Stoyle have recently extended the. Bohr-

- Weisskopf formalism to include explicitly detailed in formation of the
.. nucleon conflguratlons of odd-A nuclei. 38) As a consequence, only the
-modified single-particle- model anomaly predictions will be compared
with the experlmental results. Two cases will be considered in which
the intrinsic and orbital nuclear g values respectively, are changed,
- to allow fitting of the magnetic moment to the observed value.. These

changes are then reflected in the predicted hyperfine- strueture, anomaly.
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IV. EXPERIMENTAL APPARATUS

A. . General Characteristics. . .. ;.

~“The ‘apparatus used inthese experiments has beéén described
in'detail in the thesis of Norman Braslau. -16;“-The vacuum tank and
magnets were built by Bemski’l 5 for research-on-alkali halide molecules.
The modification and reconstruction fd'r 'appli'c'aitic')n-' to’atomic beam

- studies was carrled out by Dr. G11bert O. ‘Brink, Norrnan Braslau, ‘

"“‘and the’ author * Many additions have been rmade:sincé the summer of

1958 when the fir st alkali beam was observeéd in the reconstructed
apparatus. The first problem to be solved at that time was monitoring
~ the stablé carrier beam, to allow normalization'of the ‘radioactive beam.
The 'plac-e"';ment‘ of a surface ionization .de"t"ec':to'r:; in the path of the thrown-
out beam allowed r_elati'v;e'nbrmalizati’onvto‘ ‘within #5%. The generation
of radio-frequency signals required no unusual efforts, and comparison
with a primary standard produced fr—equenciesfstableto 1/108 over the
‘couArs,e of an experiment. The most formidable problem lay with
stabilization of the homogeneous C ‘field, which varied because of
changes in the C-magnet current and in the strength of fringe fields
from adjacent magnets. This was solved by continuously monitoring
a refocused transition i‘n‘the stable alkali carrier, and using a fre-
quency modulator and phase- sensitive detector to correct for the field
drifts. A brief d1scus sion of the apparatus components, below, con-

cludes with a summary of the radio- frequency generation methods.
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B. Machine Geometry

The physical structure of the machine was dictated by its
earlier applicatipn to the study of molecules in the sigma-electronic
state. Under these conditions Bemski required long deflecting fields
and employed large gradients to produce usable deflections using the
nuclear moment interaction with the field gradient. The ovel;—al_l
length of the vacuum chamber, from source to detector end, is 78-5/8
inches. The deflection region occupied 36.82 inches of this distance.
The changes involved reduction of tahe field gradients consistent with
‘the refocusing conditions as developéd by R.J.. Sunderland. 39 Thus,
Fig. 5 shpws the relative placement and location of the source, buffer
chamber, maghets, collimator, stop wire, and detectors. The
essential geometric characteristic of the machine is the symmetry

about the collimating slit, loc‘ated at the center of the C r'nagne'c°

. C. The Vacuum Characteristics

The chambers shown in the machine layout are employed to
allow differential pumping along the path length of Vthev beam, hence
eliminating spurious gas by-products of the oven cherhistry from the
interaction region of the main chamber. A pressﬁre differential 10
can be obtained by pumping the oven, buffer,and main chambet inde-
pendently, with apertures between, which afe large enough only for
the beam. |

The external vacuum wall is a stainless steel cylinder of
12 in. o.d. There are ports for entrance of connections for water
cooling, electrical lead-ins, etc. Figure 6 shows the external
appearance of the apparatus.

The system has a full complement of ionization gauges, thermo-
couple gauges and éppropriate controls, and associated pressure inter-

locks for fail-safe operation.
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Fig. 5. Layout of vacuum tank and magnet.
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Fig. 6. Atomic beam apparatus.
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The machine suspension system employs the familiar three-
point method, using ball bearing expansion compensators. The machine

is supported by two concrete pillars attached to the floor.

D. The Magnet System

The two deflecting magnets of the Rabi type and the homogeneous
field magnet are of the low-impedance type. Figure 7 shows pole tip
design. The A and B magnets are 17.5 in. long. A current of
350 amp at 4 volts is passed through the flattened copper tubing of
the two magnets connected in series. The magnitude of the C field,
in which the transitions ‘occur, is determined by the requirements of
the particular experiment. The C field is 15-3/8 in. long, with a
gap width 1/4 in. and a height of 2 in.

The total resistance of the 20 turns of flattened copper tubing
is 0.0071 ohms, which at 350 amp can produce a field of 8000 gauss.
In these experiments fields no larger than 500 gauss were employed,
requiring only of the order of 35 amp. In the A and B magnets the
only field requirement lies in the decoupling of the T and J, such
that the Paschen-Bach field dependences of the energy levels are
approached. This condition is satisfied for all the alkali elements
considered here,

A later section deals specifically with the stable resonances
employed, using a frequency-modulated locking signal and a phase-

sensitive detector, to stablize the C field.
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E. The Oven and Oven Loader

The ovens employed in the production of beams of neutral
alkali atoms are shown in Fig. 8. Tae two ovens on tne left show the
latest models. With press-fit tops, the escape of tae sample through
the thread gaps of the right-hand oven is eliminated. The ovens are
7/8Xx1x1 in. in dimension with two mutually perpendicular V notcaes
in the bottoms to allow accurate location on taree support pins. The
slit width for the experiments was 0.005 in. witn a jaw thickness of
1/8 in. These ovens were mounted in the oven loader and lowered
into the vacuum.

The oven loader is employed to introduce tae oven, containing
the radioactive and stable materials, into tae oven chamber througn
a series of two intermediate vacuum regions. As the lifetime of
certain radioactive samples is short (several aours), it is necessary
to expedite all procedures.

The oven loader is shown in exterior view and in cross section
in Figs. 9 and 10. The loader moves the oven past three O rings
defining tne boundaries of tae rouga (forepump) vacuum of a few microns,
tae fine (backing DP) vacuum, and tne oven caamber. 7Tae process
requires about 5 minutes. Generally, an additional 10 to 15 minutes
is needed to allow the oven chamber to reacn an operating pressure
of 3_]\10_6 mm Hg.

The oven is positioned by screw adjustment wita dial-indicator
position monitoring. Tne two motions are translational (perpendicular
to the beam axis) and rotational. The oven position is reproducible,
upon removal and replacement, to witain a few thousandths of an

inch.
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ZN-2391

Fig. 8. Stainless steel ovens.
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ZN-2393

Fig. 10. Oven loader.
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F. The Detector Assembly

In the experiments described here it is necessary to have two
surface ionization detectors in operation during the full period of the
experiment. In addition, the beam line-up procedure requires a third
detector which can be placed at the focal point of the beam, normally
occupied by the sulfur-coated brass buttons employed to collect the
radioactive atoms refocused at resonance condition.

The first and second detectors are shown in Figs. 11l and 12.
They are independently movable and are placed appropriately to their
function. The first, closest to the B magnet, is called the monitor
detector. This surface ionization detector intercepts the thrownout
beam and has shown itself capable of monitoring the full beam level
to within 10%.

The second detector, called the locking detector, is mounted
in the exit which defines the refocused beam. This detector is capable
of observing refocused beams of resonance amplitude l)&lOml‘2 amp in
the stable isotopes. These resonances are employed in stabilizing the
C field,

The third detector is located in the rotating button loader shown
at the end of the atomic beam machine in Fig. 6. When in position, it
allows alignment of the undeflected beam and assures that the refocused
atoms will fall on the surface of the sulfur-coated buttons. The
mechanism that houses tae button loader ionization detector contains
two button ports which allow the sulfur-coated brass buttons to be
introduced into the beam path. The button passes through two inter-
mediate vacuum chambers before entering the detector chamber. This
allows minimum button-changing time, generally of the order of 2
minutes. In addition to the two button ports and the ionization detector

there is a glass-windowed observation port which is used to check

machine alignment.



4] <

ZN-2387

Locking detector.

11.

Fig.



-42 .

ZN-2388

Fig. 12. Monitor detector.
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.G. Radioactive Detection

It has been found that sulfur coatings are capable of retaining
the alkali .atome, deposited upon them in thex,eya_Cuated:detec,tipn or main.
chamber of of the machine. (These buttons will be _s_een,-',i;n'F_ig. 21).7
‘The Button_s, upon removal after expoe'ure, ' areplaced. in ‘radiation '

- detectors.

H. The Radio- Frequency Apparatus

Three functions must be performed. To establish a C field
constant in time it is necessary to supply signals.to the locking hairpin
_ up to 5000 Mc/sec with.e' frequency-modulation bend width up to a »
megacycle, which is stable to several parts in 10°.  Next, the
measurement of the magnet1c field at the search hairpin, which is
- located in another portion of the C magnet, requires frequency
“.generation up to several thousand megacycles. This is called the
calibrat_ing resonance measurement. '

The resonance search requires frequencies up to 5000
Mc/sec with stability of one part in 108, This ‘system may also be
used for the calibration when change-c‘)ver'time is only a few minutes.

The frequency generation has beeh accomplished by means of
frequency mu1t1p11cat1on and amplification. The oscillat"ors, used for -
‘the precision measurements were the Gertsch AM-1, 1 to.2 and 20
~to 40 Mc; the Gertsch FM3, 500 to 1000 Mc, which could be locked
h_to a James Knight Co. JKFS 1100 secondary frequency standard (the
pnr_nary standard employed was a National Co: '"Atomichron'). Other
‘oscillla'tors used for calibration purposes were the Tektronrx 190A, ;
0.5 to 50 Mc, and the Hewlett- Packard 608A,. 10 to 500 ' Mc.’ E

' By use of the above oscillators to produce the fundamental
frequenc1es, arbitrarily high frequencies could be produced which
were 11m1ted only by the transm1ss1on line character1st1cs and amphﬁer

ranges. These caused no d1ff1cu1t1es 1n the range through 4000 Mc.

LA



-44.

For amplification in the range 0.2 to 200 Mc the Hewlett- Packard
460A and 460]3 amplifiers and the Instruments for Industries model
500 amplifier- were used. Above this frequency, traveling—wavé tube
amplifiers were employed, which were built around Sylvania and
Huggins traveling-wave tubes.

The array of radio-frequency equipment used for each experi-

ment is shown in Figs. 13, 14,15, 16, and 17.

I. Hairpins

At medium and high frequencies the transmission-line
termination, which provides the exciting osbcilll'a'tory magnetic field,
must be considered an integral part of the frequency-generating system.
This comes about for frequencies whose wave length is _comparablé to
the transmission-line length. Impedance matching, proper coupling,
and reflection minimizing (from discontinuiti,es near the termination)
must all be considered carefully in producing the optimum radio- v
frequency magnetic field at the position of the atomic beam.

Two types of terminations or hairpins are shown in Figs. 18,
© 19 and 20. These are the strap, or single-oscillatory-field hairpin,

-and the Ramsey, or separated-oscillafory—field hairpin. .Each of these

‘has a characteristic shape of atomic beam resonance associated with it.
- The strap hairpin produces a single peaked resonance whose half width
can be related to the thermal velocity of the beam atoms by the relation
(at optimum oscillatory field strength).

Full width at half resonance = 1.072 a/¢ ,

where I
a = .\/ ZkT/M ,
{, = length of oscillatory field.

The ‘Ramsey hairpin has associated with it a broad resonance pedestal
upon whi_ch occurs »an intei'ferehce—type pattern. If the 'radio—frequency
signals of the two oscillatory regions are in phase (0 deg phase dif-

ferenc'e), there occurs a three-peak interference pattern whose central
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ZN-2382

Fig. 13. Radio-frequency relay rack.



LOCK (FM)

AM-|

WIDE-BAND
Amplifier

I

to hair pin
(flop optimized)
1-5 Mc

Fig. 14. Frequency generation for Ay search,.' K
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CALIBRATE

hp 608¢
Oscillator

|- 2-kMc
Amplifier

to hair pin
at 300 mw

SEARCH
AM-1| 30,9721 75
FM-4. |629.443
I-2-kMc
- Amplifier
1258.887
to hair pin
at 200 mw
 MU-24972
42

K42: Ho 1.4 gauss. Ay search.
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LOCK (FM) | CALIBRATE ~ SEARCH
AM-1 | 305019  unused | AM-I | 28,203375
FM-4 | 925.0589 . 780.724 | FM-4 574

4 &f
‘ X2

- 2-kMe
Amplifier {
0 o
925.0589 - | -2 kMe
Amplifier
. to hair pin
- at 400 mw - - 780.724 1148.135

MU-24997

Fig. 15.. Frequency generation, v, and y for
K42:. H = 188.9 gauss Moment search.
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FREQUENCY GENERATION

' 84
84 V,and V- — Rb
Rb™ : H=462.338 gauss
85. 87.
LOCK (Rb ) {FM) CALIBRATE(Rb™ ') SEARCH (eg)
34.288 34.654 550
hp 608¢c
AM-1 Oscillator | -~ [eauency 00kg  Am-1 »
0-500Mc . .
695.76| 703.091 000
FM-4 05-10kMe FM—4A »
Amplifier .
x2
1391.522
- Z‘ko 373.993 Mc 1-2-kMc
Amplifier Amplifier
to hair pin
at 300 mw
x3 . ’ x4
73
2-4-kMc |. 2-4-kMc
Amplifier . Amplifier
Dir. . )
Coupler 4174.565 Mc 2812.364
L to 2" hair pin
to hair pin
at 400 mw at 15mw
MU.24973

Fig. 16. Frequegiy generation, v, and y for
' Rb®*: H = 462.338 gauss. ~ __
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LOCK (REED) (FM) - , CALIBRATE and SEARCH
Calibrate -  Search
AM-1 311961 FM-4 528.453 998.00
U 1—2-kMc
945.883 Amplifier
2-4«Mc - ' CoE ,
Amplifier | 18978 - t
to hair pin
at 1I00-400mw-
x2
2-4-kMc
Amplifier
3783,533
to hair pin
at 400 mw

MU-24974

Fig. 17. Frequency generation for
Ccs129. H = 649.515.



-50-

Fig. 18. Two-inch strap hairpin and early
Ramsey hairpin.

ZN-2386



-51-

68¢2-NZ

‘utdrtey Assuwrey

61 .MWW




-52-

Polystyrene Spacers

MU=-19777

details.

Ramsey hairpin

Fig. 20.
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peak is larger than the two secondary peaks. The width of the pedestal
is related to the 1ength of the indiyvidual oscillatory field regions, and
the central peak width is related to the separatlon of the oscillatory
field reglons (at optlmum f1e1d strength) by _

Full width at half resqnace = 0 65 a/L

J. Stabilization System for the C Field .
This part of the experimental apparatus was designed.

 and perfected by Dr. Gilbert O. Brink and Norman Braslau. 40 The

signal.impressed upqh the llocking‘ hairpin was of the form

V= \)O + \)1 cos (Zn\)zt) .

Here .\)0 migh_t be any value from 1 tb 5000 Mé; vy was optimized
for the particular resonance but was on the order of the line width,
being between 0.1 and 1 Mc. The modulation frequency, v,, was 100
cps. '

The signal from the locking ionization detector is fed into a
phase-sensitive detector which compares the signal with the 100-cps
reference. The error signal from the phasé—sensitive detector is then
fed to the C magnet current regulator containing two Delco 2N277
transistors which add an incremental current to that from the main
. 4-volt submarine batteries. By this means, the C fields can be

kept constant to several parts in 10
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K.. Radiation Detection Systems:

The _dete'rminationvof‘fth.e‘ resonance condition fo'r: radioactive
beams requires that the refocused atoms deposited on the. buttons be
counted by assaying the decay radiation. Two sets of de_tecfors have.
been used in these experiments. For y-radiation detection, thallium--
activated Nal crystals co.mbinedx with photomultiplier, pulse-height
discriminator, and scaler were used. They can be seen in Fig. 21.

. For B-pa-'rticle detection, proportional--ﬂbW’ counters were used. These

are shown in Fig. 22.
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5819
6655

CRYSTAL <.

Al FOIL—

! Set———1-BALL BEARING

~— SLOT FOR
BUTTON

'COUNTER

v

SULFUE\\\\$
GROOVE

FOR BALL
BEARING

BUTTON

MU-12676

Fig. 21. Scintillation counter and button.
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’/////////—————IﬂGH-VOLTAGE SOCKET
' GAS INLET

1%

/‘—STAINLESS STEEL

Z

—

| 0005:DIAM. TUNGSTEN

BUTTON CHAMBER

3" DIAM

MU=17401

-Fig. 22, pB-counter head.
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V. EXPERIMENTAL PROCEDURE

The experimental procedure (excluding‘sou"rqé preparation)

can be broken up into steps, as follows.

(S LI N VU \Y)

10.
11.

12.

13,
14,
15,
16,

boxes (show.n in Fig, 23) known as '"caves." With the aid of a Health

Chémistry monitor, the oven is next transferred to the atomic beam

Transfer of reactant into atomic beam oven.
Transfer of oven into atomic beam machine.

Production of the beam. .

Check of oven alignment.

Measurement of specific activity of beam -

- (cpm/(min. of_exposurre)(s'table:beam level) ).
Degaussing of C magnet. ’ ‘
Observation of the Majorana transition (zefo-ﬁeld

refocusing)

. Changing magnetic field to desired value.

Observation of locking transition.

Adjustment of lock-in system for optimum error signal.

'Calibr.ation of xn_agnétic fiéld-‘(alter‘ing locking frequency

-to obtain proper field if necessary).
Exposure of sulfur-coated brass buttons at zero rf and at
search frequencies. |

Transporting of buttons to counting room'.f_'

.Counting of activity on buttons.

Feedback of counting-rate information to expérimentei‘, :

Recount of buttons after eXper—iment, if necessary, for

improvement of statistics or to establish decay constant.

The chemistry of radioactive isotopes is carried out in shielded

machine.

oven loader shown in Fig. 10.
vacuum chamber through _tv&;o in_termediate—presSpre chambers pumped

to 80y and 10y respectively. The oven is then ready for outgassing

The oven is placed upon three supporting pins in the cylindrical

and the final heating for beam production.

The oven is then lowered into the main
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ZN-2366

Fig. 23. Cave for handling radioactive materials.
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In the production of alkali be‘am‘s ‘low heating power is required.
A 0.010-in. thoriatedtungsten filamen_t at 1/8 in, from the front face
of the oven is heated‘ with a current of 12 amp at 10 volts. Generally
it is necessary to place a potent1a1 of some 100 volts between the filament
and the oven and electron- bombard the oven. The electron bombardment
power is generally from 3 to 25 watts under normal mrcumstances
The heat1ng process requires from 20 minutes to 1 hour owing to the
_rap1d outgassing of the oven and walls of-the oven loader '

. When a beam is observed 1n1t1a11y, the deﬂectlng magnets are
‘off. .The stop wire and beam flag are also withdrawn so that there is
an unobstructed path for the atoms from the oven to the detector end

of the atomic beam mach1ne In order to ahgn the oven to be collinear

'~ with the ax1s of the atomlc beam machme the stop wire (whose

~position is known to be on the axis) 1s lowered 1nto the path of the beam
_Next the oven p051t10n is adJusted so that the 1mage of the stop wire .
lies in the center of the beam pattern. The beam pattern is defined by
’the oven (line source) and the fixed colhmatlng slit located at the center
of the C magnet. ' |

After the oven is ahgned one then exposes a sulfurcoated v?v
button to the unobstructed beam for 5 minutes. This button is subsequently
assayed and an indication of the specific activity is given which can be
used to pred1ct the amphtude of the resonance S1gna1 be1ng sought and
to_correlate successive experlments ‘

'The next procedure is to cycle the C magnet through hysteres1s
loops of successwely smaller area until one obtains the zero-field
condition. There is a fringe field impressed by virtue of the place-
ment of the A and B magnets. To obtain a state of zero £1e1d one
must 1mpose a current upon the w1nd1ngs of the C magnet such that
Hc is opposed to the direction of the fringe fields from the A and
B magnets. The 1nd1cator of the zero- field state is the so-called
MaJorana flop, which is due to a random repopulatlon of the states
in the C- f1e1d reg1on when the reference axis of quantization is

removed
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One can then use the calibration of field vs C magnet current
(assuming the ''degaussed" rhagnét history)to place the méghefic field
value Véry close to the desired field (&5 %). ' .

The m'agnetic field is fine-tuned to observe the lockin‘g transition.
When any ambiguities in transition identity are removed, ‘one closes
the servo ldop and uses the output.of the phase'-VSensitive detector to
lock the field control to the resonance peak. The locking characteristics
are optimized by varying' the wi.'dth of the resonance (by power change),

. by changiﬁg the time constaht and noise associated with the hot-wire
surface ionization detector (by filament current chafnge), by changing
relative phases of input vs reference and band width of fréquéncy modu-
lation signal fed to hairpin. |

For the typical experiment two radio-frequency hairpins are
used simultaneously. One of these, usué.lly a stfap, feeds in the modu-
lated locking signal. The second serves to introduce the calibration
‘and search frequencies successively. The calibration frequency (the
frequency of an observable resonance in a stable isotope whose field-vs-
frequency relation is known) is introduced into the same hairpin as the
search frequency in order to establish the field at that location. (The
radio—frequency-gene.rating systems for each of the isotopeé is given
v at the end of the section on expefimental procedure.) .

The procedure for detection of refocused' radioactive atoms
employs a sulfur-coated brass button which is eprose'dﬂ"to the be‘a‘rn,

- The first button exposed during the run observeé only background atoms,
~as the rf is off, This establishes a base line, which ma\y be repeated
throughout the run‘at the experimenter's discretion. Successive buttons
are exposed at fixed frequencies for a time determined to give a
reasonable compromise dictated by resonance counting rate, apparatus
stability, and total predicted length of experiment. ‘Typical exposure
periods lie between 5 and 15 minutes. '

The exposed buttons arei’emovéd from the apparatu_s and
delivered, by means of.pnevumat‘ic tube, to a counting room physically

located some 400 feet away from the atomic beam machine. The
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radiation from the atoms deposit_e.d upon the sulfur is detected by
either scintillation or propdrtional-ﬂow B counters, depending upon

the nature of the radiation. The information of counting rate and its

uncertainty are then communicated frorh the counting room to the

experimenter by the intercommunication system.
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. VI. RESULTS

A. General LA

The results of the experiment upon four radioactive alkali

atoms are is follows

27

cs? (6 hr) A v = 8900(150) Mc
cs!??  (31hr) . Ay = 9229(30)Mc
Rb4 (33d) Ay = 3083.159(4) Mc
K*2 (12.5 hr) - Ay = 1258.877(4) Mc .

For each isotope there is a brief discussion in which the observed
resonances are presented together with the experimental conditions.
In the following, the criteria of analysis are presented and the experi-
mental errors considered in turn. |

In order to estimate the validity of the results of any experi-
" ment it is necessary to know the characteristics of the apparatus, the
procedure employed, and the systematic errors. The final tests of
the complete measurement process:are whether its results are con-
sistent with measurements made previously b‘y other experimenters,
and whether its results are internally consistent. |

The apparatus includes the following units: (a) vacuum System‘
with source, deﬂeéting magnets, and detectors; (b) frequency-gen-
erating equipment; (c) current supply for deflecting and transition-
region magnets; (d) electrometers for electrical detection system;
(e) a feedback system for maintaining a constant magnetic field in the
transition region, including oscillators, hairpin, phase-sensitive
detector, and current-correcting attachment to transition-region

magnet current supply.



-63-

These individual components have been described earlier in
this presentation and are descr1bed in.detail in'a ‘previous article.
-Their characteristics may be summarized as follows.

~+ The frequency generation is stable to 1/108

- - The deflecting-magnet ,supply;»(Submarine batteries) has a
drift of about 1/10, but does not affect the transition-region magnetic
field except through fringe effects, which can be determined and allowed
for by periodic calibration of the uniform field. ) '

The homogeneous magnet lock-in sYstem has a maximum

5.

variation of 5/10° in field over the period of the experiment.
The continuous e1ectr1ca1 momtorlng of stable carrier beam
'glves an amphtude normahzatlon taat is accurate to within 5%-=-which
is less than the statistical uncertamty of the amphtudes as determined
by radioactive detection. '
Two of the quantities (frequency and field) ment1oned above are di-
rectly measurable and are unambiguously known.
- The sources of error to be considered next are less definable,
but we-can evaluate their magnitudes by noting their characteristics
-‘and applylng various tests. Five known effects associated with the

hairpins and fields which can produce dlsplaced or distorted resonances

are: Bloch-Siegert effect, Millman effect, Doppler effect, non-

" uniformity of field, and phase-shift effect..

- At this point it is useful to consider the two types of hairpins
used in the experiments presented here. The first type is the single-
strap hairpin. This was used to investigate the rubidium and cesium
isotopes. For potassium, in order to increase the precision of the
"measurement a separated f1e1d nalrp1n was used. This conS1sts of
two strap ha1rp1ns 1/8 inch long separated by 2 inches. The first
four error- produc1ng effects are present in both types of hairpin. ‘The

phase-shift effect is significant only in the separated-field hairpin,
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1. Bloch-Siegert Effect

The general solution of the time-dependent Schroedinger
equation is obtained by assuming that the perturbing magnetic field
is rotating about an axis in space with a frequency\ w,

If one replaces the rofating field with one oscﬂlating in a plane
perpendicular to the axis of rotation, the time-depelﬁd'ent Schroedinger
equation must be solved with two rotating components, of frequency, w

and -w. The result, given in Eq. (II-8), is

W - W
r 0

which is seen to be no more than 10ft3 of the line wi_dth‘of the resonances

~ 1 cps,

considered.

2. Millman Effect

This effect is due to any changes in direction of the oscillatory
rf magnetic field along the particle path. This can produce an
explicit rotating component which will add to one or the other of the
rotatiﬁg,components of the oscillatory field. The effec_:t can cause an
incremental frequency shift of y(n/2)Ag, where A {, is the distance
over which the change of direction occurs. .

In the experiments presented here this effect has been greatly

- reduced by use of a strap hairpin, and is not observed.

3. . Doppler Effect

If there is a standing-wave pattern in the hai_fpin, it can be
resolved into two running waves traveling in oppoAsite directions. Each
of these can cause transitions. The Doppler effect gives the apparent
frequency of each of these components as seen by a mdving atom. The
velqéities of the running wéves‘are +c and -c, where c is the

velocity of light.
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1

. The general expression for the two apparent frequencies is

‘v -_—.\)O'(’l +v cos 6);/9,;(1 -,Vz/cz)l/. ) L
wherve” Vo is the frequency impressed, v 'lis‘”'t'h'e velocity of the atoms
) in the beam, and - 0 is the angle between the beam path and the

'standlng wave plane. The denomlnator g1ves the effect of time dila-

. tation if the part1c1e is mov1ng with a velocity comparable to the speed

" ,the accuracy requlred, i, e 10 -

of Iight Th1s term is smaller by several orders of magnitude than

9
To estlmate the max1mum shift we note that the atomlc

Avelomty is. approx1mate1y 5><105 cm/sec.

v/c = 1,*5"><'1o'5,

.9=0deg, ;

1l

v = v, £20 ke for vy = 3.000 Mc.

If both running-wave components are equal in amphtude the observed
resonance 1s broadened symmetrlcally L—Iowever, if one nas greater
amplltude than the other, tne effectlve resonance peak is shlfted from
~the Bohr frequency ,

This effect 1s 51gn1f1cant only when standmg wave patterns

. are p0581b1e, i. e, when the ha1rp1n 1engtn is comparable to the wave

length of the input signal.

4. Nonuniformity of Field -

The effect of a nonuniformity of field is to allow the Bohr
condition to be satisfied 'b"y"several frequencies. With a single-strap
~ hairpin _thi_s‘ produces an observed resonance th’at’is‘in'gene‘ral
.unsyrnmetrical. For a separated-field hairpin, this effect may not be
apparent. This hairpin requires only that the'avera'ge o‘fv‘th’e magnetic
field be equal to that of the fields at the straps. Again, this may be

detected by asymmetries in the resonance.



-66-

5.  Phase-Shift Effect

This effect produces. peculiarly shaped resonances.. In the . -
single-strap hairpin, this is observed only'din long hairpins--that is,
when the hairpin length is comparable to the wave length of the radio-
frequency signal. For the separatedwfield hairpin the effect is more
complex. . The signals at the two straps bear a definite relationship.

- When the phase in the second leads or lags behind the phase of the first
by either 0 deg or 180 deg, the Bohr frequency corresponds to a max-
imum or minimum respectively, ‘but at 90 deg corresponds to the
bposition of the center of a dispersion curve. Thus, at phases other
than 0 deg (for which the hairpin used here was redesigned), the
resonance peak is shifted. The shift has been estimated te be

w( 9/2 m), where w is the width of the resonance, and 6 is the phase
difference (assumed small). 7

To summarize, for the single-strap hairpin, we can eliminate
all the sources of error except the nonumforrruty of field. The
Bloch-Siegert effect is at most a few cycles, compared with a line
width greater than 5 kc. The Millman effect is eliminated by virtue
of the strap ha1rp1n design. The Doppler effect is neghglble, as the
wave length is greater than 30 cm with a hairpin length of only 1l cm
or so. Likewise, the phase shift over the length of the hairpin can
vbnlAy, be very small. To estimate the effect of field nonumfolmlty,

' the width of the line and its shape must be used as the only criterion
aside from comparison of the results with those ebtained from other
machines. '

For the separated-field halrpm, effects 1 to 3 are small, by
 previous arguments. The nonuniformity of field will be manifested
. by an unsymxnetric resonance. The last effect, which can be serious .

under some circumstances, is the phase difference between the signals

at the two strap.
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The error effects in the separated-field hairpin can be subjected
to another test. This is a reversal of orlentatlon of the ha1rp1n Those
-frequency sh1fts which are a function of the ‘geometry of the hairpin
(Bloch Slegert Millman phase shift, and Doppler effects) will be
reversed upon reversal of the hairpin. This test has been applied to
the resonance data of potas sium-42; the resulting conclusion is that

these shifts must be less than the experimental error.

B. Computer Aids to Experiments and Analysis

The two IBM cémputers that were available were the 650
and 704, both digital co'mputei'sg In applications to atomic-beam
experiments, programs havé been written by members of the Berkeley
atomic beam group to shorten the lengthy processes of énérgy-level
calculation and data procevs sing. - The programs employed in this work

are as follows‘-

1. OMNIBUS Routlne

ThlS routine, - written by Professor H. B. Sllsbee, contalns

these operations:

a. Decomposition of a decay curve into components of chosen
half lives, and extrapolation of population number back to a common
time origin, - ' ] !

b. Fitting the pointé of a resonance to a Bellfshaped curve,
giving the central frequency and the X'Z of the fit.

' c. Calculation of the hyperfine-structure separation, when
gi\}eh a resonance f)eak frequenéy-for a transition, the appropriate
constants for the isotope, the field calibration frequency for a known
- isotope, and the uncertainties in peak posi’cion and calibration fre-

quency.
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2. F-TABLE Routine

This routine was written by Dr. W.B. Ewbank. It éa'lculates
the Breit-Rabi formula solution for the énergy of any givén level and
the fi‘equéncy corresponding to the difference energy be,twéen any two
levels, when given the hyperfine structure sgparafioh, nuclear spin,

nuclear magnetic moment, and electronic g factor.”

C. Cesium Experiments

1. - Identification

Two cesium isotopes were present in comparable abundance in

the samples studied. These are FCs127 and Cslzg.

taken to identify these, as their nuclear spins are the same (1/2) and

Care must be

their hyperfine-structure separations are very nearly the same.

In a preliminary experiment refocusing transitions were ob~
served in both isotopes, at approximately the same frequency. To
‘dis'tinguish between these two, their different deéay rates proved
useful. A second assay of the counting rate of each sulfur-coated

button was made 24 hours after the first. The results are shown in
129

Fig., 24, which is consistent with the identification of Cs , as having

the larger hyperfine-structui'e separation of the two, and a 31-hour
29

half life. Another resonance.in Csl is shown in Fig. 25.

2. Transition and Hairpin

The AF =0 refoéu,sing transition between M levels 0 and
-1 ofthe F =1 group is observed. The épproximate expression for

the frequency of this transition is given by~
| 2
v=1.40 H + (140 H)"/Av,

which can be used to evaluate the Ay approximately.



-69-

27129,
Z/Rb85= 528.100 (80) Mc/sec

129

"T=99832 o AT t=0 hr
e AT t=24hr
16— . :
il U'27= 1000.20

S

NORMALIZED COUNTING RATE (ARBITRARY UNITS)

b gy

P._
h—e—1

9197 998 999 1000 |§6l—
. MC/SEC MU-24975

Fig. 24. Resolved resonances of Cs127 and Cslzg.

VR85 = 528.100(80)Mc.
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NORMALIZED COUNTING RATE (ARBITRARY UNITS)

CSIZS
VR b85= 528.100 (80) Mc/sec

1/=998578

i

| IS T R VS U N N

9956604 8 72 6 80 4 B 92 6 10000

Fig. 25.A Cs’

29

MC/SEC

MU-24976

14

resonance. VRb85 = 528.100(80)Mc.
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In this experlment however the OMNIBUS routine was used
to fit the resonance to a bell- shaped curve and calculate the A v by
direct solution of the Briet-Rabi equation.

‘In this experiment a 3/4-inch strap hairpin of conventional
‘design (Fig. 18) was used to excite the transitions. A

» 3 Resiilts

’

The experimental conditions and findings were as follows.

Run 115 ' Run152
Bombardment time (Hr) o V ' 1o = . 6
Amount of RbC1 carrier (mg) ‘ : 200 105
Duration of atomic beam (hr) S 9 ‘ 5
Calibration, RbS> (Mc) = - . 528.100(80) 528.100(80)
‘Magnetic field (gauss) ° 649. 518(63) 649,518(63)‘
- oo 1 998.578(27)’
- Observed resonance (Mc) lgg(g) igtgg; 998 -(v )
v . R o 127 129
T : 31 h
Isotope and half 1ifé \ 129(6 hx) (31 hx)

Cs "7 (31 hr)

. 7 S
' : _ 8900(150) 9

*7 = Cs 9 = Cslz?‘

4, Conclusion

From the results of run 152, and by calculatmn directly from
the exact solutlon of the Briet-Rabi equation, the Value obtained
wais _ : . oy
> , :
A \)l 9. 9229(30) Mc/sec.
This value is in agreement, within the experimental error, with the

measurement by Howard A. Shugart.
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D. Rubidium Experimernts ' = °

1. General

, The isotope rubidium-84, produced in the reaction Kr84(p, n)
Rb8,4, and having a half life of 33 days, was investigated with the goal
of measurement of the hyperfine—structur-e seperatiOn and the magnetic
moment. Figures 26 and 27 show typical resonarxcee» in this isotope.
At the time of the termination of the expe rimerits:':on the isotope, the
A v had been measured, and a value of the gI’ obtained. The
demonstrated distortions of the resonances produced with the use of
a simple strap hairpin, a value of the g1 which is no more accurate

than the value predicted by the Fermi- Segre value.

2. Transitions and Hairpin

The transitions observed at 1.5 gauss are (5/2, #1/2) «=>(3/2,71/2).
At low field these are unresolved. The intermediate-field transitions
observed were (5/2,3/2)¢—(3/2,1/2) and (5/2, 1/2)(—-——)(3/2,‘3/2).
Their frequency separation Yields 'gI., and then average gives .A'\)q A

2-inch strap hairpin was used to excite the transitions.
3. Results

-The experimental conditions and findings were as f'ol-lows-’
: , Target material:  krypton gas (2000 cc at 1 atmosphere pressure)
Bombardment: In 60 inch cyclotron, Berkeley, at

proton energy of 12 Mev; '

duration, 40 hr, yielding 800 ya-hr.
Carrier: 100 mg RbCl.

Duration of atomic heam: 13 hr.
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\ Run 76a . Run 76b-
Calibration, Rb®'(Mc) | 373.993(100) 2.236 (15)
Magnetic field (gauss) 462.338(130) 1.41 (1)
. | . i
. ; v _
Observed resonance (Mc) ggii’ggzg; Vo 3083.171 (4)

+
3083.159(4) (v_) .
3083.159(4) (v)  083:159 (%)

A v (Mc)
Average Ay (Mc) 3083.159(3)

4. Conclusion

"Th‘e direét measur'ement of the Ay at low fields and the
average value of the resolved doublet at intermediate fields give a
value of Ay which is

Ay = 3083.159(4) Mc/sec.

E. Potassium Experiments

1. General

The purpese of the experiment was to measure the hyperﬁng—
structure separation and the magnetic moment of potas sium-42, half
life 12.5 hr. This has been accomplished and the r.eSults of four runs
arevpresen‘ted here. Used in the experiment was a 2-inch Ramsey
separated-field hairpin. ' '

The transition‘s (5/2,%1/2) «— (3/2,%¥1/2), which appear as an
uﬁresolved doublet, are observed at 1.4 gauss, in Run 159. For
measurement of the moment, the transitions (5/2,+1/2) « (3/2, +3/2) ‘
(5/29’+3/2) > (3/2,ﬁ+1/2) are 6bsér.ved at an intermediate field of
189 gauss, where the frequency difference between the two resonances
is field- indepehdent to second order in the electronic term. At this
intermediate field the frequency difference, which is independent of ~
Av , is used to obtain the nuclear magnetlc moment. . Such differences:

are observed in Runs 141, 147, 154, 160.

J
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Fig. 26. A direct transition ir>1.Rb84 at approximately
' " 2 gauss. \)Rb87 = 2,236(15)Mc. B
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5
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. Rb84 :
]/Rb87= 373.993(100)
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Fig. 27. The (5/2,3/2 ¢ 3/2, 1/2); -'84
(5/2,1/2 ¢« 3/2, 3/2) doublet in Rb" .

VRp87 = 373.993(100Mc.
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Two orientations of the Ramsey hairpin were used; they are

designated by + and - signs in the table of results. : "

2. Results. = -

The ekperimental conditions and findings were as follows.

Run [—Iairpiri Calibration, Magnetic Reéonances v
no. orientation K39(M ) field - v {(computer)
¢ (gauss) (visual) (Mc)

_ {Mc)

L )
141 s oo ~ 780.500(100) 188.80(40) : line shapes
‘1471 + 780.508(100) 188.806(40) 1148.1340(2) 1148.13395(7)
1472 + 780.508(100) 188.806(40) 1148.2980(2) 1148.29805(7)
1541 + 780.750(300) 188.801(86) 1148.1341(2) 1148.13425(7)
1542 R " 780.750(300) 188.801(86) 1148.2980(2) 1148.29795(7)
159 - 461.988(50) 1.40(5) 1258.883(4) 1258.8834(7)
1601 - 780.250(100) 188.665(50) 1148.1340(2) 1148.13405(7)
1602 - 780.250(100) 188.665(50) 1148.2980(2) 1148.29815(7)

' In view of the nonshifted resonance‘value upén reversal of the
orientation of the hairpin and the consistent moment measurements for
Rb85 (g measured = 2.938(2)x10" % compared with 2.93704x10"% of
Yasaitis and Smaller42), an uncertainty of .*1/20'the full width at
half maximum is placed on peak frequencies. A :summary of the

magnetic moment calculations is as follows:
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(1)269570- = AH_mv ) -
oe)sesT T- = (I SreLese,
(g2)g6e1 1~ (0g)599-881 (SEOTFIT8HTT (52)G0PET'8HTT (62)G1862°8%11 (-)ogt
(s2)pLe1°1-. O%)108°88T - (G€)0L£918%TT (52)S2HeT8HIIT (52)56L62°8%11 (+)p51
(2)0%1°1- = (0%)908°88T (GE)0THITBHTT (52)G6ee1 81T (52)G0867°8%11 (+)L¥p1
- wu (ssnes) (OI) . - (o) (on)
Iy o u “a-tar A *a

uny
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3. Error Analysis

In the g’eneral' discussion of the results, five sources of
systematic error are described, with the conclusion tha_t:all but two were
negligible. These two ar.e the field—inhomdgeneity‘eri'c")l" and the pha'se-
shift error. These must now be considered in the light of the data
available.

Nonuniformities in field are observable as an dstmetry in
the resonance lines. Associated with this may be a shift in the position
of'the resonance peak. It is suspected that this effect appears in Fig. 28
as the difference in amplitude of the minima. This effect is difficult
to isolate, as it requires a change in magnet geometry or hairpin
position. This, therefore, represents the major source of error.

The second source, the phase-shift error, may be tested di-
rectly. This shift is not observed, which leads to the conclusion that

the magnitude of this error must be smaller than the _exfaérimental un-

certainties of the measurement.



-79-

o
@)

- N
o

X

NORMALIZED COUNTING RATE (ARejiReE)

1 L (1 ]

K42~ LINE SHAPES
V3= 780.500(100) Mc/sec

U+

i , o ! |
122 H 140 7287 .290 " 300 3l0
1148134 , 1148.298
MC/SEC

- Fig. 28. K42
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Ramsey hairpin line-shape curves.
v for K39 = 780.500(100)Mc.

L0 MU.24979
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VII. HYPERFINE STRUCTURE ANOMALY IN POTASSIUM-42

-

The anomaly, defined in Section III, is given by

Av g \21+l | :
@B . o b _B- -1 x100%, (VII-1)
A vg gIa 2 +1 )/

39 40 41 43

;'K , and K 7 .

. . , 42
‘expression can be calculated for each, with respect to K :

with known values for A Q, I, gI for K This

39A42 = + 0.20(25)% ,
40,42 0.25(25)% ,
%22 4 0.42(25)% .

These values of the anomaly will be compared with the predictions of
the single-particle model. ’ v
The single-particle model expression for the nuclear g value is

derived from ﬁl = Bp + Bn , where one assumes

To=8 +0, - | | (VII-2)

1
i

o
n
nl
+ .

[

and : v

kad
3

'_..T‘ = P g + P -z °
Bokolply = (BgHp®p T By Motp) * Jp

_ _,.n n - .
Mo Tn Tn = (B Mo®n ¥ 8 ug T) - i, -
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The .g-values can be related, by employing the vector e"ouplli;jg,\as sumed

vaboye: o
15 tn .
gl?',— gt — g. . S - (VII-3)

r-1 P 1.1 "

By similar operations the g and g, ' can be re-expressed in terms of

the orbital and intrinsic- sp1n g values

The spec1f1c couphng scheme for each of the pota531um isotopes

is given by44

Proton Neutron 1 o J

unpaired unpaired ' ‘p. ) "
K37 d —_ S/z 3/2 —
- 3/2
40 ) ! . o
'K d.3/2 f7/2 A A 4 3/2 | 7/»
41 , o e o
KT d3/2 _ | 3/2 3/2 :
o |
K™ d3/2 f7/2 2 S3/2 7/

When these quantum numbers are substituted into the expression for

the nuclear g value and the free-nucleon g values are employed, the

, 45
result deviates in all cases from the observed value.
gI(smgle -particle _— gI(observed)

model) ,
K> +0.08 +0.2607
k0 -0.41 - | -0.32412
k*! +0.08 ‘  40.14311

K2 -0.87 .0.5697

a
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"To explain these deviations, and maintain the feature ‘of the“sh&ll model,
it has been suggested that changes in the spin or orbital g values might
occur in the strong nuclear fields. 46 For two unpaired nucleons in the
odd-odd nucleus, it was suggested by Schwartz that the g' values of
neighboring odd-even or even-odd isc')t‘opes whose u’hpaired nucleon is in
the same state might be a successfulvapproximavt'i'on, ' |

In the two cases presented ._fo"r comparison, neighboring isotope
proton g values are employed. The procedure is»nas follows. Use

the expression

1. : N - - - -
- . T - ) I P J_ - 2 p -
g = PI{XP P o, P P | (VII-4)
T {3 - J_ o Jp '

P P P

2. For 81 substitute the observed g value of the odd-even isotope.
a. Substitute gg =1 and solve for ng), yielding an effective gz ,

b. Stibstitqte gIs)= free-nucleon value, and solve for an effective gp .

4, a. Substitute gr = gI(obs), gi =1, grs) = effective gg and grs1 = free-. .
hucleon g][s1 into Eq. (VII-3) and solve for gz :-effegtive gz
.5, a. Use g values from 4a to obtain ap and a (proton and xj.eutron
weighting factors).
b, Use g 'val.ues from 4b to obtain ap and a .
6‘7 a. Employ a , a from 5a to obtain - ¢(I)
b. Employ ap, a_from. 5b to obtain - g(II).

n - 2 . 4 ’ i )
7.  Evaluate factors b= -and<§—2> , <§—4> from Eisinger and Jaccarino,
e e . S
and substitute into -¢(I) and - ¢(II) 7 o

The results of this process are:
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Model I RN Model II

Proton: gi =1 . ‘ Proton: gg =5.59
p_ _41_ | | p. 5l 411 p-
Neutron: gz =0 Neutron: g_ = - 3._83.
n_ 14 [ 42 1 41 n_ 6 [2 (42 41
g8s = 3[1*7%] g;;?T[?(IJrl/ZgI)
P = - 0.927 _ L
s o 7 7 gs
n _ S P _ '
a =+ 0.875. . o | o.L = - .0.630
- ¢ =0.075 o B R I X
- e¢=0.084

When the same procedure is applied for K39, K4O,_ K41, the

fbllowing numbers result: 43
cooa o
7 N = €q ~ e‘3
N _
K e(1) e (11) Apd2gy AR A )42 (bserved)
39 '
K +0.266  +0.331 +0.341 +0.415 +0.20(25)
40 o : o
K %0.254 -0.280 -0.179 -0.196 . -0.25(25)
41 ' |
K +0.626  4+0.666 +0.701 - +0.750 +0.42(25)
42

K -0-075 -0.084
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