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ABSTRACT 

The atomic-beam magnetic-resonance method with separated 

oscillatory fields has been used to measure the hyperfine-structure 

separation and magnetic dipole moment of the isotopes Rb
85 

and 

Rb86. Observation of a .6.F = ± 1 doublet in the magnetic field region 

where its mean value is a _minimum gives the values of these observ­

ables; the doublet separation is proportional to the nuclear g· factor 

and the mean doublet frequency is proportional to the hyperfine­

structure separation. 

Results obtained on Rb85 are in excellent agreement with 

pre~iously published values.~~. and indicate that the transition frequencies 

calculated from the E,reit-Rabi energy-level equation agree with the 

experiment to better than one part per million. 

For the radioactive isotope Rb 
86 

g the following values are 

obtained for the 2s l/ 2 electronic ground state: 

.6.v = 3946.883(2) Me» 

g
1 

= ~4.590(4)Xl0-4 .~~ 
1-Lr = -1.6856(14) nm. 

The hype·rfine-structure anomaly 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 

isotopes its value is found to be.· 

6. = 0.17 (9) o/o. 
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' Details <;>f the ·~ppar~t\ls c:::onstructed for the purpose of rnea:s­

uring these anomalies, in radioactive alkali isotopes are presented~ as 

well as the comparison of the experimental result with values predicted 

for the anomaly by using various m.lclear m·odels and the Bohr­

Weisskopf theory . 

. ' 
··'· ·, 

.·1. 

,. 
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I. INTRODUCT.IO!\T 

The measurernent of various. intrinsic nuclear properties such 

as spin and magnetic ~nd electric multipole moments and comparison 

of these. experiinental values to values calculated, on.the basis of an 

assumed nuclear model have contributed to the development of a 
. . 

comprehensive theory of nuclear structure. At present the s.ubject 

is in a rapid state of development; no one relatively simple model can 
. . 

account for all the obseryed properties of a very complex nucleus, but 

theories are reaching such a state of refinement and sophistication 

that a theory should be expected to predict rather well at least related 

observable properties. 

There is a nuclear property, which may be described as the 

distribution of n~clear magnetism (EIS 58}, whose effect is small but 

measurable and somewhat difficult to discuss theoretically, but which 

may provide a sensitive test to differentiate between various nuclear 

models. 

The obyious probe of the distribution of magnetism in a nucle-u~ 

1s the deeply penetrating s electron of that atom. Accurate me as­

urements of the hyperfine interaction due to the magnet1c coupling of 

the nuclear magnetic moment to the electronic magnetic moment have 

contributed most of the experimental knowledge of this effect. Except 

~or a few cases (EIS 52, STR 57} this effect has been measured only 

for pairs of stable isotopes scatter~d over the periodic table. T~e 

experimental difficulty of making accurate measurements on radioactive 

isotopes can be overcome, and it is hoped that information on the 

distribution of nuclear magnetism can be obtained for series of adjacent 

isotopes, making available the results of adding one neutron after 

~nother·, and leading to an understanding of this effect as predicted by 

various nuclear model$.· 

The m.ost accurate n1eans of measuring the hyperfine inter~ction 
• ! • 

in an atom is atomic beam. magne_hc resonance spectroscopy as intro­

duced by Rabi (RAB 38}. Refinement of techniques and associated 

instrumentation have made this a very wid~ly use~ tool in atomic and 
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molecular beam research. Indeed,_ probably the most accurate 

physica."l measurement ~ad~ to da:te has been that of.the hyperfine 

inte.raction in Cs 133 . (ESS .58), which. serves as the basis. of atomic 

time. standards. Several books and review articles have appeared in 

the past t"ew years on the. general field of atomic and molecular beams 

(RAM 56, SMI 55, KUS 59), and are recommended for a more complete 

treatment of the subject. 

The apparatus described in this thesis utilizes the "flop-in 11 

method first used by Zacharias (ZAC 42), which has proved very 

successful in the study of radioactive isot.opes. The basic principle 

of the experimental method is as follows. An atom eme:rges from a 

small hole lll a heated COntainer and finds itself in a highly P.Vacuated 

space. It travels in a straight line until it hits an obstacle such as a 

wall or other atom, or until some force is exerted on it. It is e-ssen­

tially alone in space and does not interact with other atoms in the 

effused beam. By means of defining slits the atom is directed to pass 

between the pole faces of an electromagnet whose field is inhqmogeneous 

and pointed horizontally. If the atom possesses a magnetic moment, 

it is deflected siightly and then passes through the field of another 

electromagnet whosE;! field is all:>o inhomogeneous and pointed in the 

same direction. If the atom 1 s magnetic moment has not changed the 

atom is further deflected and misses a detector placed at the posjtinn 

of the undefler.i:ed beam. If the magnetic moment has somehow changed 

its sign in the region between the two magnets, its deflection in the 

second magnet is opposite in direction to its deflection in the first and 

cancels, .so that the atom strikes the detector. 

A uniform magnetic field is placed between the two deflecting 

fields and when an oscillating radio-frequency magnetic field is 

superimposed on it, transitions between magnetic substates of the 

atom can occur when the oscillator frequency equals the Bohr frequency, 

i. e. , the energy difference between two states divided by h, Planck 1 s 

constant. If the initial and final states of·the transition are ~uch that 

the atomic moment has changed sign, th~ effect can be detected. 

('. 
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Observation of the detector reading as the osc.illator frequency is 

varied allows the radio -frequency spectrum of the atom to be traced 

out; from the frequencies and structur'e of the spectral components, 

the magnetic -interactlon constants can be deter~ined ... 

Since the effe'ct of the distributed magnetic moment of· a nucleus 

cannot be compared experiment'ally to the idealized po'int'magnetic 

moment (which l.s easier to treat'theoretically), lt 'is necessary to 

compare ratios of the hyperfine interaction in two isotopes 'of the same 

element. The deviation of this ratio from the ratio of the nuclear 

moments P.Xp!O'Cted from a. puint dipole theory iS a measure Of the 

difference of the distribution of magnetism and is called the hyperfine­

structure (hfs) anomaly of the two isotopes. 

An apparatus has been constructed in the Atomic Bearri 

Laboratory at the University of California by Dr." Gilbert 0. Brink, 

Jhan M .. Khan, and the author to make precision measurements of the 

hfs anomaly in radioactive alkali isotopes. Extensive work on atomic 

.beams of radioactive substances has been under way in this group for 

several yeal'::; (NIE ·57, HUB 59, SHU 57), and this apparatus represents 

a refinement of the existip.g machines, techniques, arid· instrumentation. 

The second section of this thesis develops the theory of the 

hyperfine interaction and the details of the resonance techniques, to­

gether with the theory from which the interaction constants can be 

obtained. Present ideas on the structure of the nucleus are .mentioned 

in Section III, as also is th.e existing theory of the hfs anomaly. Section 

IV deals with details of the design and construction of the apparatus. 

Th~ fifth section includes a description of the operation of the machine, 

the experimental procedure, and ·results of studies on stable isotopes 

which establish the machi~e characteristics. By comparing results 

obtained for Rb
85 

with previously published constants for this isotope, 

the reliability of the device and techniques may be checked .. Section VI 

'covers the determination of the Rb$ 5 - Rb86 hfs anomaly. Section VII 

.·attem'pts to compare this re~-i:J.lt to predictions of nuclear models. 

J:JI 
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II. THEORY OF THE. EXPERIMENT. 

A. The Byperfine Interq.ction 
~ .. ' . 

Pauli (PAU 24) first suggested that the. hyperfin~. structure 

found in high-resolution optical spectro_scop.y might b,e due to the action 
• • - • • <. 

of a magnetic moment of the nucleus on the motion of the atom.ic 

electrons. . Since this idea was present.~d, the effects of nucl.ear 

moments have been studied by many different methods. All observations 
. . 

so far are consistent with the following ba.sic assumptinns (RAM 53): 

a. The nucleus contains a charge + Ze confined to a small 

region in the center of .an atom. 

u. A nucleus whos~ rn~ss number is odd obeys Fermi .statistics, 

while a nucleus whose mass nu1nber is even obAys Bose statistics. 

c. A nucleus has a spin angular m.omentun"l that can be de-
-+ 

.. scribed by a quantum mechanical angular momenturn. vector a 

(CON 35) given by the relation 

'i: = ni, 
: '\ 

where -I is called the nuclear spin. I is half ·integral if the mass 

nun:ber of the isotope is odd and integral if the mass number is even. 

d: The huclear magnetic dipole moment is related to .the spin 

by the equation 

(II. 1) 

whP.r.e IJ.o is the Bohr magneton, g
1 

is the nuclear g factor, and yi is 

the nuclear gyromagnetic ratio. Sir.ciilarly, ._for the 'atomic electrona, 
-+ 

if. J is the total electron angular mon-:entm:.-,, 

(II. 2) 

The n;agnetic interaction between a nucleus and the surroundinE; 

electrons may be regarded as the interaction between nuclear magnetic 

moment and the magnE!tic field, due to the electrons, at the position of 

the nucleus. The set of discrete energy levels arising from the allowed 

orientations of the nuclear moment and magnetic field gives rise to 

the hyperfine structure of the atom. 

.•. 
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In the ~pproxima:tion. that the nucleus e.an ~e regarded as a 

point dipole moment,. the. interaction can be written 

0..0 -- -
.c}-(.. m =. - fJ. I . H J'. , (II. 3) · 

..... -where H J is the magneti~ field, dq.e to.the .. e~ectro~s~ at.the position 

. of the n~cleus. Since the work desq·ibed he~e pe.rtains only.tq atoms . 2 . . ' '. . ' . 
i11 the s 1; 2 electronj.c state, a.ll interactions other th.an th~ magnetic 

dipole one are zero. The spherical symmetry o,f the. 
2s 1; 2 configura­

tion precludes the existence of an electric field gradient or higher-~ ,. 
orde~ g~adients at the nl'!clear positi~n and, although the nucleus may 

possess multipole moments of higher order, no interaction can result 

that will modify the Hamiltonian de in Eq. (II. 3). 

. -- -Since the magnetic field H J is proportional to J for the matrix 

elements diagonal in J, .. and since fJ.I is proportional to I by Eq. (II. 1 ), 

the interaction bec6m~s 

(II. 4) 

where a contains all the constants and is known as the hb splitting 

factor: 

ha=tl) 
....... . ........ 

H . J 
' J . -- -J . J 

(II. 5) 

Assuming the nucleus to be. a point charge, Fermi (FER 30) 
. . '· . . . . .. -calculated. the field H J at the nucleus fo.r hydrogenlike atoms to be 

-- 81T . 2 -
H j.= T gJ fl-o llJJ(O) I J, (II. 6) 

:w~ere llJJ(~) I 2 
is the expectation. value of the .electron wave function 

evq.luated at the nucleus ... 

From Eqs. (II. 5) and (II. 6), the hfs splitting factor becomes 

(II. 7) 

If the ratio of the splitting factor is taken f6r two isotopes of the same 

element, the electronic factors cancel and the Fermi-Segre equation 

i.s obtained, 

(II. 8) 
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-. 
The total" angular momentum, F~ of an atom is given by 

-~- ~- ~ .. · 
F=I+J. (II. 9) 

The angular momentum state ·of an atom may be expxessed for this 
• • I •' • • -+ 

case· by· 'designating the ·value a~· ··F and the component of F · as mF' 

along the field direction. For the state of a given' F and rriF' the 

interacti'on energy is obtained by taking t}le diagonal matrix 'element. 

of the interaction. Hamiltonian, 

: ~ = (tJFmF Jj{m I IJFmF) 
1 

= hr~. ( ijF~Fil · JJ IJFmF) 
. . . . .. ·. . 

= ~a fF(F+f}-I(I+l)-J(J+l)]. (II. 1 0) 

F takes on the values I + J, I + J ·..: 1, ... , · I I- J 1·. The energy 

difference between a state F and a state· F- 1 is, ·according to 

II. 10: 

F F 
6.W ::: W. . m 

F-1 wm. ha · 
= :z [F(F+l)- (F-l)F] = he~.F .. 

(II. 11) 

.This relation is known as the interval rule of hyperfine structure. 
. 2 I . 

For s 1;
2 

electronic states, where J ~ 1 2, F can tak~ nn only the 

·valu~s I + 1/2 ·a:nd· I ·1j2. The separation of these two leve.ls is 

· · ha· · 
6. W = h6.v = 2 (2I + ll (II. 12.) 

The quantity 6.v defined in this way is called the·:·hyp~.dine-otructurP. 

separation, and is usually expresse'd in megacycles p'er s·econd. For 

alkali atoms, 6.v is of the order of 100 to 10,'000 megacycles . 

. , .. · 
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B. The Atom in an External Magnetic ,Field 

. . ~ . ····· .. 
When an external magnetic field H 0 is introduced, there ar.e 

additional interactions due to the coupling . .of both the nuclear and 
. . . ' . ' . ,. ' ' 

electronic moments to the external field. The Hamiltonian can be 

written 
; ·:,1 

....... ...... ...... ...... ........ ........ 
= ai · J - . fl. I · H O - fl. J · . H O 

(II. 13) 

. '· 

The .F, mF representation. is valid, and for small values of H 0 the 

off-diagonal matrix elements may be neglected. Then 

f.lo:Ho 
g

3
[F(F+l) + J(J+l)- I(l+l)] mF 

·ZF(F+ 1) 

f.loHo 
- gi[F(F+l) + I(I+l)- J(J+l)] · mF. 

2.F(F+ 1) 
. (II. 14) 

The splitting of the magnetic· suble.veis of a state F is then 

(II. 1 5) 

where 

F(F+l)+J(J+l)-I(I+l) + F(F+l)+I(I+l)-J(J+l) 
: gF = gJ 2F(F+l) . gi 2F(F+l) 

(II. 16) 

Since g~z 10
3
gl' the second term of Eq. (II. 16) is negligible and the 

state W breaks up into 2F + 1 equally spaced energy levels in weak 

field with a separation· · 
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.. ~--.. 

w -.w ,·· ·
1 m m-

. h, 

2.:8 H 
. Me . 

. '· 21 + l.. . . 
(II. 17) . 

'Transitions bet~e~n the·se energy ievei's' aild 'the ·en.:e;rg\t '1e\r6is of the 

state F ± l give rise to the' Z~ehi.ar:i. spei:trurri 6·£ tlie' hyper.fib.e':::'s.tructure 

interaction. 

In the limit where I and j are completely decoupled because 

of the much stronger interaction of each with the external m~gnetic 

. :field, F)s· no long~r a good quantum number and the energy can be 

written in. a. representation of quantum numbers m 1 a.nd m J' ':"hich 

represent the component of I a'nd J, respectively, along the field 

direc::l:ion. In.this case the energy o{ a state j mim 
3

) is: .. 
I 

w (~~m: )) = ( mlm j I~ lmrm J> = ham!~ J:.:.. g J.IJ.om JH~ ._ gi~J.omrHo. 

(II. 18) 

When I and J are decoupled the atom is spoken of as being in the 

Paschen-Back region. There are two sets of (21+1) equally spaced 

levels of separation L:l.v/(21+1). 

In the intermediate region the situation is more complicated as 

the coup~ing of l a?d J is of the same order. o~ magnitude as the 

coupling of J to H
0

. For the important case of J = 1/2, an analytic 

expression for th,e ~nergy can be obtaiut:d by using eithP.r representation 
' ' • • • • f ~ • 

(BRE 31, RAM 56). The solution, known as the Breit -Rabi equation, 

can. be written 

(II.l9a) 

when .6.v is the hfs separation defined in Eq. (II. 12) and the dimension­

less parameter x is given by 

(II. 19b) 
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The positive sign before the square root in Eq. (II. 19a) refers to the 

state F = I + 1/2 and the negative sign to the state F = I - 1/2. 

If the energy in units of h.6.v is plotted for all states of the 

atomic -nuclear system as a function of x, the resulting graph is called 

a Breit-Ra'bi diagram. An example is shown in Fig. 1 for the case 

I = 2 and gi < 0. The effect of a positive nuclear moment is to rotate 

the diagram 180 deg about the abscissa. For the state F =I+ 1/2, 
-+ -+ 
f.l I and H J are anti parallel for gi > 0 so that the state has greater energy 

than the state F = I - 1/2. For gi < 0, the situation is reversed. These 

diagrr~.ms show the general behavior of the various energy levels as a 

function of magnetic field and are very useful in illustrating the ob­

servable transitions in an atomic beam apparatus. 

Only energy differences between levels are observable and it 

is easy to write the transition frequency between any two levels by use 

of Eq. (II. 19a). The transition v 
12 

between levels 1 and 2 is 

gi 1-loHo .6.v { [ 4m 1 
vl2 = h (m1-m2) + T (±)1 1 + 21+1 x+x 

2 ] 1/2 

- (±lz [ I + x+x 2] 1/2 } (II. 20) 

where (±) 1 = (±)
2 

if m
1 

and m
2 

belong to the same F, and (±)
1 

= - (±)
2 

if m 1 and m
2 

belong to different F. 
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i 
I 
2 

2 

X =(gJ -gr)J.LoH 
!::J,.W 

3 

MU-16436 

Fig. 1. Breit-Rabi diagram. I = 2, J = 1/2, g
1 

negative. 
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C. The "Flop-In" Technique and Observable Transitions 

... 
An atom possessing a:. magnetic moment 1-l. experiences a 

force in an inhomogeneous magnetic field H given by 

... . aw 
F = - 'i1 W = - a H 'i1 H = 1-l.eff'il H, (II. 21) 

. -+ 
where 1-l.eff is the component of 1-l. along H. The value of 1-l.eff may be 

obtained by differentiation of the Breit-Rabi equation (Eq. (II. 19a) lwith 

respect to H, or if H is large and the mim J representation is valid, 

Eq. (II. 18) gives 

For J = 1/2 .I 1-l.effl has the value 1-l.o since gi is much smaller than gJ. 

Since the effective moment is the negative slope ·of curves drawn on a 

Breit-Rabi diagram, reference to Fig. 1 shows the variation of effecti~e 

moment with magnetic field. For x > 2 all states have essentially the 

same slope with a value ± 1-l.o· No matter what magnetic substate an 

atom may be in, a large magnetic field sees i.t as .a moment of one 

Bohr magneton, pointing either parallel or antiparallel to the field. 

This property can be used to describe the operation of the apparatus, 

schematically shoWn. in Fig. 2. If the A and B magnets have their 

gradients pointing in the same direction the force experienced by a 

magnetic moment oriented similarly in these two fields must be in the 

same direction in both fields. If an atom starts from the oven in a 

given state and receives a deflection in the A magnet, it receives a 

further deflection in the B magnet assuming that the state, of the atom 

has been maintained between the two fields. This atom is deflected 

away from the detector (path 1 ). If, however, the state of the atom is 

changed in the region between the A and. B fields so that its effective 

moment P.as changed sign in the high-field region, the atom is re­

focused aroun9. the stop· wire S (path 2) and st:dke the detector placed 

at the focus of the. inachirie. This is called the "flop-in" method. It 

is also possible to reverse one of the inhomogeneous magnets; then 

all atoms ate refocused except those which have undergone a suitable 

change of magnetiC substate. This is called the "flop-out" method. 
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Fig. 2. Schemati~ diagram of an atomic-beam apparatus, 
showing arrangement of fields for ·flop-in operation. 
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The means used to .change :the state of an atom is to introduce 

a suitable perturbation as the atom passes· through the homogeneous 

C magnet. (Fig. 2). ·The experiment consists of setting the A, B, and 

C magnets to desired fields and monitoring a detector placed at the 

focus while the radio frequency is changed. When the r.f energy hv 

is equal to ·the energy dif:(erence between two states that satisfy the 

refocusing condition above,· atoms are deflected into the detector and 

an ·increase in the detector reading is noted. 

·Transitions between different hfs levels are induced by an 
.... 

oscillating magnetic: field H 
1 

cos wt superimposed on a static 
.... 

magnetic field H 
0 

(the. C field). The oscillating field contributes to 

the Hamiltonian, Eq. (II. 13) a t~me -dependent .term 

The matrix elements of this pertu.rbation in the F, mF representation 

determin.e the selection rules (KUS 59): 

.6.F = 0, ±1, 

.6.F = 0, ± 1, 

(a transitions) for the z component of H 1; 

(-n transitions) for t:b.e x and y 

components of H 1, 
-+ 

where the z CO~:>rdin;:Lte is defined as the direction of H o· For strong 

fields the selection rules are 

.6.m 3 = 0, .6.~i::',O, for z. component of H 1, 

.6.mJ = 0, ±1, .6.mi;= 0, ±1, for. x and y components of H 1. 

The restriction imposed by the refocusing condition requires that the 

initial and final states have equal and opposite. signs of e·ffective 

moment in the Paschen-Back region where the deflecting magnets 

operate. ·Reference to. the ,Breit-Rc;tbi·diagram (Fig. 1) shows that 

when H
0 

is small there is only one transition that satisfies the selection 

rule .6.F =. 0 which simuitaneously satisfies the refocusing condition, 

namely the tran~ition F = 1 + 1/2, .mF = -I - ·l/2 ...,.. mF = :.:.I+ 1/Z 

whose frequency is, by Eq.· (II ... l7 ), 

(II. 22) 

I. 
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-All.other observable transitions· ·a=re o"f-the ·order of ~v. which is a 

much higher frequency. 

The collimator <(Fig. · 2) serves to define the beam· dimensions 

and the sto·p wire S is placed on the axis of the· beam to. intercept the 

Vf:!ry·fast atoms in the. tail of the Maxwe1lian velocity distribution 

which" would not be deflected· far enough away from the detector and 

would contribute an undesirable background. · 

In .the absence of a pe·rtu-rbing rf field, it is possible for atoms 

to undergo transitions when they pass through weak fields whose 

direction varies. rapidly in space, such .as may be possible in the 

intermagnet regions. These are called Major-ana transitions (MAJ 32). 

Furthermore, whe'n the field Ho in: the C 1uagnet is zero,· the atoms 

passing through the regio'n no lo~ger have a preferred sense of 

orientation and some have randomly ·reorie.nted during their passage 

into a riefocus.able state. This typ~ of Major.ana transition sets a 

. lower limit on the value of H
0

_ at which useful experiments can be done 

without increased and er~atic background due to thes,e transitions. 

This problem is not encountered with the flop-out method, but since a 

typical resonance is about 2o/o of the full beam intensity it is obvious 

that the flop-in method" is more suitable for radioactive detection, 

since it is easier and more reliable to see a change in a s1nall back­

ground rather· than. in a "large one. · 

If the A arl,ci B ~agnets are .on and no oscillat"ory field is 

applied, all ·atoms either are deflected or impinge on some obstacle. 

If ·the detector is moved horizontally in a plane normal to the beam a 

pattern symmetrical about the undeflected position is seen, having a 

single well-defined peak (for J = 1/2). If the width of the undeflected 

=beam is much sm.alle r than the deflection S · of the peak, it can be . m 

shown (RAM 56) that 

s = .!.s 
m 3 a . 

. _whe!f!)re
2

S T is the deflection of an atom with the most probable velocity, 

a = -· - • in the oven. For a symmetrical apparatus where the A 
m 
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and B fields are identical and ope:rated at a field i-I, · 

s· ··= K ..!:!. 
.. a .. kT 

where . K is a numerical constant taking into account the geometry of 

the apparatus and the prope·rties of the inhomogeneous magnets. The 

intensity of the deflected beam ·at that position can be shown to be a 

function only of Sa and the total, rate of ~£fusion from the oven. For 

small changes in oven temperature and deflecting fields (as during a 

run), the beam intensity at the defle~ted peak is a ·function: only of the 

tota:i rate of effusiuu u{ the overt and serves as a convenient means of 

monitoring the change in total beam intensity during an experi:rp.ent. 

D. Calculation of .6-v 

It is assumed that a "hairpin" such as is described in Section IV 

is in position which can excite 1T transitions by providing an oscillatory 

magnetic field perpendicular to the static C field, H 0 . ·If two isotopes 

(1 and, 2) are present in a beam and the spin of one, is known, observation 
. . ' .· . . ' . : : ·. 

of the .6-F =.- 0 refocusable transition of each one in the sarr:e. field H 0 
having the value of a few gauss gives, by Eq. (II. 22), 

~ : .. •' . 

2~2 + 1 

2I1 + 1 
(II. 23) 

and the spin of the other is easily found. Since a beam of radioactive 

isoto~es for practical reasons must be formed together with a beam of 
.. 

stable isoto~es, it is not usually difficult to perform this measurement. 

After the spin of an isotope is known, thl.s .6-F = 0 transition is 
. '· . . . ~ 

followed as H
0 

is increased so that the quadratic dependence of the 

·transition frequency on the field is observed. By expansion of 

E·q. (II. 20), neglecting the small gi· term, we obtain 

v = :IB+H> [ :IB+H:r 2I 
Me . (II. 24} 

. :; 
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These measurements copfirm the spin assigp.ment and place a lower 

limit on Llv. At higher values of H
0

, in the region of intermediate 

coupling, Eq. (II. 20) can be solved exactly to yield 

g~~to H-
gJ f.l_oHo 
(21+ 1 )h 

(II. 25) 

All the quantities on the ·right side of Eq. (II. 25) are known or 

·obse·rvable' except g( Its numerical value can be found to within a 

few percent by the Ferrrii-Segre formula, Eq. (II. 8), or its equivalent, 

Ll~l 
--------------- = (II. 26) 
lgi I (2I 1+1) 

1 . 

Two different values of Llv are obtained by using Eqs. (II. 25) and 

(II. i6), first assuming ~positive gi and.then a negative one. Ob­

servations are made at several values of H 0 e:md the Llv 1 s aosociated 

with one sign or the other shows a consistency. This consistency 

establi~:;hes the sign of gi and as H
0 

is inr.r~ased the uncertainty in 

Llv is reduced. 
. . 

When the uncertainty in .0.v has been reduced to a few mega-

cycles it'is ·po~si?l~ to'moveH
0 

back tothe Zeeman r.egion (~<<~:I) 
and search for LlF = ± 1 tra.nsitions whose frequencies are of the order 

of Llv. Th) ~pectrum consists of ZI 1T . line~ with a unit separation of 

(
2. 8 H

0 
· . · · . . 

2 2I + 1 .. Me. The lowe:;- 2 I-_1 lines are unresolved doublets 

centered on ~v and the highest line is a singlet .. When I is integral~ 

the cehtral doublet is very close to Llv, having only a second-order 
. ' 

:field correction of a few kilocycles .. Observation of this field-independent 

line enables Llv to be determined very· accurately, limited only by the 

width of the resonance and the quality of the radio-frequency gear. 

,., .. 

.< 
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Details of these calcul,ations for the isotopes of interest are given in 

Appendix B. If I is half integral, the. field-independent line near 

D.v is a a transition and cannot be .observed unless a hairpin. is 

available in. which H 1. is parallel to H
0

. Such hairpins usually do not 

give as narrow resonance lines as those exciting n: trap.sitiQns, as 

1s explained in Section IV.E. 

In the early days· of atomic beam· work before World -War II, 

when microwave oscillators were not available, th,e direct observation 

of these weak-field .6F = ±l transitions was not possible. It was 

sometimes possible t.o observe at very high. fields the almost field­

independent D.m J = 0, D.mi = ±1 doublet for which the mean frequency 

is equal to l::.v/(21+1) (KUS 40). In order .to observe these transitions, 

however, the refocusing condition must be changed since the sign of 

the atomic moment in strong fields does not differ in the two states. 

However, if fields in the A and .B magnets are reduce'd to a value 

corresponding to x .~ 0. 3,. these states have slopes of opposite sign 

(see Fig. 1) but the effective atomic moment is very smalL Long 

deflecting magnets with large field gradients such as are used in 

molecular-beam experiments can be used under these conditions to 

observe the D.m J = 0 transitions~ By suitable placement of the 

magnitude of the deflecting fields, any transiton allowed by the 

selection rules can be observed with such an apparatus. Unfortunately, 

·in order to use these deflecting magnets, the width of the beam must 

be reduced, since the gap in the inhomogeneous pole faces must be 

smaller. The narrow beam, together. with the n~cessary increase 1n 

. total length of the apparatus, makes this technique unsuitable for 

detection of radioactive isotopes by. counting of the deposited activity 

as is done here, since exposure times would have to~ be prohibitively 

long in order to get usable counting rates. If such an apparatus is 

available, there are ~F =. 0 transitions that go through a maximum 

value in intermediate. fields (RAM 56) from which l::.v can be 

accurately determined. 
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· E". Calculation of ·gi 

In order to obtain ·an experimental value of the hfs anomaly, an 

inde·pendent measurement of gi must be made. With stable isotopes it 

is usually ·possible to measure the moment ratio of two isotopes by 

standard nuclear magnetic resonance methods (LAU 58) to v;ery high 

precision .. There are usually fa·r too· few. radioactive atoms available 

.. in ·a sample to give a. detectable signal, so the .atomic beam resonance 

method must be used. for radioactive ·isotopes .. 

Because of the presence· of the "term involving gi in Eq. (II. 18) 

aU the .6.m J = 0 .6.mi = ±1 lines mentioned in the preceding section are 

actually doublets with a SP.paration 

+ v - v = 2gi (II. 27) 

+ where v and v are the upper and lower components. respectively. If 

the resolution of the apparatus is. high enough, gi can be determined to 

about one part in ten thousand if the transitions are observed in high 

fields. The doublet of particular interest for measuring gi is 

F+ I+ 1/2, (±)m +' -F+ + 1, = = -F. + 2 ++ (±)m = 
F = I - 1/2, (±)m = -F ._ (±)m = -F 1~ 

where the po!:iil.i:ve sign of· m is for a positive gl' and the negative 

sign of m is used for a negative. gr ·· Note that these are .6.F = 0, 

.6.m = ±1 transitions and are not ordiuarily refocusr~.hle except for 

machines capable of handling small moments as described above. If a · 

detector of high sensitivity is available. such as a mass spectrometer 

following an ionizer,. the moments of ·radioactive isotopes can be 

determined with machines of low transmission (EIS 52, STR 57) . 

.. Fortunately, the .6.F = ±1 doublet involving the four. levels 

+F+ ·:1:: 2 ._ +F- and. +F+ ± 1 .++ +F- ± 1 is refocusable in the .sense of 

Section II. C, where the upper signs are used for positive gl'. the lower 

signs for negative gr The separation ~f this' doublet is ·also 
f.J.H . 

2gi Oh O These transitions also go through a field-independent 
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point, but it is not'. as' broad .~nd OG<:u_rs ,at not .qs high a field as the 

.6-F = 0 doublet above. The frequencies involved are of ~he order of 
. .• i. • i' . ' • ... ~ 

.6-v and the experimenter is forced into the undesirable .. situation of 

taking the difference of two lar.ge number's. If ve.ry nal:"r~w res.onance 
. : . . ~ . 

lin~s ~an be obtained, it is possible to ~~asure g
1 

·to one pa~t ·i.n a 

thousand or a little better and to obtain a usable experim~ nt.at value 

.of the hfs anomaly, if it is not too sma.ll. This method has recently 

.been employed at ,Heidelberg Un~versit_y to measure the moment of 

stable Au 197 (FRI 59). 

The position of the mininiUm of the mean value of this doublet 

on a Breit-Rabi diagram if:} a function on~y of the spin I. I~s value at 

this point is a function only of .6.v~ It is po~sible to obtain a value of 

.6-v from this doublet, often more accurately than can be done in weak 

fields as described :in the previous section, especially, for isotopes 

of half-integral spin where the field-independent transition is a a 
transition. Details of ~he cqlculations involving this measurement for 

Rb
85 

and Rb
86 

are included in Appendix B. 
: .· . . . . . . . 

When an external field H is applied to an atom, the· electrons 
. . . . 

acquire an induced diamagnetic current which produces a field -aH 

at the nuclear position, where· a is call~d the shielding constant. This 

induced field partially cancels the applied field, and--since it is pro­

portional to the applied field- -it cannot be eliminated experimentally. 

This has the effect of making the nuclear moment smaller than it really 

is and must be calculated theoretically (LAM 4i) when.the true magnitude 

of the nuclear moment is to be inferred. Since the correction is a 

function of Z, it is the same for two isotopes of the same element and 

is usually neglected in the determination of hfs anomalies, since a 

ratio of moments is desired. All values of nuclear moments used or 

calculated in. this work are uncorrected for this effect. Tables of the 

diamagnetic correction a1•e available (KOP 58) if corrected values are 

desired. 
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F.· Calcu'lation of the· Hyperfine-Structure 'Anomaly 

Since. the obs~rved splitting factor a for an isotope differs 
. . ' " ~ '. . . 

. from the Fermi value (Eq. (II. 7)) by a small factor 1 + E (see 

Section III. B), the Fermi-Segre formula, Eq. (II. 26 ), may be 

written 

-- = 
( 

211 + 1 ·) 
(1 + .6.), . (II. 28) 

212 + 1 

where . .6. = E 1 = E 2, neglecting higher -order terms. Solving for the hfs 

anom~l y .6., 

:J::l J 
. . 1 

- l. (II. 29) 

By convention (SCH 57 1 _EIS 58), isotope 1 is the lighter of the two. 

Tp.e anomaly is usually les_s than 0. 5%. 
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. III .. NUCLEAR STRUCTURE AND T~E THEORY OF THE 
HYPERFINE-STRUCTURE ANOMALY . 

A. Nuclear Models 

At present it is impossible to treat the interactions between 

many bodies with· any degree of rigor, and the nucleus is indeed a very 

· complex structure of many particles. It is necessary to postulate 

relatively simple models of the nucleus from semiclassical and simple 

quantum-mechanical considerations and see to what extent these models 

can account for the experimental data. Various models have been 

· extensiVf~ly discussed in the .literature (MAY 55, BOH 53, NOY 58, 

BLI 57), and only a brief outline is given here. 

Models are usually classified according to the emphasis on 

effects of single -nucleon states or on collective effects of many 

nucleons. In postulating the shell model, Mayer (MAY 55) made the· 

assumption that the internucleon interaction was such that an even 

number of like nucleons in a given angular-momentum level coupled 

to spin zero, while an odd number coupled to spin j of that level. This 

model assun.1e:s that the. interaction is one of an odd particle moving in 

a potential well due to the other particles in the nucleus. The effective 

,magnetic properties of the nucleus are essentially those of the odd ; 

. single particle. This model has had considerabie .success in predictin~ 
spins, but cannot be expected to predict nuclear moments very. well. 

For nuclei in the region. of closed angular-momentum shells 

it is expected that the equilibrium shape of the nucleus is approximately 

spherical and that nucleons move in an essentially spherical potential 

well. in regions far removed from closed shells, th.e nucleus may 

favor S?me nonspherical sh(ipe,. and the:z.-e may.be collective oscillations 

about this equilibrium shape that modify the effective nuclear field and 

couple, to the motions of the odd nucleons, thus modifying the magnetic 

propP-rties of the nucleus as a whole. This collective or asymmetric­

core model (BOH 53) has been somewhat successful in :predicting 

quadrupole mo~ents (since nonspherical sh(ipes are postulated) and 

in understanding low-energy nuclear spectra. Spin predictions are 
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usually not very different fro~·tho.se of the single:..particle shell model, 

and predictions of nuclear moments have not been.too successful. For 

more details the review article of Bohr and Mottelson (BOH 53) and 

the recent work of Nilsson (NIL 55, MOT 55) are recor:nmended. 

Residual internucleon forces may lead to a mixing of single­

particle states with other configurations that have the same parity and 

angular momentum as the original one .. Since the magnetic moment is 

an expectat:lon. value and not a quantum number, it is ver.y sensitive to 

.these possible admixtures. Blin-Stoyle (BLI 53) and, Arima and Horie 

(.ARI 54, NOY 58), using this model, have been able to account fairly 

well for the observed .nuclear moments in isotopes of odd n1ass number. 

Recently the model has been extt:>nrlP.d t.o 9d!=l proton-odd neutron nuclei 

(CAl 56, NOY 58), but the agreement with observations is less 

. satisfactory. 

B. The Bohr- Weisskopf Theory. 

Since· the derivation of the Fermi-Segre formula: involved the 

as surnptiori that the nucleus is a point charge, the observed deviation 

from this relation is· a measure of the volume distribution of the 

magnetic moment. This was firl:>l pointed out by Ritter (BIT 49) when 
. . 85 . ·87 

accurate measurements of ~v and·moment ratios for Rb. and Rb 

indicated an anomaly of 0. 35o/o. 

For :n1H:lei heavy enough that the protons may be treated as 

a continuous charge distribution, Bohr and Weisskopf (BOH 5U) have 

developed a· quantitative· theory fo explain. the effects of the volume 

distribution ·of magnetism on hyperfine structure·. This theory has 

been extended by Bohr (BOH 51 a, 5'1 b). Eisinger and Jaccarino 

(EIS 58) and Stroke (STR 59). 

Two kinds of'magnetism are considered--spin magnetism and 

orbital magnetis·m. The former is caused by the distribution of 

particles throughout the nucleus, each of which possesses an intrinsic 

spin angular momentum and magnetic? m~ment; the latter is ·due to 

circulating currents in the nucleus caused by the movement of charged 



III. B. -28-

parti,cles. The orbital pc,trt contributes less to the cqrrection.of the 

point dipole picture,. since the effective dipole dis~ributi_on of. a current 

loop has a maximum at the center of.t.he loop. The J;3ohr-,Weisskopf 

. effect is important only for electronic . s states in whic.h, th.~ density 

of the electronic wave function at the nuclei is large .. ;It is very small 

for pure p 1/ 2 states and .negligible for _states of higher ·J. · . 

The fractional. reduction of the hyperfine-st~uctur.e .separation 

for a, given isotope is 

£=-(Ra. +Kna.n), 
, S.S ·XA: 

(III. 1) 

where a.s and a.
1 

are the ·respective fractions of the nuclear magnetism 

that are dueto spin.and orbital angular.momentum, and Rs and R1 are 

the averages of Ks and K 1 over the nucle~r radial coordinate, where 

FG dr/J:~ FG dr. 

F and G are the Dirac radial wave functions· for an electron, R is the 

nuclear radial coordinate, and t;, takes info account the angular 

as~metry of the spin. distribution. It· depends on the particular model 

and has been calculated by Bohr (BOH 51 b). In particular·, for the 

single-:particle model Bohr finds:J 

t;, = 

t;, = 

2I -· 1 
4(I + 1) 

2I + 3 
4I 

fo .. ri-n+l 
- .r.. 2' 

1 
for I = J. - 2. 

(III. 2) 
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The integrals abov~ rriay be. ev .. aluated by writing F and G · ·a·s a 

power ser·ies in (r/R) inside a uniformly charged·sphere of radius 

R
0 

and matching these functions 'at:the ~uclea·r ·radius· with"the··standard 

solutions for an uns'creened· Co.ulornb pote'~tlal' (ROS 32)~ , In their 

original paper Bohr and 'Weisskopf included only terms 'in· the' expansion 
.. 2 

to (R/R
0

) , approx:lmating the· ct>Iitrihutions of higher -order· terms. 

The results of their calculations are 

(III. 3) 

so that 

(III. 4) 

where b is a func~ion of R 0 and Z, tl;le nuclear charge; it is tabulated 
. . -13 

elsewhere (BOH 50).· Note that the value r 
0 

= 1. 5 X 10 em .was used 

in the relation R
0 

·= r 0A l/ 3 in this ea1·ly paper instP.rl.rl of the more 
-13 

re~P.nt value of r 0 = 1.2X10 em (FOR 55). 

The error introduce4 by neglecting the higher-order te:rms in 

the expansion ~s ,~t.aterl to be about 2o/o. Eisinger and Jaccarino 
4 (EIS 58) have extended this calculation to include term~:> m (R/ .H.

0
) , 

. with the .r.esults 

(III. 5) 

with the constants b as tabj.llated (EIS 58) for 10 < Z < 90. 
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It is necessary to make some assumptions about the particle . 
\ 

distribution in. the nucleus in order to evaluate the averages over the ' 

huclear radial coordinate. As a compromise betwee.n the value 1 for 

a surface distribution and 3/5 for a uniform distribution~ Bohr and 

Weisskopf assumed (R/R0 )
2 = 0~8, since an unpair~d particle might 

tend to stay closer to the surface.· Eisinger and_ Jaccarino assumed 

a si:ngle-particle model in which the o.dd :nuc1e.on moves in a _spherically 

symmetric sq1,1are potential welL Their calculations for these . 

. averages are prese:nted in forms of graphs which are easily used. 

There. remains the problem o.f determining the fractional 

contributions a.s and a.1 . These can be calculated if a particular 

model is assumed. If the nuclear g . factor is defi:ned by the equation 

the. fractional contributions are given by 

a. s = 
gs · gl - gi .. 

gl gs g 1 

a. = s 

(III. 6) 

. (III. 7) 

If the spin and the orbital angular momenta can be expressed in terms - -of S and L respectively for the particular model, a.s ·and a. 1 are known 

and £ (Eq. ·III. 4) can· be determined. 

Because of the uncertainty in norma-lization of the entire 

electronic wave function, it is. difficult to get an accurate knowledge 

of the absolute magnitude of the interaction for the point dipole case . 

. Comparing the ratio of the hfs inte-ractions causes this uncertainty to 

almost vanish; If the isotopes are denoted by the subscripts 1 and 2, 

where, by convention, 2 is the heavier of the two,· the hfs anomaly is 

defined as 

gl 
.J 

= - (1 + Ll) 
gl2 

(III. 8) 
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and 

!:::... -

~~:-

'gil 
- .1; (Ill. 9) 

. !:::.. then measures the difference in the distribution .of magnetism for 

.the two isotopes. Because the asymmetry.in the spin.magnet~zation of 

certain nuclei enhances the spin contribution, and, because the con­

stants that weight the spin contributions. are larger than. the orbital 

ones, !:::.. can. va.ry between zero and the same order of :r;nagnitude as 

C; ·Other ·Contribution Effe.cts 

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 arid affects the ratio of the hfs interactions. This is 

known as the Breit-Rosenthal effect. Theoretical estimates (ROS 32, 

CRA 49) indicate that the contribution to !:::.. is of the order of 0. 01%. 

which is negligible in this work but may in some casesi ~xceed the 

Bohr-Weisskopf effect (LUR 56, TIN -ST>· Stroke (STR 59) has re­

cently extended the work of Eisinger and Jaccarino to include the effects 

of the charge distribution,_ which ~liter into thP. evaluation of t?e 

coP.ffi~ie~ts b in Eq .. (III. 5), . so that the Breit-Rosenthal effect can 

be included in the frameworkof the Bohr-Weisskop.f theory. 
. ' . . 

The reduced-mass· correction to the electron wave .function. is - -3 . . . . ., . 
(1 + m/AM) , which, for two .isotopes of different mass, gives an 

isotope-shift correction to !:::.. that is im:portant for, very light nuclei 

but negligible for heavi~r nuclei. 

The presence of neighboring fine -structure l~vels will, in 
. : .. . . . . . . 

second order, perturb levels of th_e same F and modify the hfs · 
~ . . . . ·. : ' ' . . . 

interaction. This effect on p 1/ 2 electrons by the closely lying p 3/ 2 
level--which has been. treated by Clendennin (CLE. 54)--affects the 

ratio of gi' s in.the p 1/ 2 state. For s
112 

states considered in this 

-\ 
\ 
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work, .this effect sh~uld be ne~,ligib.l.e. Si.~c~ the par.ity of magnetic 

dipole radiation.is even (EVA 55),: the matrix elements between the 

s ·state· and. the closest states of higher· J, the p states, :vanish. The 

second-~rder perturbatlon ~ffect is of the·· order of '(.6.v )? / 5·, · where 

5 is the fine- structure. separation for the s state td :the next' states 

of even. parity. 'For rubidium this is of the order 10 74 o/o, · ari:(fis 

negligible in the· ratio. 

·; 
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IV.: THE DESIGN OF THE A~PARATUS 

_An over-:-all picture. of.the,apparatu~)s s~own in. Fig._·): ; It 

.consists-of a large, tank with associated. pu,mps for maintaining if high .. . . . . . ' . ' ' . :. ,... . ..... 

vacuum th:rough ~h.ich the beam ofato~~,may:pifS~ (fpr sey~r.aLfeet) 

wi~hout scattering. Inside_ the tank is a. I?eans ... of prod~c.ir:g a beam, 

the three magnets previously mentioned, ~nd d~tector fo:; b.oth t~e 

stable and radioactive components of the beam. Each system with its 

auxiliary equipment and instrumentation.is described below in some 

detail. 

A. The Geometry of the Apparatus 

ThP. vacuum tank and magnets built by Bemski (BEM 53) for 

molecular-bearn experiments were-used for this apparatus. New pole 

faces were built for the deflecting magnets, but the homogeneous C 

magnet was retained in its original form. The general layout of the 

mach~ne is shown ·in Fig, 4. 

Using the design equations from the thesis of R. J. Sunderland 

(SUN 56) we chose the dimensions and parameters for maximum re­

focusable signal at the detector consistent with the restriction imposed 

by the use of existing magnets and tank. 

Since the A and B magnets. are of equal length, it is convenient 

to 111ake the machine syinmetrical about the center of the C magnet, with 

the A and B fields equal in magnitude. On the ba.sis of Cs 
133 

as the 

designisotope, since mino.L' adjustment allow·any alkali to be refocused, 

the following dimensions were obtained (see Fig. 4), assuming a beam 

height of 1 em at the detector: 

..e l = 18.42 em ..e9 = 9.2 em 

..e 2 = .44.45 em L3 = 85.08 em= 33.89 in. 

..e
3 

= 23.18 em L5 = 139.41 em = 54.90 in. 

..e4 = 31.14 em L6 = 100.98 em = 39.75 in. 

..e5 = 22.22 em L= 187.03 em = 73.65in . 

..e6 = 22.22 em WS = .. 056 in. 

..e7 = 18.40 em we = . 035 in. 

..e8 = 2.5.4.0 em w-D = . 07 5 in. 
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Fig. 3. Over -all view of the appa::-a-:us, from the detec:or 
end. 
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Fig. 4. Layout of the apparatus. 
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Note that the machine is not exactly symmetrical; 1. 
8 

was made a 

little larger so that the focus would fall at the rear end plate . 

B. The Vacuum System 

The vacuum tank or "can" is rolled from 1/4-in. stainless 

steel sheet; it is 7 8-5/8 in. long and has an inside diameter of 12 in. 

There are two brass bulkheads separating the can into three sections: 

the oven chamber, the buffer chamber, and the main chamber. These 

bulkheads carry adjustable slits which allow the beam to pass yet 

allow d.i.Herential pressures in the three sections . All flanges are 

made of 3/4-in. boiler plate. 0-ring seals are used throughout for 

both static and sliding vacuum seals . The ends are closed with 

large aluminum plates. The plate on the oven end carries a quartz 

window; a button loader, described in Section IV -F, is mounted on the 

rear plate. Most connections to the inside are made through brass 

plates on top ports. These are labeled, in order from oven to 

detector , oven, A, C 
1

, RF, c
2

, B, and detector. The can sits on a 

three-point suspension on concrete pillars set in the floor. All pumps 

hang from the can, allowing positioning of the apparatus with respect 

to the fixed pillars. 

Oven and main chambers are pumped by Consolidated Vacuum 

Corp. MCF-700 oil diffusion pumps, two in the main chamber and one 

under the oven chamber. The buffer chamber is pumped by a 

Distillation Products Inc. VMF 260 oil diffusion pump. The outputs of 

the main chamber pumps are manifolded together and fed to a 

Consolidated Vacuum Corp. MCF 300 oil diffusion forepump . The 

oven and the buffer pump outputs are manifolded to the output of the 

MCF 300 forepump and backed by a Welch Duo-Seal mechanical fore­

pump. Provision was made for two mechanical pumps operating in 

parallel but one gave satisfactory performance. Each diffusion pump 

except the main chamber forepump has its own liquid nitrogen trap 

mounted between it and the can. These traps prevent oil vapor from 

entering the can and condensing on interior surfaces . Wi th this 



IV. B. -37-

-7 
pumping arrangement a vacuum of about 5 X 10 mm Hg can be 

h d D . 1 . h ' . lo- 5 lo - 6 
reac e . ur1ng an actua experiment t e pressure 1s to mm 

-6 Hg in the oven chamber and about 10 mm Hg in the main chamber . 

Gas scattering of the beam is negligible, since the mean free path of 

a molecule at these pressures is 1nuch greater than the length of the 

path. A rough-pumpout line is furnished, backed by a Welch Duo-Seal 

mechanical pump, which is used to evacuate chambers in the vacuum 

loc-ks of the oven and button loaders described below. Fine-pumpout 

chambers in thel:le vacuum lock::; a.re connected to the manifold behind 

the main-chamber diffusion pumps. There are thermocouple acm.un 
-3 gauges with a range of 10 mm to 1 mm Hg mounted on the pumpout 

lines , manifolds, and in the oven and md..i.u chambers . Ion~c-11 rrent 
-7 - 4 

vacuum gauges with a range 10 mm to 2 . 5 X 10 mm Hg are mounled 

in the ov en and main chambers for use at final operating pressures. 

The machi ne has been extensively interlocked. All electronic 

components , relays, circuit breakers , and switches are standard items 

available at the Lawrence Radiation Laboratory. The essential feature 

of the interlock system is to automatically turn off any part of the 

apparatus when conditions become such that damage can occur. If 

there should, for example, be d. large pres sure r i RP. in the can, all 

filaments and diffusion pump heaters are shut off. If cooling-water 

pressure . drops, the oven heater is cut off, or if lhe flow of cooling 

water that runs through the magnet windings decreases, the magnet­

current switch is opened. All interlocks except water-flow type can 

be by-pas sed by a switch on the "Y" panel. 

A beam flag is prov ided in the buffer chamber which acts as 

a shutter, prev enting any beam from entering the main chamber when 

it is in .. closed position. It cons i sts of a small plate connected to a 

cylindrical plunger fitted in a horizontal port near the oven end of the 

can. A single slidi ng 0-ring seal is used. 
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C . The Ov en Loa der and Ov ens 

For work with mater ials of short half-life it is necessary to 

provide a means of placing the oven in pos i tion inside the vacuum with­

out waiting several hours for the machine to be pumped down to its 

operating condition from atmospheric pressure. A vacuum-lock 

arrangement was designed to allow inse rtion of an ov en in a few 

minutes. A drawing of t his devic e is shown in F i g . 5 and a view of 

the loader in its open position is shown in Fig. 6 with an ov en inserted. 

When the loader is dropped into its closed posit i on, it places the ov en 

in pos i tinn for conducting t l11:: experiment . 

A plunge r slides vertically through a tube containing three 0 

rings w ith pumpout connect ions in the s paces between the 0 rings. The 

t ube is fixed to a horizontal plate whi ch make s a sliding seal with an 

0 ring mounted on the oven port cov er . Gui de plate s are provided to 

hold the plate and allow translational mot ion normal to the beam line . 

Precise positioning is facilitated b y a m icrometer screw and d ial 

position indicator . 

The oven mount fits i n side the plunger . This consists of two 

long brass tubes with a copper block at the lower end, a s pacer block 

higher up, and a flange at the top. The oven is placed on three pins 

on a metal plate which is insulated from the l ower copper block by a 

quartz block. Leads for the ov en filament are brought through the 

spacer block through glass ins ulators and through the upper flange by 

means of kovar sea] s. A third lea d p rotrudes from the top flange, 

having a sliding 0 -ring s eal and kovar s eal, which make s contact with 

the oven cap. This lead supplies the high v oltage to the oven and keeps 

the oven in position because of a slight downward force on this lead 

when under vacuum. The top flange is sc rewed to the top of the 

plunger, maki ng the entire un it v acuumtight. A m icrometer screw 

protrudes through thl::; flange , allowing v ertical posit i oning with respect 

to the port cover. A small vertical plate is mounted on this flange 

with horizontal screws for adjustment of rotation a bout the loader 1 s 

v ertical axis . Since there is a force of some 50 pounds tending to pull 
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Fig. 5. Cutaway view of the oven loader in closed position. 
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Fig. 6. The oven loader in open position. 
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this unit into the vacuum, a counterweighted chain driven by a small 

electric motor is used to pull the oven loader up and to control its 

lowering i nto the vacuum. 

The oven is heated by electron bombardment. A U -shaped 

filament of 0.020-in. thoriated tungsten wire is spot-welded at either 

end to small nickel blocks which are held onto the filament leads by 

set screws. This filament is positioned in the vertical plane about 

1/8 in. in front of the oven and is heated to about 1500°C. Several 

hundred valls is applied belween the oven and the filament and the 

oven is heated by bombardment of the accelerated electrons emitted 

by the filament. Satisfactory emission is usually obtained at a 

filament current of lZ amperes . Between 10 and SO watts of electron 

power is required for beams of rubidium or other alkali. 

Cooling water circulates through the brass tubes and copper 

blocks of the oven mount and through coils attached to the outer tube 

of the oven loader . Because of the high level of radioactivity of the 

oven loader, a steel-jacketed lead cylinder was fashioned which fits 

inside the oven chamber around the loader. This jacket has holes 

front and rear on the beam axis to allow the beam to pass and permit 

visual observahon of the uven. It "vas also nP.c.essa.ry to place an 

external lead shield around the liquid nitrogen trap of the oven chamber 

diffusion pump, which sits directly below Lhe oven loader. 

The ovens used were made of stainless steel blocks, 

7/8 X1 X l-5/8 in. Figure 7 shows, from left to r.ight, an assembled 

oven (front view), a disassembled oven, and an older type of oven no 

longer used. Slit jaws made of 1/8-in. stainless steel were screwed 

into place on the oven block. Two V -shaped slots, mutually per­

pendicular, were milled in the bottom to fit on the positioning pins of 

the oven mount. Material for producing a beam is placed in the cavity 

and the stainless steel press-fit cap is pushed into place with thumb 

pressure. (The older oven of Fig. 8 used a screw-on cap which 

tended to leak when heated. There was a small vapor chamber milled 

on the older oven, but it showed no imp<rovement over the simple cy­

lindrical ho 1 e drilled for the beam to emerge. ) A slit width of 0 . 005 in. 

was used in this work, and no attempt was made to obtain further colli­

lnation. 
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Fig. 7. Stainless steel ovens, showing slit assembly. 
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Alkali beams were first produced by heating the pure metal 

whose surfaces were freshly cut before it was placed in the oven. It 

was easier , however (and necessary for radioactive runs), to obtain 

an alkali beam by reduction of a salt by calcium. About 50 mg of 

RbCl and a like volume of freshly filled calcium metal yielded a beam 
-10 

of 10 ampere for about 6 hours. A higher temperature is required 

to make the beam by the reduction method but it does not otherwise 

make any difference in the experiment . 

D. The Magnet System 

There are three magnets in the machine, usually labeled from 

the o v en end, A, C , and B (~ee Fig. 4) . . All are low-irnpedence 

electromagnets. The A and B magnets are inhomogeneous n1a.gnets 

of the Rabi type. Yokes and coils are those used by Bemski. New 

pole tips suitable for deflection of larger atomic magnetic moments 

were constructed, the shape of which is shown in Fig. 8. These two 

magnets are identical except for a vertical slot milled in the cent e r of 

the B magnet pole faces for the stop-wire motion. An over -all view 

of an assembled deflecting magnet is shown in Fig. 9. Figure 10 

shows an end view ui ll1e D m .agnet. 

Each magnet is wound in a one-·piece coil consisting of 

flattened thi ck-wall copper tub1ng. Cooling water flows through the 

coils . In assembly, the layers of the coil are insulated from one 

another and from the magnet by 0 . 02.0-in. teflon oLrips . 

The C magnet, shown in Fig. 11, has a homogeneous magnetic 

field . The pole tips are parallel surfaces with a gap 0 .250 in. wide , 

2 in. deep, and 15 - 5/8 in. long, and were set in place by .using a 

template dur ing assembly. No attempt was made to shim the field at 

t hat time . The winding consists of 20 turns of flattened copper tubing 

h aving a measured de resistance of 0. 0071 Q. The magnet carries the 

c ollimator , Fig. 12, placed in the center of the magnet below the rf 

p ort . 

Figure 13 shows the stop-wire structure which fits into the 

slot jn the B magnet , Through a sliding 0-ring seal in the cover 
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Fig. 8. Deflecting-magnet pole tips. 
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Fig. 9. Over-all view of one of the deflecting magnets. 
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Fig. 10. End view of a deflecting magnet. 
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Fig. 11. Over-all view of the assembled C magnet. 

I 
~ 
-.J 
I 



I inch 

-48-

~lr~ ~ 
------

-------
CIHI~ ~ 

I ·I 

<!J):::(ID 

Knife 
edges ·-----~ 

®:::® 

MU-19775 

Fig. 12. Collimator assembly. 
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plate B, a plunger and rocker-arm arrangement allows the stop wire 

to be placed in the beam (up position) or out of the beam (down position). 

Each magnet carries a pair of knife edges , as can be seen in 

Fig . 10, to facilitate initial alignment by optical methods . The three 

magnets sit on a flat plate positioned in the can before the magnets 

were placed on it . Four adjusting screws for each magnet, near the 

ends of the yoke, allow fine translational adjustment of the magnets 

and serv e to lock the magnets in position after adjustment. Each 

screw is covered by a screw-on vacuum seal fitted with an 0 ring. 

Each end of a magnet ' s coil is brought out of the vac uum can 

by a current seal through a top port cover plate . Figure 14 shows the 

construction of thi s seal. Both A magnet l eads are in plate A, both 

B magnet seals are in plate B . The C magnet leads are at either 

extremity with one lead out of top plate C 1, the other one out of plate 

c
2

. This allows maximum access to the center of the C magnet 

through the rf port. 

The A and B magnet windings are connected i n series and fed 

by a bank of l ?. 7.-v 10, 000 - amp hr ::mbmarine La.LLeries connected to 

give 350 amp at 4 v. A push button controls a l arge relay mounted 

outside in a weatherproof box whi ch turns the deflecting magnets on 

or off. No other adjustment is needed. 

The C magnet current is controlled by a rather nov el arrange ­

ment . Since the value of the static field is one of the critical parameters 

of this experiment, it must remain stable for long periods of time. 

Submarine batteries exhibit a long-time drift which is unsati sfactory 

for precision work. The magnetic field of the C magnet is not homo­

geneous enough or large enough to use standard NMR probes to lock 

the field to a proton resonance. In this machine , a transition is ob ­

serv ed in the easily detectable stable carrie:r isotope in the beam, and 

the field is electronically locked to the peak of this resonance at the 

frequency corresponding to the magnetic field desired. Long-time 

stability of about one part in ten thousand of the static C field can be 

obtained i n this manner. The system is described in detail in Appendix 

c . 
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No attempt has been made to provide magnetic shielding of the 

C magnet from the fringing fields of the deflecting magnets, since any 

pulling of the C field is compensated by the locking system mentioned 

above . The over -all homogeneity of the C field is certainly affected, 

limiting the use of the C magnet gap to the central few inches, but this 

restriction has already beem imposed because of the inherent lack of 

quality of this magnetic field. Owing to space limitations in the can, 

it was not practical to mount larger pole faces . 

E. The Radio-Frequency System 

To induce an atom in the beam to change its orientation in the 

static C field, a rotating magnetic field of the proper frequency, 

orientation, and strength must be superimposed on the C field. An 

elaborate signal generator with its associated equipment has been as­

sembled to perform this function. Figure 15 is a picture of part of 

the assembled radio-frequency equipment. The rest of the rf gear, 

together with the machine controls, C magnet locking system, and 

electrometer is shown in Fig. 16. 

The heart of this equipment is a Gertsch Products, Inc. AM-1 

VHF Interpolator and FM-4 Microwave Frequency Multiplier. There 

are two sets of these, one for search and one for exciting the resonance 

t o which the C field is locked. These are phase - locked oscillators 

operating in the ranges 20 to 40 Me and 500 to 1,000 Me respectively, 

and are capable of producing a continuously tunable signal with a 

stability of 1 part in 10
8 

if the l 00 -kc standard frequency which must be 

fed in is equally stable. In the early stages of this work the 100-kc 

internal crystal oscillator of a Hewlett - Packard HP 524B Frequency 

Counter was used, but its drift rate of several parts in 10 
7 

per hour 

was excessive for observation of very narrow lines. The primary 

f requency standard is a National Company "Atomicron, " a cesium 

atomic-beam machine which locks an oscillator to the peak of the field­

i ndependent Zeeman transition in Cs
133 

at 9192 . 631840 Me. This 

provides a series of output frequencies with an accuracy of better than 
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Fig. 15. Part of the radio-frequency system, showing 
search oscillators and all amplifiers. 
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Fig. 16. Racks containing apparatus controls, magnet­
locking system, and locking oscillators. 



IV. E. - 55-

1: 109 and stability 1: 10
10

. It was possible , by comparing on an 

oscilloscope the 1 00-kc output from the Atomic ron with the HP 524B 

internal oscillator and by manually adjust ing the latter , to keep the 

two w ithin a few parts in 1 o8 It should be noted that it was not 

possible to use the Atomicron' s 100 kc directly into the Gertsch 

equi pment, as this signal had some spurious phase modulation which 

prevented the phase-locked oscillators from performing reliably. 

This constant compari son with the primary standard was putting 

excessiv e operati ng time on the Atomi cron beam tube, so a James 

Knight Co . JKFS- 1 1 00 secondary frequency standard was installed. 

This i s a 1 - Mc quartz - crystal oscillator in a temperature - regulated 

double oven wh1ch has a. slc~.lJllity of 5: lo
10

jday. A frequency-divider 

circui t prov ides a 1 00-kc signal with the same stabilily . It is ncces­

sary only to compare this oscillator once a week with the Atomi cron. 

There was some harmonic content in the 1 00-kc output , which was 

easily filtered out . Now both sets of Gertsch oscillators and the 

HP 524B Frequency Counters use thi s output as the i r frequency­

standard i nput . 

The AM-1 multiplies the 100 kc to 10 Me and then by a var i able 

multiplier increases this to 19 to 38 Me . This signal i s mixed w ith a 

free - running 1 - to 2-Mc internal oscillator whose output is mon itored 

by a frequency counter . The upper ~.i<.lt::: band of the m ixer 011t.put is 

fed to a buffer amplifier which locks a 20- to 40 - Mc oscillator to this 

frequency. Thi s higher-lev el signal i s fed to a crystal diode wh i ch 

p r oduced harmonics up to sev eral thousand megacycles . The drift 

of the 1- to 2-Mc oscillator is about 2: 10
6
/hr , or about 1: 10

7
/hr on 

the output . Thi s i s easily corrected manually, since the frequency 

i s cont inuously monitored. 

The AM - 1 output with its high harmonic content i s fed to the 

FM - 4 . Its internal oscillator (500 to 1000 Me) mixes with a selected 

harmoni c from the AM - 1 to giv e a 1 0-Mc IF signal. This is phase­

compared with a 1 0-Mc s i gnal for the AM-1. Any phase d i fference 

produces a de v oltage whi ch is impressed across a crystal diode in 
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the plate cavity of the 500-1 000 - Mc oscillator whose effective capacity 

is a function of this impressed de voltage. A closed loop is formed so 

that the oscillator 1 s frequency is adjusted to maintain exactly the 

10 Me intermediate frequency with respect to the harmonic of the AM.-1. 

To obtain higher frequencies, a series of coaxially mounted 

harmonic generators is available, together with traveling -wave -tube 

(TWT) amplifiers for reasonably high output power. The total 

complement of rf equipment is listed in Table I. Depending on the 

output power required, the output frequency above 1000 Me may 

require one or more stages of frequency multiplication. One stage 

is usually the amplifier, a directional coupler followed by a harmonic 

generator with double stub tuner and a cavity filter to pass only the 

desired harn10nic to feed the next stage. At 3900 Me, for instance, 

300 mw can be obtained in one stage by taking the fourth harmonic of 

97 5 Me. More power at the frequency requires the frequency multi­

plication to be done in two stages with intermediate amplification. 

The traveling - wave tube is an inherently broad-band device 

which achieves ampli.fication by interaction oi the slowed-down electro­

magnetic wave with an electron beam. Band widths of two octaves can 

be obtained and some gain can be squeezed out far beyond that by 

careful tuning of the helix and collector voltages. These tubes with 

their associated high - voltage power supplied are not yet reliable. 

The tubes are expensive and their cathode life is only a few hundred 

hours. They are easily damaged· by excessive currents and the power 

supplies must be extensively interlocked. The commercial power 

supplies originally purchased were poorly designed and had to be 

modified. Solenoids are required to provide an axial magnetic field 

for focusing the electron beam. These are heavy and raise the ambient 

temperature of the device. Some Sylvania tubes with permanent­

magnet focusing were used with power supplies designed and built in 

the laboratory. Figure 17 s hows one of these tubes in its power 

supply. 



Standards 

Oscillators 

Amplifiers 

Measuring 

Equipment 

Number 

2 

2 

2 

2 

-57-

Table I 

Radio-Frequency Equipment 

Item 

National Co. Atomic ron 

James Knights Co. 
JKFS 1100 

Gertsch AM-1 

GPrtsr.h FM-4 

Gertsch FM-5 

TP.ktronix 190A 

Hewlett Packard 608A 

Hewlett Packard 
6 7 OSM (klystron) 

Hewlett Packard 
670GM(klystrnn) 

Hewlett Packard 
670MM(klystron) 

Hewlett Packard 460A 

Hewlett Packard 460B 

Instruments for Industry 
Inc. 500 

Wave Particle Co. 
(Sperry TWT) 

(Modified)Clegg Co. 
(Sylvania TWT) 

Our uwn make 
(Sylvania TWT) 

Our own make 
(Sylvania TWT) 

!Iewlott Paclnnrl 4q!A 
(Huggins TWT) 

Wave Particle Co. 
(Huggins TWT) 

Wave Particle Co. 
(Huggins TWT) 

Wave Particle Co. 
(Huggins TWT) 

Frequency range 

0.1, 1, 5, 10, 100 Me 

0.1, 1 Me 

20-40 Me 

500-1000 Me 

0. 200-20 Me 

0.5-50 Me 

10-500 Me 

2.6-4 kMc 

) 4-6 klvh. 

6-8 kMc 

0. 200-200 Me 

0. 200-200 Me 

0.200-200 Me 

0.5 -1 kMc 

1-2 kMc 

1-2 kMc 

2-4 kMc 

2-4 kMc 

2-4 kMc 

4-8 kMc 

8-12 kMc 

2 Hewlett-Packard 524B Frequency Counters 
with plug-in frequency converters 

Hewlett Packard 540B Transfer Oscillator 

Hewlett Packard 430C Power Meter 

Marconi wavemeter 

Marconi wavemeter 

Marconi wavemeter 

Wayne Kerr wavemeter 

Wayne Kerr wavemeter 

0.5-1 kMc 

1-2 kMc 

2-4 kMc 

3-8 kMc 

7-13 kMc 

Remarks 

Primary standard 

Secondary 
standard 

with Hf' 707 A 
pOWP'I' Rnpply 

tends to oscillate 
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Fig. 17. Traveling-wave -tube amplifier mounted in its 

power supply. 
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Coaxial tunable c a vities act ~s band-pass filters with an 

insertion loss < 2db and a pass band about 2 Me wide . These are used 

to suppress unwanted harmonics and, after being calibrated, serve 

as rough checks on the frequency . In the 0 . 5 to 1-kMc amplifier, the 

cavity .filters out the inherent oscillation present at high power level. 

The calibration curves were obtained by standard methods (KIN 52, 

GIN 57), and are accurate to a megacycle or two. Calibrated wave­

meters are available to . verify the frequency settings and check the 

absence of spurious frequencies . 

The Power MP.ter consists of a thermistor element in one arm 

of a Wheatstone bridge . Microwave power impinging on this element 

heats it and its resulting change o± resistance unbaL:~.Hces the bridge . 

The power level is read directly. 

The Transfer Oscillator contains a stable 100 - to 220-Mc 

oscillator , a mixer , video amplifier, and oscilloscope . The frequency 

of an unknown signal i s determined by beating it against a harmonic 

of the oscillator, whose frequency can be read d i rectly on a frequency 

counter . For frequencies in the kilomegacycle range , this method i s 
6 . 

accurate to about 1: 10 . 

Thus a ±requency £0 in the rciHge 500 to 12, 000 :Me can be 

generated accordi ng to the relations 

£0 = nf, 

f
1 

= mf
2 

± 10 Me , 

f 2 = p(l me)+ f3' 

(IV. 1) 

where f 
1 

is in the range 500 to 1000 Me, f
2 

is i n the range 20 to 

40 Me , f 3 is in the range 1 to 2 Me , and n , m, and p are integers 

corresponding to the harmoni c number used. The frequency is then 
6 

checked to 1: 10 by 

(a) filter cavity sett ings of multiplier stages , 

(b) wav e meter on output, 

(c) transfer oscillator . 
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The accurate value is then read from f
3 

as displayed on the Frequency 

Counter . 

For lower frequencies and for field calibration where line 

widths are larger and measurement time short, standard manually 

tuned signal generators are satisfactory. Instruments listed in 

Table I are used for this purpose. Owing to lack of suitable amplifiers, 

power levels greater than 50 mw cannot be obtained in the region 200 

to 400 Me. Fortunately no frequencies in this range are needed for 

this work. 

The signal f 0 must be fed from the final amplifier into the 

vacuum system to the "hairpin" which conveys the radio frequency to 

the vicinity of the beam. RG - 8/U coaxial cable with standard tJG 

series conductors are used with the outer rubber coat stripped off the 

cable for use inside the vacuum. Because of the extremely broad 

frequency band covered, a design for the coaxial vacuum feed-through 

is subject to compromise. A rather simple design was tried, details 

of which are shown in Fig. 18, which exhibited essentially zero db 

insertion loss to 1000 Me and only 3 db at 8000 Me. A ·box was built 

covering the rf flange, as shown in Fig. 19, carrying five of the 

feed-t}lroughs to allow for flexibility and possible future complexity. 

Thi s replaced an older design in which two coaxial leads were fed 

through a flush port cover in much the same manner .as the magnet­

current seals. The later design is less lossy and eases the problem 

of· access to the C magnet gap, since all electri cal connections can be 

made before the top plate is closed. 

Getting the rf to the vicinity of the beam is more of a problem, 

aggravated by .a rather small C-magnet gap (0 . 250 in.) and lack of 

space inside the can above the magnet gap. 

Torry (TOR 41) has shown that the width of a resonance line 

for the value of a single oscillatory field correspon;ding to an optimum. 
( 

perturbation is 

a. 
6v = 1. 07 T 

.,.1 

(lV. 2) 
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Fig. 18. Detail of the coaxial vacuum feed-through. 



Fig. 19. New cover box over the rf port, showing coaxial 
feed-throughs. 
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where a is the most probable velocity of the atom and .R. is the length 

of the oscillatory field along the beam. For separated oscillatory fields 

of length .R., Ramsey (RAM 50) showed that if the two fields are fed in 

phase and the C field is sufficiently homogeneous so that the two 

individual patterns overlap, there is a sharp central interference peak 

at a frequency corresponding to the spatial average value of the field 

in the region between the rf fields . The width of this central peak is 

given by 

. a ov = 0. 65 L I (IV. 3) 

where L is the distance between the rf fields . The line widths used 

in this sense are the full widths at half full rel:!uuculce height. 

The width, Eq. (IV. 2) , is the minimum obtainable, and 1s seen 

only for transitions that are field-independent . Usually field inhomo­

geneities broaden the line to many times this value. Ramsey patterns 

for separated oscillatory fields wash out completely if the transition is 

field-dependent and one single line, also broadened, is seen. Care 

must be taken in analyzing a resonance, since distortions may be 

present (RAM 56) that shift the observed peak from the true transition 

frequency . Examples of such effecL~ c11e sho·w·n in the follnwing sections. 

Selection rules for magnetic dipole radiation require that the 

oscillatory magnetic field be parallel to the static field for .6.11.1. o::: 0 (a) 

transitions ~nn perpendicular to the stat i c field for .6.m = ±1 (n) transi­

tions . An arrangement of conductors is needed that will fit in the 

magnet gap, displaying a reasonable electrical impedance while 

orienting the rf magnetic field to excite the desired type of transition. 

Various configurations are described in the literature (RAM 56, KUS 59) . 

For microwave frequencies, waveguides and cavities are attractive for 

use as hairpins (LHR 56, FRI 59). For the relatively long microwaves 

used in this experiment such designs were not practical because of 

space limitations in the gap. Again, with a large bandwidth to consider, 

compromises must be made . The simplest design is a strap bent in 

the form of a U and placed in the magnet gap but insulated from the pole 
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faces. This is a shorted parallel - plat e transmi ssion line whose im­

pedance is given (RAM 44) by 

for a << b, 

where a is the separation of conductor and b is the length along the 

beam. For straps about an inch long, the mismatch to a 50-ohm 

coaxial line should not be serious, provided that the coaxial-to-plate 

transition is efficient. Examples of such hairpins, which were insulated 

from the pole faces by thin strips of teflon, are shown in Fig . 20. Of 

course, the impedance is modified because the structure is placed in 

the gap and the fact that the hairpin i s shorted makes useful impedance 

measurements almost impossible, but the strap does carry a TEM 

mode which has a magnetic field oscillating parallel to the beam and 

it does work as a hairpin and seems to be efficient . Being unshielded, 

these straps radiate, so that there is considerable fringing field in the 

gap, making it difficult to estimate what the effective length of the 

oscillatory field really is and- -more seriously- - what configuration it 

has . Examples are shown in Secti on V of resonances distorted by this 

d i stribution of mode structure along the beam. Furthermore, when 

the wavelength is of the order of the size of the vacuum can, unshielded 

hairpins can excite cavity oscillations in the can. It was found, in the 
\ 

excitati on of a strap with a frequency - modulated 500-Mc signal for 

locking the C f i eld, that the modulation apparently reached the detector 

by thi s means, masking the s i gnal obtained from the beam itself. In­

stalling a conduct ing reflector (aluminum foil) between the B magnet and 

detectors with only a small beam hole d i d alleviate the problem. A 

better soluti on would be to use a shi elded structure in whi ch all rf fields 

are confined to_ the insides of the conductors . 

The obvious shi elded structure i s a coaxi al line w i th a slot cut 

for the beam to pass through, and w i th the line terminated in a short 

beneath the beam path, If the axis of the coaxial line coincides with 

the beam line the rf magnet i c field i s perpendi cular to the beam if the 

TEM mode (RAM 44) i s propagated, but i s in~ two out-of-phase patches 
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Fig. 20. Typical strap hairpins of early and later design. 
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separated by the inner conductor. If the static field is homogeneous, 

a Ramsey interference pattern for oscillatory fields 90 deg out of phase 

can be observed (WOO 56) on a transitions. If the axis of the coaxial 

line is to one side of the beam line the rf magnetic field is mostly 

parallel to the beam and 1T transitions can be observed. The magnet 

gap in this machine is too small to allow insertion of a coaxial line of 

reasonable impedance offset so as to observe 1T transitions, but an 

" eccentric 11 coaxial line with the center conductor off center was built 

which, while sacrificing some power owing to impedance mismatch, 

allows both 1T and a transitions to be observed (without moving the 

hairpin). 

Originally this design was incorporated into separate structures 

des i gned to be placed about 12 in. apart in the gap so as to give very 

narrow Ramsey patterns for 1T transitions, but again owing to field 

inhomogeneities, no interference patterns were observed. These hair­

pins are shown in Fig. 21. 

The use of short-circuited hairpins presents difficulties in the 

microwave region becausP. of the high atandin.g -wave ratio present in 

the transmission line. Although these hairpins are not good short 

circuits, having a high reactive component, the reflection coefficient 

due to their presence as a line termination is high enough to make it 

difficult to match out with stubs or line stretchers. Furthermore, 

this large reflection from the end tends to mask out reflections from the 

coaxial vacuum feed-through and the coaxial-hairpin connection, so 

that it is d i fficult to say, without actually observing transitions in the 

beam, whether the rf power is actually getting to the beam vicinity or 

is be ing mostly reflected by the other discontinuities. The presence 

of high standing waves at high frequencies requires some form of 

isolation, usually an amplifier, for the oscillator; otherwise frequency 

pulling can be expected. 

Power i s usually measured by means of a directional coupler 

in the line. If the VSWR is high, as it is for a shorted hairpin, the 

power reading of the transmitted (forward) wave has only a relative 
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Fig. 21. Original configuration of coaxial hairpins. 
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meaning (KIN 52), but it is still useful to specify this readi ng 3 since 

the level requi red for optimum perturbation must be experimentally 

determined for each hairpin as a function of frequency by observations 

of resonances in beams of stable isotopes. 

If a hairpin is unshi elded, a small coupling probe located 

near by can give a relative indication of power reaching the end. Such 

probes hav e been used (STR 57, KUS 59) for some time in atomic beam 

work and one was used for a short t:ime in this experiment to check the 

efficiency of the coaxial feed-through and the coaxial-parallel-plate 

transition. A small loop about 1/8 in. in diameter was fashi on ed by 

bending the center conductor of a piece of RG-58/U cable in a circle 

and solderi ng it to the outer conductor of the cable . The outer con­

ductor was soldered to the underside of a strap hairpin so that the 

loop was in a v ertical plane normal to the beam line . The voltage ln ­

duced in the coaxial line is proportional to the rf current at the hair­

pin short. A coaxially mounted crystal detector is attached so that 

the rectified crystal current is proporti onal to the rf power at the 

shorted strap whi ch is close to the beam. 

In an attempt to produce a Ramsey pattern, a strap 1-1/4 in. 

long, looking like an inverted U (see F i g . 22) was constructed to see 

if it would produce two patches of inphase rf field, but it was found 

that the two ends were not really isolated, owing to the radiated field 

from the coaxial-hairpin transition, and this hairpin acted like a single 

strap, g iving a 10 - k c resonance width on field-independent lines . 

Another strap 2 in. long was constructed to try to reduce the line width 

(see Eq. (IV. 2)1 but in the light of possible distortions (RAM 56) due 

to Doppler shift and poss ible non-TEM - mode structure, the resonances 

obtained with this strap cannot be considered reliable. Section V of 

this thes is shows the poor quality of resonances obtained with this 

hairpin. 

In a further attempt to see Ramsey patterns, the previously 

mentioned eccentric coaxial hairpins (Fig. 21) were cut and soldered 

carefully together to make a fixed, r i gid structure as shown in Fig . 23. 
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Fig. 22. Larger strap hairpins, one of which is shown in 
its mounting bracket. 
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Fig. 23. The Ramsey structure. 
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Figure 24 shows details of its construction. This gave sufficient iso­

lation of the two rf fields , and satisfactory Ramsey patterns were 

obtained (see Section V) . However, by fixing the length from the 

shorted end to the junction of the two lines , the frequency band over 

which the hairpin is useful is reduced. The input impedance of two 

shorted stubs is ~ z
0 

tan (2TI i./A.), where z 0 is the characteristic 

impedance of the line (approx 50 ohms) and 1. is the length of the stub; 

whenever the tangent takes on the value 0 or co (which i s pretty often 

in the m i crowave region for 1. :::: 10 em as used in this hairpin), all 

input power is reflected from the junction and no rf reaches the beam. 

The USl~al way around this d1fficulty i s to bring both arms of the hair-

pin out of the vacuum and connect a trombone structure so that the 

stub length 1. can be varied simuHc~.ueously for both. This nAr~s sarily 

means that the arms would be sey eral wavelengths long , and can lead 

to phase shifts due to slight differences in length between the two arms · 

which are almost impossible to measure electrically i n this configuration. 

It was decided that a fixed length was easier to use, and that some idea 

of the possible phase shift present could be obtained by observing 

resonances in each of the two orientations of the structure . The possible 

phase shift between the two separated fields is probably the most 

ser i ous distorllon of the Ramsey pattern and can easily shift the res­

onance peak up to half a line width from the Bohr frequency. 

A traveling-wave hairp1n is very attrc.~.d~ve if the magnet gap 

is wide enough to permit mounting a coaxial line with its axis off the 

beam line. In this case the line is terminated in a matched load, which 

can be a thermistor mount so that transmitted power can be read 

directly. The atoms see the traveling wave as an oscillating field, as 

before , and now all the matching and reflection problems are eliminated. 

This should be tried in future experiments , especially for the locking 

hairpins in which the modulation must be prevented from leaking to the 

detector. 

Also tried were hairpins of shorted strip transmi ssion line 

(PAC 57) . These had the slight advantage of needing no insulation from 
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Fig. 24. Details of the Ramsey structure. 
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the magnet pole tips, but higher-order modes were found to be present 

above 3000 Me, causing nonuniform distribution of the oscillatory field 

along the beam, therefore these structures were discarded. 

Two hairpins are used in these experiments, one carrying the 

locking frequency and the other carrying either the field calibration or 

search frequency. Mutual interference problems make the connection 

of both oscillators to one hairpin impractical, so for effective isolation 

two hairpins are used, separated by less than 1 in. The only dis­

advantage of this configuration is that the fields at the two hairpins 

may not be exactly the same . Experience has shown, however, that 

the difference is small, and small corrections of the locklug I1 ~::qucn.cy 

are sufficient to bring the calibration frequency (taken in the other 

hairpin) to its desired value. 

F. Detectors 

Alkali beams are usually detected by a surface-ionization 

detector , which consists of a heated tungsten wire and a small collector 

plate . Since the work function of tungsten exceeds the ionization po ­

tential of the alkalis, essentially every alkali atom that strikes the 

heated wire comes off as a positive ion. These ions can be attracted 

by a few volts negative JJUtt:::utial to the omall plat~ r~nrl the ion current 

measured with a good electrometer. It is possible to cause these ions 

to pass through a mass spectrometer so that only those ions of o::l. desired 

d d W . h h b" . K 40 b . . . h mass are etecte . 1t sue a com 1nahon earn 1ntens1hes ave 

been measured, although this isotope is only one part in 10
1 

of the total 

in beams of natural potassium (EIS 52) . Radioactive cesium isotopes 

have also been observed with mass spectrometers (STR 57) . Jhan M . Khan 

(at this Laboratory) is constructing such a spectrometer, which will be 

attached to this apparatus for detecting radioactive beams . 

The method of detecting radioisotopes used in this Laboratory 

is to expose a sulfur surface to the beam for a fixed time and to count 

the collected activity on some suitable low-background counter (NIE 57). 

The sulfur is packed into a slot in a small brass "button" of 
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standardized dimensions. A rotary button loader with vacuum lock i~t 

mounted on the rear end plate of the can, which allows these buttons 

to be inserted from the outside, exposed at the machine focus, and 

withdrawn for counting. This structure can be seen in Fig. 3. 

Three hot -wire ionization detectors are provided in this 

machine. The first is a 0. 01 0-in. K-free tungsten wire mounted 

vertically in the center of and 1/4 in. behind the exit slit of the 

apparatus . This exit slit, 0. 065 in. X 1 em, is in the center of the 

exit plate that hangs from the port cover of top port D; provision is 

made for translational motion of the exit plate with the attacheci de­

tector in a plane normal to the beam line. A micrometer screw and 

dial position indicator are provided for accurate positioning. The 

purpose of the exit plate is to prevent deflected and scattered radio­

active atoms from reaching the focal point at the button loader and 

contributing to the machine background. The assembled detector is 

shown in Fig. 25. A 1 X 1-cm copper plate serves as the ion collector 

which is connected through a re - entrant kovar seal to the inner con­

ductor of an external femaLe type-N c;:onnec.t.or on the top plate. The 

filament is at ground potential and the plate at -45 v. Ion current is 

read by a Beckman Model 5 Micro-microammeter, a vibrating­

capacitor electrometer. This detector serves to monitor the beam as 

it is brought to operating level, to line up the oven with respect to the 

collimator and stop wire, and to detect the C magnet locking resonance. 

When used as part of the locking system, it is connected to the phase 

detector (see Appendix C) through a small preamplifier mounted on its 

output connector. With a filament current of 0. 9 amp, background ion 
-12 - 10 

current is 1 X 1 0 amp; a typical full beam reads 2 X 1 0 amp and 
-11 a resonance in a stable isotope is about 1 X 10 amp. 

A second ionization detector is mounted in a brass cylinder on 

the rotary button loader, as can be seen in Fig . 3. It consists of a 

. 070-in. K-free tungsten ribbon mounted vertically (when in position) 

with a small copper plate to one side acting as collector. The detector 

serves to calibrate the static C field at the search hairpin by observing 
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Fig. 25. Rear view of the detector assembly, showing the 
exit slit in the exit plate. 
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resonances in the stable carrier. Since the locking and search hair-

pins are at slightly different positions in the magnet, this step is 

necessary to measure the actual field at the search hairpin. When 

calibration has been accomplished, the electrometer and filament 

connections are removed so that the button loader may be freely 

rotated during button exposures. The loader has a window position 

opposite the detector position between the two button locks so that the 

cold filament need not be exposed to the beam during a run. With a 

filament current of 6 amp, background ion current is about 1 X 10-ll amp. 

A third hot-wire ionization detector, also 0. 01 0-in. K-free 

tungsten wire, is mounted in front of the exit slit inside a rnu-rnetal 

cylinder in which holes have been cut to allow free pas sage of the beam. 

This structure can be seen in Fig. 26. This detector sits to one side 

of the beam axis and monitors the flopped-out beam as described in 

Section II. C. With the electrometer connected to this detector during 

button exposures, any changes of the full beam intensity during a run 

can be monitored and the counting rates of individual buttons normalized 

to a constant full - bea1T1 level. The procedure used is to take a reading 

of the full beam on the exit-slit detector, turn on the deflecting fields, 

and raise the stop wire into place. The monitor detector is moved 

laterally until it sits on the peak of the flopped-out beam, and the 

reading at that point is taken. This establishes the monitor calibration 

for that run. At the end of the run the monitor is again read, the de­

fleeting fields turned off, the stop wire lowered, and the calibrat:ion 

checked by reading the full beam again on the exit-slit detector. 

Experience shows that the calibration is linear and that the two points 

lie on a line intercepting the origin of a plot of the full- beam reading 

against monitor reading. That the use of this detector for normalization 

gives consistent results, together with observations of the linearity of 

the monitor despite small changes of deflecting fields and oven tern ­

perature, indicates that the method is quite satisfactory. 

Originally a surface-ionization detector was placed in the 

buffer chamber to look directly at the beam emerging from the oven 
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Fig. 26. Side view of the detector assembly, showing the 
monitor detector housing. 
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before any deflections take place. Heating of the oven by electron bom­

bardment caused the operation to become erratic. This condition could 

not be remedied, so the detector was abandoned and the method used as 

described above. 

G. The Counting System 

Figure 27 shows a button used to collect the beam activity, 

and the scintillation counter assembly used for counting the activity. 

The counter is a very thin Nal(Tl) crystal (approx 2 mm) backed by a 

phototube whose outp11t is fed to a singlt: -channel pulse -height analyzer 

and scaler. A ball bearing in the counter housing fits into a slot on 

the button, so that a constant counting geometry is maintained for all 

buttons. The sulfur surface of exposed buttons is covered with a single 

layer of Scotch tape before being brought to the counting area, to 

prevent any accidental brushing off of activity. Four of these counters 

are used in conjunction with this machine, each of which is mounted in 

a thick lead pig to keep background to a minimum. The counting 

arrangement is shown .in Fig. 28. 
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V. EXPERIMENTS ON STABLE ISOTOPES 

This section includes the initial line -up of the apparatus, 

early results, and measurements on stable isotopes whose .6.v and 

g
1 

are already known, with the purpose of checking the proposed 

experimental technique for radioactive isotopes. 

A . Machine Line-Up and Early Resonances 

After the magnets had been placed in the can on their base 

plate the magnets were made level by adjusting screws on the three 

support points of the can. Cross hairs were installed at either end 

of the open can and, with the help of a telescope, the magnets were 

aligned optically hy using the knife edges mounted for that purpose 

(see Fig. 1 0) . Since a bean1 of atoms is deflected more than a beam 

of molecules, because of the much larger effective magnetic moment, 

the line -up is not as critical as it would be for a n1olecular machine. 

When the alignment was as good as could be determined, the collimator 

and stop wire were inserted; these actually define the centerline for 

the beam. They were found to be 0. 0057 and 0. 0.066 in. , respectively, 

from the optical centerline. This was satisfactory for an atomic beam. 

The magnets were locked in place with the adjusting screws and the 

rest of the machine was assembled. 

The initial beam line-up was done with stable potassium. 

Resonances were found by using a crude strap hairpin and later the 

coaxial hairpins (Fig . 21) were inl:>Lalled. At this time adjustment of 

the C magnet current was very crude , consi::;ting of a large rheostat 

and a pair of stainless steel tubes with an adjustable jumper. Some 

feeling was developed for the optimum rf power required for resonances 

by using the various hairpin arrangements, and the dependence of the 

resonance width on the various parameters was studied. 
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B. Double Resonance 

As explained in Section II. C, ~F = 0, ~m = ±1 transitions are 

not refocusable in this machine. In analogy to the work of Feher 

(FEH 56, FEH 58) in the solid state, an attempt was made to see these 

transitions by observing their effect on simultaneously excited ~F = ±1 

transitions. Three hairpins are used, the outer two (in this. case the 

coaxial type) connected together and fed in phase, and the central one 

(a strap type) used to excite the ~F = 0 transition. Consider now a 

K 39 atom in a magnetic field corresponding to the Zeeman region of 

hyperfine structure where the F, mF representation can be. used. 

Figure 29 shows the position of the energy levels in strong field to 

indicate that an atom must undergo a change or state from the bottom 

group to the top group or vice versa to be refocused. If, for example, 

an atom starts in the state 1, 0, the first hairpin carryin~ v 1 flops 

the atom into the. state 2, 0. If v 4 is present in the middle hairpin, the 

atom is flopped into the state 2, 1. As the atom passes through hairpin 

No. 3, also carryin·g v 1, it undergoes no transition, since selection 

. rules forbid ~F = 1 transitions from this state with the frequency v 1. 

Thus the atom has moved into the group having opposite sign of 

effective moment and is refocused. If v 4 is not present, hairpin No. 3· 

will flop the atom back into state 1, 0 and the atom i~;. not refocused. 

Actually, because of the transition probabilities involved, some atoms 

are left in the state 2, 0, which increases the refocused background. 

With v 
1 

fixed, an oscillator sweeping over v 
4 

traces out the 

2, 0 -. 2, 1 transition· superimpose~ on the higher background owing 

to the 1, 0 -. 2, 0 transition, ·provided the rf power associated with v 1 
is properly fixed. Figure 30 shows the variation of the intensity qf 

the v 
1 

transition as a function of rf power for hairpin No. 1 alone and 

with hairpins No. 1 and No. 3 connected. As expected, the optimum 

perturbation power for one hairpin should give the maximum can­

cellation for two. With v 1 set at this optimum power, maximum. flop 

from v 
4 

is obtained. These resonances were seen in this apparatus 

(BRI 58) with all three hairpins in the same field .. The same effect 
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was seen independently by Woodgate and Sandars at Oxford (WOO 58) · 

with the outer hairpins placed in the fringing fields between the C 

magnet and the deflecting magnets;"'· It is, of course, not necessary 

that the fields bEt· the same, so long as the frequencies are adjusted for 

transitions between.proper levels. In fact, for the obvious application 

of this method for measuring gi' it would be advantageous for the 

~F = 1 transitions to take place in the Zeeman re'gion, where these 

lines are reasonably field-independent, and for the ~F = 0 transition 

to take place in high field, where the transitions go through a broad 

field-independent region and the separation 2gif.l
0
H/h is as large as 

possible. This technique was used by Sandars (SAN 59) to measure 

h 1 fE 
151 

t e nuc e<'!.r rnnment o u . 

It should be noted that when v l is the {requency of an un~ 

resolved doublet, as indicated in Fig. 31, certain ~F = 0 transitions, 

v 
2 

and v 
3

, . between states involved in the doublet transitions are 

obviously not observable, whereas v 4 and v 
5 

would be observable. 

However, if an adjacent ~F = 1 transition is chosen, v 2 and v 3 can. be 

. seen. All possible ~F = 0, .6.pl. = ±l tr.ansitions were observed in this 
. ' 

. apparatus by choosing proper ~F = 1 frequencies in the outer hairpins. 

Nothing further was done with this ef±ect, as it was nul 

practical to modify the interior of the apparatus. Attempting to operate 

all three hairpins in high field would not be satisfactory because the . 
desired ~F = 1 transitions are very broad and the signal from the 

~F = 0 line would be too small to see. 
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C. Measurements on Rb85 

As expected, the resonances observed hy using both strap and 

coaxial hairpins broadened considerably owing to inhomogeneity ·of the 

C field, but widths were reasonably close to the ... expected values 

(Eq. (IV. 2)) for fieid-independent lines. Typical values :for a 3/4-in. 

strap are: enfield-independent lines, 20 kc; field-depe~dent Zeeman 

lines, 50 to 400 kc; the L:l.F = 0 refocusable transition in· the region 

10 to 600 gauss, 100 kc to 1 Me. 

When the 2-in. strap. was installed, it was im~ediately used 

f Rb85 - . d or investigation of radioisotopes. When stable was 1nvest1gate 

in the region where the 11:ucl'ear moment is measured, very poor 

guality rP.snnanc:es were observed, an example of which is shown in 

~·ig. 32. Instead of a single resonance peak 8 lee wide, somewhat 

broader lines having more than one peak were observed. This dis­

tortio_n is probab~y caused by a combination of Doppler shift, stray 

fields from the coax-hairpin transitiqn, and radiation fields in the gap. 

Because of this poo'r shape, the uncertainty in. the value of the difference 

of the doublet was too large to ob_tain a usable value of g
1
, and it be­

came imperative to use some sort of shielded structure, preferably 

one using the method of separated. fields. 

As was mentioned in Section· IV. E, the coaxial hairpins were 

spliced together so that the separation of the fields would be of the 

order of 2 in. , since work with straps indicated that the field would 

be homogeneous enough over this region; the !:leparal.iun was actually _ 

set by the requirement that the a!m lengths be sue?- that the input 

impedance in the 3,000- to 4,000-Mc range be approx 50 ohms. With 

a separ'ation. of 2-1/4 in., an interference pattern vyith a central peak 

about 3 kc wide was expected. As shown in Fig. 33, a satisfactory 

reas~nably symmetrical Ramsey pattern was indeed seen with the 

central peak 3 kc _wide. 

Although the hairpin structure was carefully machined to keep 

the two arms .of equal length,· the slight asymmetry indicated that there 

p~obably was some phase shift. Other distortions (RAM 56) should be 
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negligible. ·Estimates of the shift of the peak (HOL 59) indicated that 

it should be of the order of 0.1 kc. The hairpin was reversed in the 

magnet and·the resonances of Fig. 33 were observed again at the same 

field and within the uncertainty of the position of the peak, ±. 2 kc, no 

shift was seen, indicating that the analysis developed in the reference 

above for the Atomicron beam tube probably gives a general idea of 

the size of shift to be expected in this apparatus (HOL 60). Even if a 

phase shift is p_resent it is not likely that it is so frequency-sensitive 

that a change of 0. 5 Me out of 2,600 Me will affect it, therefore the 

moment calculated "from the difference of the two peaks should be 

insensitive to this distortion. 

Because of field. broadening, field-dependent lines excited 

with this hairpin show no interference effect and the observed line is 

essentially a superposition of the broadened lines of the two separated 

fields. The line is symmetrical, as shown in Fig. 34, · so that it is 

possible to observe calibrating r.esonances with this structure. The 

uncertainty of the value of H in this region due to the uncertainty in 

. the placing of the peak of this relatively broad line is certainly greater 

than the ac.tual variation of field in the region, for otherwise no in­

terference· patterns could be seen. 

As mentioned before, anout-of-phase Ramsey pattern can.be 

seen on a transitions from each coaxial hairpin, since the eccentric 

position of the. center conductor produces components of the oscillating 

field parallel to the C field. Since the transition probability on 

resonance is zero for this pattern, there is no interference pattern 

between two sets of these patches, and the single patterns overlap if 

the fields are the same. Observation of the field-independent Zeeman 

line 3, 0 ++ 2, 0 in. Rb
85 

{Fig. 35),.shows the shape of the observed 

transition by using the Ramsey structure .. The width of the central 

minimum depends on the sepa·:r.ation of the two patches, and because; 

this is quite small.the minimum is broad. It is too broad to be of much 

use here, but some new hairpins based on this idea are being con­

structed that should give narrow minima and allow odd-A .6.v' s to be 

measured with precision. 
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D. 
. . 85 

hfs Separation and Nuclear Moment of Rb 

By using the Ramsey structure, the qoublet 3, -1 .-. 2, -2 and 

3, -2 .-. 2, ·-1 in Rb
85 

was observed in the field where its mean value 

is a minimum. Details of the calculations involved are given in 

Appendix B. The C field at 562.6 gauss was lockedto the 3, 3 .-. 2, 2 
S5 · · · · 

Rb transition at 4431 Me. It was necessary to lock to a .6.F = 1 

transition because the .6.F = 0 flop-in transitions for. both Rb 
85 

and 
87 . . 

Rb , the stable C<?mponents of the beam, were in the range 420 to 

470 Me, which the locking sys~em wa~ not designed to cover. Actually 

it was found to·be advantageous to use this highest-frequency ,. line 

be·cause (a) it is. a. sing~e·t, ~nd 1s the first transition observed at this 

frequency as Hu is inc rea sen from zero after degaussing, ~o that the 

identification problem is eased, and (b) large frequency deviation is 

obtained at these ha;rmonics of the FM-4 frequency, which allows 

better control of the locking performance without the danger that 

excessive deviation may pull one of the oscillators off its phase lock. 

The field was calibrated by obs~rving the Rb
87 

.6.F = 0 flop-in 

transition at 469.8 Me.· .. The Gertsch equipment was operated at the 

settings shown. in rable II. Optimum rf power :was 500 mw for Ramsey 

patterns, 300 niw for locking, and 200 mw for calibration. Observations 

of the doublet were made at several values of H 0 near the minimum 

point, and results are summ.arized in Table III and are shown in 

Fig. 36 su}Jt:drnposed on ploto of Breit-Rabi tr;:msition frequencies 

for the doublet calculated with the .6.v and g
1 

obtained by best fit of 

the data. The results are, for Rb
85 

in the 
2
sl/Z state, 

.6.v = 3035.7 327 (7) Me, 

gi = 2.938(2) X 10-
4

, 

to be compared to the published values. (BED 52, YAS 51) 

.6.\l = 3035.7 35(2) Me, 

. -4 
g

1 
= 2.93704Xl0 . 
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Table II 

Radio-frequency oscillator settings, Rb85 moment search 

(Symbols.defined by Eq. (IV. 1)) 

Locking system Search system 

1.2847 Me l. 6849 to 1.6903 Me 

23 27 

24.2847 Me 28.6849 to 28.6903 Me 

.30 30 

.7 38.542 Me 870.5 to 870.7 Me 

6 3 

4431.2 Me 2611. 64 to 2612. 12 Me 



Table III 

Rb85 F.esults 

Ho v+ + - + 
v87 v v + v v -v 

2 
Observation (Me) (gauss) (Me) (Me) (Me) (Me) gl 

2.938(2)x1o-4 I 

1 469.41(8) 562.18(8) 261 1.651413) 2.612.1138(3). 2611.8826(5) 0.4624(5) ..:0 
U1 

2 469.65(8) 562.41(8) 2611.651213) ~612.1136 (3 )" 2611.8824(5) 0.4624(5) 2.937(2)X10- 4 . 
I 

3 469.83(8) 562.60(8) 2611.651 0•)) ~612.1139(3) 2611.8824(5) 0.4629(5) 2.939(2)X10_ 4 . 

4 469.95(8) 562. 72(8) 2611.6514·:3) 2612.1142(3) 2611.8828(5) 0.4628(5) 2.938(2) X 10-4 

5 470.25(8) 563.03(8) 2611.6575(3) 2612.1145(3) 2611.8830(5) 0.4630(5) 2.938(2))<10- 4 

-

; .. ' 
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The Breit-Rabi transition frequencies were obtained by using 

an IBM 704 routine written by Dr. W .. Bruce Ewbank of this Laboratory, 

using the values of the pertinent physical constants as given in Appendix 

A. 

On the basis of the experimentally determined constants above 

and the correspo~ding published values for Rb
87 , the hfs. anomaly 

Rb85 -· Rb
87 

has the. value 0.31(7)%, which is to be compared to the 

more accurate value (BED 52) of 0.3513(6)%. 

This result indicates. that the method used here should be· 

capable of measuring the moment of Rb86 with comparable accuracy 
. 85 86 . 

and should g1ve the Rb -Rb hfs.anomaly with an. exp~rimental 

uncertainty uf about 0.1o/u. 

It is not likely that the Zeeman-region ~v measurement of 
85 

Rb by Bederson and Jaccarino (BED 52) can be improve.d sig~ificantly 

with this apparatl;ls, even with new hairpins. It might be interesting 

to see a measurement of this value made by methods of optical pumping 

(K.AS 50, ARD 58, BEN 58) to be compared with the value obtained here. 
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VI. EXPERIMENTS ON RUBIDIUM-86 

Because Rb
86 

is the most readily availab.le and cheapest radio­

active alkali of reasonable half-life whose moment had not. been meas­

ured directly, it was decided to make the first measurements by radio­

active detection on this· isotope although :the theoretical difficulties of 

matching theory with experiment for a member of the odd-odd group··· 

. (see Section VII )make the determination of hfs anomalies involving this 

isotope less useful than one of the odd-A isotopes .. The techniques 

developed in this work are appl.i.ca.Lle for all the alkalis, and measure­

ments on both odd- and even-mass number rubidium and cesium isotopes 

are now under. way. 

A. Chemistry 

The isotope was obtained from Oak Ridge National Laboratory 

in the form of RbCl in an HCl solution in shipments of 300 millicuries, 

with specific activities ranging from 300 mC/ g to 12,000 mC/ g. The 

·isotope is produced by the reaction Rb 
85 

(n, y) Rb 
86

, so that the target 

material cannot be separated chemically from· the reaction product; 

thus fixing the proportion of carrier isotope to radioactive isotope ih 

the beam material unless one wants to dec.rea,se. the specific ·activity. 

This is:us.ually not desired, since as high a counting rate as can be 

obtained is needed for good signal-to-noise levels and good counting 

statistics with reasonable exposure and counting times. 

All chemistry was done in a standard cave box, an airtight 

inner box surrounded by a lead shield; handling of objects inside the 

cave was from outside by remotely controlable tongs. The only 
11chemistry11 requir.ed was to obtain RbCl powder from the 10 to 20 ml 

of solution after .it had been removed from the shipping bottle. 

Originally ammonium hydroxide was added to neutralize the acid 

·solution, but since HCl comes off as a gas during evaporation, this 

was not needed. By use of hot nitrogen gas blowing from above, the 

solution was evaporated to dryness in a 40-m1 centrifuge cone. The 

powder was scraped from the walls and put directly into an oven. 
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Freshly filed calcium chips were added and the .oven cap pressed into 

place. The oven was passed out of the cave box and inserted into the 

oven loader. 

B. Production and Detect;ion of :the. Beam 

About· half an hour was required fqr the oven load.er to be 

brought through the successive pumpouts into position and for (he oven 
-6 . . . 

·~hamber pressure to fall to about 2 X 10 . mm Hg-.. Th~ oven filament 

curr.ent was then slowly increased to the operating po;int and,. when the 

preSStJ.r.e fell back to its previous value, several watts of electron 

power was applied. Power was slowly increased, keeping the pressure 
-6 . 

about 5X 10 mm, to about 15 watts, ln about 10 m1nutes;th.e beam 

would become detectable artd would rapiuly rise to a level of 
-10 

2 to 3Xl0. amp of ioncurrent at the exit-slit detector. During the 

course of the run the power had to be gradually increased to maintain 

a constant bearp level as recorded by the monitor detector~ The 

practical limit was 60 to 70 watts; at any higher power arcing was 

observed between the. oven and oven loader, and oven pressure rose 

to the point at which scattering of the beam was appreciable. The 
. . . . . 85 87 

stable components of the beam, Rb an~ Rb , were detected with 

the h~t-wire ionization detectors as described in Section IV. F, and 
. . "86 . 
the Rb was detected by the counting of the suLfur carrying buttons 

86 . 
·after exposure to the beam. The decay scheme of Rb (SEA 58) is 

shown in Fig. 37. The 1-Mev gamma ray is not completely a.Lsul'bed 

.in the thin counting crystal so the counting efficiency i.s low. Most of 

the decay is by beta emission and the passage of the emitted electron 
. . 

through the electronic cloud of the atom has a smail probability of pro-

9-ucfng;'the characteristic .:i ray~ . of . the atom by "internal ionization" 

(EVA 55). The. counting rate in. the thin crystal counters due to this 

radiation was quite sat.isfactory; the pulse -height analyzer settings 
. . . 

for the peak of this radiation were v~ry close to thos.e for optimum 

counting of the K x-ray from the neutron-deficient rubidium isotopes, 

as. would be expected if the counti~g rate were pr·i~a~ily due to the 

internal ionization. 
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Typical counter background is 1. 5 counts per minute with 

settings for optimum detection of Rb
86

. Identification of the isotope 

is simplified. because it has the only observable activity resulting from 

the neutron. bombardment, all others being of such short half-life that 

they have decayed during shipment. Checks were made, ho.wever, by 

decay of both the chemistry and the resonance peak buttons and ob­

servation of their gamma spectrum by using a Z X Z-in. Nal (Tl) crystal 

and the Laboratory's RCL 256-channel pulse-height analyzer. 

C. Experimental Procedure 

When the beam r·eached about io- 10 amp the oven anc;l exit slit 

were al.igm:ll with the collimator and stop wire by t}v~ fnllnwiilg p;ro­

cedure: The beam was observed while the oven loader was moveu until 

a maximum reading was obtained. The stop wire was raised and the 

exit slit moved to either side to observe on the exit-slit detector that 

small part of the full beam that is not shadowed by the stop wire, and 

the oven loader was slightly adjusted until this profile was symmetrical. 

Figure 38 shows the beam profile as seen at the exit-slit detector, 

showing the shape with the stop wire in place and with the stop wire 

.removed. The· oven, collimator, and stop wire were then aligned. 

With the stop wire out the full beam was observed on the button loader 

detectqr and the exit slit laterally 1uuved to check that the profile was 

symmetrical, then moved to the peak. Figure 39 shows the beam 

profile measured at the button loader detector. The apparatus was 

then aligned. 

When the beam reached a steady value, a button was exposed 

to this full beam for a fixed time, usually 5 minutes. From the counting 

rate of this button the expected counting rate for a resonance could be 

estimated and adjustment of exposure time or beam level could be made, 

if necessary, to get a counting rate at least several counts per minute 

above background. Resonances in Rb
86 

ranged from 6 to 40 cpm above 

counter background, with an apparatus background of about 2 cpm. 

The full beam was read then with the. exit-slit detector, the 

A and B magnet current was turned on and the stop wire put into place, 
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Fig. 38.. Beam profile observed on the exit-slit detector. 
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the monitor detector moved to the peak of the flopped-out beam, and 

the reading taken at that point. Figure 40 is a beam profile. for this 

detector made for a full beam~ deflected beam ~ith stop wire out, 

and deflected beam with stop wire in place. The C magnet was then 

.. degaussed by putting maximum current in the C-magnet windings and 

slowly decreasing this current to zero while alternat¢1y reversing the 

current direction. The Majorana flop at zero field (see Section II. C. } 

was observed with the button loader detector. The locking rf signal 

was .. then introduced and the C-magnet current increased until the 

resonance was focused. The phase lock of the magnet-regulator 

system .(Appendix cj was turned on and minor adjustments of modulation 

index, gain, and rf power were made to obtain optimum locking con­

ditions. The calibrating frequency was then introduced i11 the search 

. hairpin and the calibrating resonance observed by us:lng the button 

loader detector. If the position of the calibration indicated that the 

field was not loGked close enough to .the desired value, slight adjustments 

of the locking frequency could be made without pulling either the 

oscillators or the magnet off lock. Several readings of the peak of the 

calibrating resonance were made and exposure of buttons begun. The 

first search frequency was introduced and the button exposed, during 

which time it was necessary to monitor the error signal and oscillo­

scope display of the field-locking system, the beam monitor, the 

search frequency as displayed on a frequency counter, the phase lock 

on. both AM-1' sand FM-4' s if used, the beat note of the search 

. frequency fo in the transfer oscillator. its power level. the power 

level of the locking signal, and the oven chamber pressure. 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 vlih ich the previously exposed 

button could be ·removed through the vacuum lock and a fresh one 

inserted for the next exposure. The search system is summarized 

in. Table IV. After· several buttons had been. exposed the button loader 

was rotated to place the hot-wire detector in the focus and the peak 
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of the calibration flop was read again to check.the field lock. Some­

times lock was lost during an exposure; the detector would be immedi­

ately rotated into place, the lock. restored, and the field recalibrated 

before at:1other button was exposed. Exposing a button with the search 

frequency off served to determine the apparatus background for a 

particular run. 

At the end of a. run the monitor reading was made just before 

the deflecting magnets were turned off. Then the full beam with stop 

wire removed was read with the exit-slit detector. The exposed 

buttons were then counted, background subtracte·d, and correction 

made for beam normalization, using the monitor detector readings. 

The individual button counting rates were then plotted against their 

exposure frequency and a resonance curve (if there was one there) 

was fitted both by eye and by the OMNIBUS computer routine (SHU 57), 

using an IBM 650 digital computer, which fits a bell-shaped curve by 

the method of least squares. 

m 

·f 1 

n 

' . 

Table .IV 

Radio-frequency oscillator settings for Rb86 .b..v search 

(Symbols defined by Eq. (H/; 1)) 

Locking system 

1. 3 - 1.8 Me 

Search system 

1. 0688 - 1. 0691 Me 

38 

39.0688 - 39.0691 Me 

25 

986.7 Me 

4 

3946.87 - 3946.92 Me 
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D. Measurement of .6.v 

The spin (BEL 51) and rough va'!ue of .6v and sign of the 
. . 86 . . . . 

moment (BEL 53) for Rb were measured by Bellamy and Smith at 

Cambridge University as 

I = 2 

.6.v = 3960 ± 20 Me, 

gi negative 

by observation of the .6.F = 0 flop-in transition in fields of 4 to 163 gauss 

and usin,g Eqs. (II. 23)-(II. 25). ·It was necessary to reduce the uh-
.. 

certainty in .6.v before a direct .6.F = ±1 transition search could be 

undertaken, therefore further observations were made of this transition 

at f.i.t::lds.of 184, 271; and 630 gauss. Typkr~.l arrangement-of radio­

frequency equipment is as shown in Fig. 41. The resonances obtained 

are shown in Figs. 42 through 44 and lead to the result that the .6.v was · 

in the 4-Mc region, centered around 3948.7 Me . 

. A search was then start.ed for direct transitions in the Zeeman 

region (3 to 4 gauss). The observable Zeeman spectrum of an isotope 

with spin 2 consists of four 1T lines separated by 4/5 p-0H 0/h (see 

Section II.D). All except the highest-frequency line c:tre doublets, so 

the search was begun for the upper frequency doublet since it is field­

dependent and was expe·cted to be greater than 100 kc wide, making it 

rela~ively easy to spot. Several runs were rnade in the region 3950 to ' 

3960 Me, but no resonances were seen. Aualysis of these. runs in the 

light of the more accurate value of .6. v obtained later on indicated there 

·were indeed no resonances in the reg1on searched. Exposures were 
. . . 

made in 50-kc steps to reduce the possibility of missing a narrow line. 

This proved to be expensive in time and activity. It was decided to try 

exposing buttons while sweeping tJ:e AM-1' s low-frequ,ency oscillator 

with an electric motor connected to· its control knob, thus integrating 

the· e.xposure over 150 kc at 39 50 Me. Signal-to-noise ratio was, of 

course·, reduced, but the speeding up of the search was considerable. 
. . 

A button was found with a counting rate three times the average, and 
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·upon searching that region in discrete steps, a resonance was found 

l}aving a. width of 400 kc. A broad line was expected, since excessive 

rf power was being applied for that purpose. The field was shifte'd 

slightly and another set of buttons was exposed. From the shift of the 

resonance peak the line was identified as the high-frequency doublet. 

Unfortunately, the field was not shifted far enough to make good 

identification. and in the excitement of the moment this point was over­

looked. As was found later that this wa.s the adjacent singlet .. The 

line 4/5. fJ.o H
0
/h lower was found, but always disappeared when the 

· field was shifted, indicating that it was not the field-independent doublet 

near .6.v. All observable 1r lines were then seen and positive identi­

fication of the proper field-independent line was made. Several ob­

servations were made of this line at various fields with the 3/4-in .. and 

1-1/ 4-in. straps. Figure 45 shows some of these resonances. The 

results are listed in Table. V. For these observations the. C field was 

locked to the Rb
87 

flop-in transition nea~ 1. 5 Me and the field calibrated 
87 r 

by using the corresponding Rb transition. A block diagram of the 

rf equipment is shown in Fig. 46 with the Gertsch equipment settings 

as shown in Table IV. From these resonances, the hfs s'eparation 

was determined to be 3946.883(3) Me. 

..·--,. 
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Table V 

Measurement of ~v for Rb86 

mF =_ ± 1/2 +-+ mF =- + 1/2 Zeeman transition . 

Run 

33 

39 

63 

78 

79 

v 
. (Me) 

3946.891(5) 

3946. 900(4) 

3~46. 89 3(4) 

3946.887 (4) 

3946. 89&(4) 

3946.898(4) 

3946.894(4) 

Intermediate -field doublet 

Hairpin 
position 

Original 

Reversed 

Hairpin 
position 

Both 

-v 
(Me) 

3599. 9340(5) 

3599.9350(5) 

v+ 
(Me) 

3600.3147(5) 

1. 52 

2. 98 

2.37 

.1.66 

2.24 

2.66 

2.28 

v 
(Me) 

.6v 
(Me) 

3946.886 (5) 

3946.883(4) 

3946.882(4) 

3946.882(4) 

3946.884(3) 

3946.884(3) 

3946.884(3) 

Average v 
(Me) 

3599.9345(8) 

v+ + v­
. 2 

. (Me) 

3599.5542(5) 3599.9345(8) 

. Remarks 

3/4 in. strap 

1-1/4 in. strap 

2 in. strap· 

~v 
(Me) 

3946.88.3 (.1) . 

~v 
,(Me) 

3946.883(1) 
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E. Measurement of the Nuclear Moment 

A 
1
search was made for the doublet used to. measure g

1 
on the 

basis of the value of .6-v found above. Resonances about 10 kc wide 

were· found,· but were much too wide to permit measurement of their 

difference frequency with sufficient accuracy. 

At.this point the 2-in. strap was introduced as a hairpin and 

several pairs of resonances were observed, an example of which is 

shown in Fig. 47, The sha.pe and consistency of the experimental 

values of the peak frequency were not good enough to yield a reliable 

value of the nuclear moment. Furthermore, .the discrepancy between 

the low-field .6-v determination. (Section VI. D) and the .6-v determined 

from the minimum value of the mean frequency of this do~blet was 

4 ':kc, which was too large to be comfortably ascribed to experimental 

error. This apparent shift was thought to be due to distortion caused 

mostly by Doppler shift, and obs.ervatiort on Rb
85 

(Section V. C) con­

firrn.e9. this susp.idon. A serious move was then made to use a Ramsey 

· h~irpin fo~ this determination of gl' After the operation of thee separated­

field hairpin on Rb
85 

(Section V. D) had been.checked, Ramsey patterns 
. 86 . 

were observed on the Rb doublet. Whenthe peak of one had been 

found, the rf power was varied to determine its optimum value,. with 

the. result given in Fig. 48. Several sets of resonances were taken 

with steps of .1 kc between e~posures at 3600 Me. The block diagram 

of the radio-frequency equipment used is shown in Fig. 49, and the 

settings of the Ge.rtsch equipment for this experiment shown in Table VI. 

The magnetic field at 592 gauss was locked to the 3, 3 ++ 2, 2 transition 

in Rb
85 

at 4508 Me and calibration made· with the .6-F = 0 Rb
85 

flop-in 

transition at 457.5 Me. The peak frequencies of these resonances were 

determined both by eye and by the OMNIBUS curve-fitting routine. These 

·two methods agreed within at most 0. 2 kc. Because of the symmetry 

of the central peak, the agreement of the two methods of finding the 

peak, aD:d .. t}ie,c.ons.is.tmcy of data, the criterion set for the uncertainty 

of the peak. was 1/10 of the line width. A typical pair of resonance 

lines for .this doublet is shown in Fig. 50. As was done with Rb
85

, 
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Fig. 47. Typical resonances observed on the Rb doublet 

with 2-in. strap hairpin. 



10. 
Q) ... 
::J 8 c: 
E 
... 
Q) 6 a. 
en ... 
c: 4 ::J 
0 
u 

2 

0 
0 

-1HS-

.I .2 .3 .4 .5 

rf power (watts) 

~ 

.6 

Rbas 

Run 90 

2-1/2% of 

Full Beam 

MU-19786 

Fig. 48. Dependefbce of the peak intensity of the Ramsey 
pattern in Rb8 on input rf power. . 

\. 

I . 



to 
HP5408 

· HP 608A 
Signal Generator 

HP430C 
Power 
Meter 

458Mc 

-119-

HP524B 
Frequency 

Counter 

Gertsch AM-I 

Standard 
100 Rc 

36 
X"'t.-toHP430C 

OOMc 

to Search hairpin, 

HP 5248 
Frequency 
Counter 

Gertsch AM-I 

Gertsch FM-4 

100-c;ycle 
frequency 
modulation 

4508 
Me to Field-locking hairpin 

l'v11.1 = 1 q7R7 

Fig. 49. rf Block diagram for Rb86 doubiet search. 

: 



. VI. E. 

... 

·f . 3· 

P· 

f 2 

m 

fl 

n 

f . 
0 

. . 

.::120-

Table VI 

Radio-.frequency oscillate~ settings for Rb86 g1 search 

(Symbols defined by Eq. (IV. 1)) 

Locking system Search system 

1.7050 Me 1. 59 5 - 1.604 Me 

23 34 

24.7050Me· 35.595 - 35.604 Me 

30: 25 

.751.15 Me 899.8 ... 900.1-.Mc 

6 4 

4506.9 Me 3599.54 - 3600.34 Me'. 

·.· ·, . 
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since the slight asymmetry of these lines indicated a possible frequency 

shift, the structure was reversed with respect to the beam direction 

and the doublet again observed. This time a shift of frequency of the 

lines was found, but the separation of the doublet had the same value . 

as th;:i.t found with the hairpin in the original (unreversed) position. 

The results obtained are consistent with the assumption that 

there is a phase-shift distortion which shifts t4e peak of the resonance, 

but which has the same value for the two lines since their separation 

is small compared with the frequency. The actual value of the transition 

frequency can then be found from the mean value of the observed tran­

sitions in the two hairpin positions. 

It is rathe.r interesting .that there is a phase shift .in the structure 

at 3600 Me and no apparent shift at 2600 Me. This indicates that the 

shift is due. not to a difference in physical length of the arms. but 

probably to the polystyrene spacers in the coaxial structure. It would 

be worth while rebuilding this hairpin using polyfoam or other material 

of low dielectric constant a.s spacer material so that the arm.s would 

have the same electrical length in.this frequency region. 

F. Experimental Results 

The nuclear g factor was calculated from the doublet separation 

by taking the separation of the observed lines with the hairpin in each 

of its two positions and, for two sets taken near the same value of field 

in. different hairpin positions, the.average value of each line was de­

termined and. then the difference taken between these average values. 

Results are given in .Table VII. 

The final results, allowing .for systematic experimental errors 

not apparent, are, for Rb
86 

in the 
2s 1; 2 state 

.6.v = 3946.883(2) Me, 

,;4, 590(4) X 10- 4 ,. 



Tabl~ VII 

g
1 

Measurement for Rb86 

'+ + Ho v 'V v -v 
·.(Me) (Me) (Me) (gauss) gl 

91 3600.~138(6):. 3599,5536G6) 0. 7602(9) 591.86(10) -4.588(6)X10- 4 

3_6 0 0. 314 2 ( 6 ) 3599. 55.361_6) 0. 7606(9) 59L86(10) -4.591(6)X10~ 4 

92 3600. 3143(3) 3599.5537 (3) 0. 7606(5) 591.~7 (1 0) -4.593(3)X10-
4 

3600.3142(3) -3599.5537 (3) 0. 7605(5) 591.70(10) -4. 5_91 (3) X 10-4 

3600.3152(3) 3599.5547 (3) 0. 7605(5) 592.02(10) -4. 589(3) X 10-
4 

-+ -+ - ~. 

Ho v v .V -v 
(Me) (Me) (Me) (gauss) gl 

. 92-lOOa 3600.3147 (5) .359S. 5542:(5) 0.7605(7) 591. 9(2) -4. 590(4) X 10-
4 

alndicates hairpin in reve~sed position. The average values above are a~erages of each 

transition ·for the hairpin 3tructure in both positions.· 
. . 

< 
H . 

I ..... 
N 
v.> 
I 
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fJ. = Ig (Mp)·= -1.6856(14:) nuclear magnetons, 
I· I mE 

and, using the corresponding values for Rb85. given in -Appendix A, 
. 85 . 86 

for the 1sotopes Rb - Rb , 

a
1 

~v 1 (2I
2

+l) 
= = .6409562(6), 

a
2 

. ~v 2 (2I 1 + 1) 

gil 2. 93704(4) 

g i = .....,4 ..... .....,5 9....,0,....,( ..... 4T"') -

. 2. 

giving, from Eq. (III. 9), 

= .63988(56), 

~ = 0.17(9)%. 
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.... . .... 
VII. COMPARISON W~TH !HEORY 

.. > : . : . 

A. Nuclear Models of Odd-Proton-Odd-Neutron Isotopes 

1. Single '-Pa.rticl'e Modei · · 
• ; .• .": ·, :· • • •' • '·<",• ~ :. i : ;'', ;' : • .•. 

The simplest particle descriptio~ of a-A.. odd-·odd ·n'u~ieus 1s to 

attribute the nuclear properties to t_he odd proton and odd neutron, each 

in its appropriate .shell-mod~l.?tate (MAY _55}. with ·the total angular 

momentum of these two particles vector -coupled :to give the g factor 

.... -;.. -I · I 
g I 

= -::-r:-P-:---<i"'"1,.... . I (I+ l) 
I · I 

h 
gp + I(I + 1) (VII. 1) 

where .I is the spii~ of the ·isotope, .Jp a~~ ln the t.otal angular murneuluu1 

of the proton and neutron respectively, and g and g the proton and . . p n 
neutron g factors, which are given for either nucleon by 

j.' .•. .... .... .... .... 
= s 0 j 

g j{j+l) 
£ . j 

gs + j{j + 1) (VII. 2) 

where j is the nucleon'· s total angular momentum and gs and g £ are 

the spin and ~rbital g factors of the "free" nucleon, as follows 

(BLI 57): 

proton neutron 

g£ = 1 g£ = 0 

gs = 5.59 g = -3.83 
s 

·Note that in this section, for computational convenience, magnetic 

moments ar~ .given in units of nuclear magnetons. 

Nordheim .(NOR 50} 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 proton and 

neutron. These rules can be justified on the assumption that the 

intrinsic spins of these two odd particle's always tend to line up parallel. 

The rules are 
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"Strong" Rule: 

arid 

I = _j + j . . p n 

"Weak" Rule: · 

if jp 

if jp 

I jp - jn I 

~126-

= 1 ± 1/2 p 

= 1 ± 1/2 

<I ? j + j . p n 

and, jn = 1 ± 1/2, n 

and jn = 1 t .1/2;, 

(VII. 3) 

Fair agreement with experiment can be obtained for magnetic moments 

by using this model, but although the approximate agreement is en­

couraging and indicates that the idea is probably valid, it is not 
. ' 

sophisticated enough for one to hope to account for the moments of 

heavier nuclei. It s.hould be pointed out that the above equations are 

equally valid for a proton or neutron "hole" in a. closed angular­

momentum shell. 

For nuclei in. which the neutron and proton states arc different, 

Schwartz :(SCH 53) suggested that Eq. (VII. 1) should still be used to 

c(llculate g
1
, but that the g and gn should represent empirical g 

. . p . . 
factors, i. e. , for the odd-odd nucleus Z, N, the g ahd g are the 

p n 
measured g values for the neighboring odd-A nuclei Z, N -1 and Z -1, N, 

respectively, where. Z and N are the proton and neutron numbers of 

the odd-odd nucleus.· This empirical rule, which has- been justified by 

Caine (CAl 56), is more ·successful than using free-particle g ·factors. 

Unfortunately, g facto'rs for these "adjc;cent nuclei are not alw~:ys known, 

but Schwartz finds.that using g factors of near-by nuelei in. the same 

. state gives' reasonable agreement. 
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2. Collective Model 

Bohr and'Mottelson· (BO.H 53) consider a,systerri of a single 

particle and a distorted core which is assumed to be uniformly 

charged and thus to have a g factor 

z 
gR = A 

Several schemes of co1,1pling tl;le odd particle to the ·Core a;re ·c_onsidered 

(BOH Sla, b). For the interesting case in which the total j of the odd 

,particle is .coupled to. ,the .core, Bohr finds ,. 

~here n. is the cor:npqnemt of j_ along the nuclear .syn1mentr.y axis. 

_For .the; ground state it. is found that I = fl. Generalizing to t~o odd 

particles, one has 

1 . 

. wh.ere n:;: I and gri(n) .. and gn(:p) are ~he, g. factors o*.the ocid neutron 

~p.d pro~ton mqving in ap. ellipsoidal.potentiaL Since thes.e ell.ipsoid 

p~tenti<:Ll g factors are usu.al,ly not known, g. values for pure j 

'States are. used .. Agree~ent with experiment should not be expected 

to be very good .... For .nuclei wit4 odd .particles clo~.e. to .closed ;;hells, - . 6 . . . . . 
· such as ,Rb 

8 
·' this .model is not really applicable, since th~· core is 

expected. to be clo~e to spherical _(GAL, ?8). 

Gallagher and Moszkowski (GAL,58)have d_etermined general 

coupling rules analogous to the Nordheim rules, Eq. (VII. 3), for 

deformed nuclei, making the assumption that the components of the 

neutron and proton spin alongthe nuclear symmetry axis always 

couple parallel. Following Bohr and Mottelson, they give for the 

nuclear moment 

"· 

.•. 
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where gR ;: Z/ A, and 

where the signs of the two terms are the same as. the signs of n and 
p 

On appearing ~n the coupling rules 

I= n -r- n 
p n 

... fur 

I =' IO - n I for p n 

n =A ± 1/2 
p p 

n =A ± 1/2 p p 

and~ ·n =A ± 1/2, 
n n 

and n = A + 1 I 2' n n 

where A ·is the asymptotic orbital quantum number of the proton, and 
. . p 
. the signs of the asymptotic spin quantum numbers !:: and !:: are plus . p n 
or minus depending on whether the particles 1 intrinsic spins .are up 

(+)or down(-). This· notation was introduced by Nilsson (NIL 55, 

MOT 55) in classifying single-particle states in deformed nuclei. 

3. .·Configuration Mixing Model 

· Attempts to account for the deviation of the measured magnetic, 

moments from the Schmidt limits predicted by the single -particle 

shell model le'ad to the mixing of different nucleon configurations with 

the odd single-particle configuration (Bi.I 53, ARI 54) due to very­

short-range internuclear forces. The mixing is assumed to be small, 

but small admixtures can profoundly affect the expectation value of the 

magnetic~moment 'pperator. The wave function can be written 

ljJ. =X·+ !:: a. <j>), 
J J i 1 1 

where x . a~1d <j>_j are the ground state and excited single -particle states 
. J 1 . 

respectively and a. is the fractional percentage coefficient. The 
.. 1 

magnetic moment is given by 

flconfig. mixing= < ~j I; op llj;j) n· 
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Since a. is small, only terms linear in a. need be retained, and because 
1 . ' 1 

th~ magnetic -moment operator. is· Ci. single -particle operator, X j and 

<j>. J can differ only by a single -particle state and the orbital state may 
. 1 . 

not change. The three possibilities are (BLI 57):·. · : · 

(a} for j = i. + l/2 nuClei, if there is more than one nucleon in the 

state, q,) can· be forrrJ:ed by tr~risfer'r1ng one nucleon to the state 
1 . 

j_=.i. .~ 1/2; 

(b) for j = P. - 1/2 nuclei, if there is more than one hole in this 

state, one nucleon can be put into the state J .:. .f 1/2 to form· 

<I> _j; 
1 

(c) for all nuclei there can be a transfer of one nucleon from a 

cJosP.d j' = J.' +. l/2 subshell'to an inc~mplete j' = i.' - .l/2·~ub. 

shell. 

'. Afte·r d~termiriing the strength o':f 'the 'interactions, Arima ·and 

Horie: (ARI' 54} stitcessfully predict the m'omemts of most odd-A.nuclei . 

. . Recently· the theory.has been ext.ended (CAI 56; NOY 58-} to in­

chide odd-odd nuclei, for which the e~pectation value of the· miclear 

rrto:nieht is ·given by· 

. :. 

+ I(l+ 1) -

21 + l 

't· 

+ .LljJ. + .LljJ. ' . p . n 

'where ~ (j ) and .jJ. G ) are the Schmidt val~es of the respective 
sp p sp n 

nucleons (Eq. (Vfr. 2)} and OIJ. are ··configuration mixing corrections. 

The terms (!J. + O!J.} for proton and rieutrcm are to be em.pirically sp 
determined from neighbo:t;l.rig_ odd-A nuclei and are used to calculate 
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~f-1 and ~f-1 ·• · F~r Rb86, the ·configuration mixing value of the moment 
. p n . 

is no better than the prediction .by the extr:eme 'single-particle model. 

The. single -particle configuration of the Rb 
86 

nucleus is. 
. -1 . -1 . " 

written · (11' f 5/ 2) . (v g
9
/ 2) : that is, there is a proton hole in the 

closed shell of six.protons. with j = 1 ·- 1/2, where f. =· 3; there . p p p 
is a neutron hole in a closed shell of 10 neutrons with j . = · 1 +· 1/2, n n 
with ln = 4. By Nordheim' ·s strong rule, Eq. (VII. 3), one. has 

I=l9/2-5/21=2, 

as is observed experimentally. The coupling rules of Gallagher and 

.Moszkowski also :co.rre.ctly predict the spin. Table VIII summarizes 
. . 86 

the predictions of these nucl~ar models as applied to Rb 

f:lexp 

-1.686. 

SP, 
g(Iree) 

-2.13 

Table VIII 

86 
Nuclear moment of Rb ' 

SP, 
g(emp) 

-1.7 

Collective Collective 
(BOH 53) (GAL 5M) 

-1.56 -1.14 

Config. mixing 
(NdY 58) 

-1.0' 
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B. Application of M.ode1s to :Bohr-Weisskopf .TheO:J:"Y. 

It will be useful t.o try to pr~dict the hfs al).ornaly for the.two . . . 8 5 . 86 ~-·· . ' . : . . . '.. . . 
isotopes. Rb · and Rp .·by. usin.g three .. stages of tl:le the<;>ry: 

· . (a) the original theory as :r:no.dified b.y Bohr, 

.. (b) the extension by Eisinger and Jaccarino, 

·. ·. (c) the ~xtension by. Stroke to include effects of the cha:rge 

distribution. · 

Unfortunately~ it is not feasible at this stage of development to 

apply the more sophisticated co~figuration mixing and collective models 

. of odd ... odd nudei to .this· theory because' of the·additional ar:bitrary 

. ·conditions which inust now be· set on the apportioning of:the spin and 

orbital fractional-contributions among the many particles which now 

contribute to the value of the moment. It is hopecl that progress will 

be n:J.ade. soon on this problen'l .. 

Two models ·are considered here~ both of which are of single­

particle type. In Model 1, the difference between the observed g 

value and the Schmidt.' g value is elifr!.inated by a reduction of the 

intrinsic spin moment of the odd nucleon (BLO 51), which may be 

considered to be caused by exchange currents in the nucleus. In 

Model 2, g1 instead of g
6 

is to be modified by exchange currents. to 

give g (exp). 'Each of these is then. applied to the three stages ·of the 
. . 85 86 

anomaly theory above to give a pred1cted ~ for Rb - Rb As 

is readily seen, the theo:r.y of Eisinger and Jaccarino corresponds to 

the uniform charge dist:i-ibution of Stroke (STR 59), and theory (c) 

assumes a surface-charge distribution as presented by Stroke. 

Fortttnately, the use of empirical g factors of neighboring 
86 

nuclei gives very close agreement to the observed moment for Rb , 

so that these models are equivalent to the use of the adjacent g factors. 

C. Predictions of the Rb85 - Rb86 hfs Anomaly '} 

Model 1 

For a nucleon in a single -particle state, the g factor is given 

by Eq. (III. 6) and as and a1 are given by Eq. (III. 7). For Rb85 the 

odd proton is in a f 5) 2 state and one finds, assuming g
1 

(proton) = 1, 

.. 
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g 1 (neutron) = 0, 

=- __!_. geff + ~-
g 7 p 7 

Usingthe empirical value of g Jor Rb85, . 539, 

I eff 
'rhf:'!n. a.s-- 1 7 gp =·-1.14 and a£= (1- a€) = 2.114. 

one finds geff= 4. 22. 

F~r Rb
86 

the nuclear g factor is given by ,Eq. (VII. 1 ). It· is assumed that the 

addition of the ~dd neutron does not affect the proton state~ so for g 
85 . . p 

the value g (Rb ) is used. With I = 512 and I = 912, Eq. (VII. 1) 
. exp . p n 86 

gives g . = -0.215, using the· experimental g factor of Rb . From n . 
Eq. (VII. 2), with g, (neutron) = 0, one finds ge££ = -l. 94. Using these 

x. sn 
values in Eq. (VII. 1 ), one obtains 

. ll ~g=~f~ g + b -9-. p . 

• 85 11 1 
= -516 a 11 (Rb ), and a = -r-

.x. sn o g I 
. 85 . 

and a = -5 6 a· (Rb ), a" · sp s x.p 

·giving ·the v·alues 0. 928, -1.762, and 0.466, respectively. 

Model 1 (a). 

With. the fractional contr.ibutions obtained above, E is 

calculated with Eq .. (III. 4) as derived by Bohr. For Rb, .b = 0. 58, and 
- . . 2 

for the ocH:f
5
l 2 proton, (RIR

0
) ; 0.8 (BOH 50), a;-d from Eq. (III. 2), 

I; =415. Fortheg
912

neutron, 1;=4111, (RIR0)-::: 0.9andthe E's 
. . 86 

are summed for the. two odd particles in Rb 

Model 1 (b) 

The extension of the Bohr-Weisskopf.theory.by Eisinger and 

Jaccarino (EIS 58) is used, which assumes a uniform nuclear charge 

distribution. · The € is calculated from Eq. (III. l ), using the R.
1 

and 

R.s ~alculated from Eq. (UI. 5). From: these authors' tables, for the 

f5l2 neutron,Ul e2 = 0.89 andv:{e4 = 0.88, and th~ b coefficients for 

. Z = 37 a.re used. 

Model 1 (c)· 

A surface charge distribution is assumed in determining the 

b coefficients used in Eq. (III. 5). For comparison the b coefficients 

for the surface and. uniform distribution are compared for Z = 37. 
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. b . b' b12 b 
s4 

b' b14 Charge Distribution s2 s2 s4 -- .. ·-- --
uniform 0.53 0. 21 . 0.32 0.065 0.037 0.028 

su:dace · 0.34 0.14 0.21. 0.004 0.002 0.001 

The 6{ . are the same as for:Mod~l 1 (b). 
. .·· e1 

The re.sults a::e gi\ren in 

Table IX. 

Mode.l 2 

Inst.ead of obtaining g~ff •.: one modifies 1/s to obtai~ g (exp) by 

using the "free-" nucleon. values for gs. For Rb , as before, . 

. 1 8 ef£ 
g=-,-g +-g 

. 7 s. 7 .€ 
eff 86 

where g
1 

= 1.117. OnP. fi.,1j.ds ns = -1.46 and Q.1 = 2A6. For Rb , 

which yields gn = -:-0 .. 216. Using Eq. (VII .. 2) (where now the neutron 

has an " .ef:f.¢ctive" g n), one finds g;££ = 0. 119, g and g have their 
. x eff 85 xn sp sn · 

"free" values, and g 1 = g 1 (Rb ) . 
. P 

5. '85 5 85 11 8 
Then · [ 

asp =-ti" a.s(Rb ), a.ip =-b a.1 (Rb ), . __ a.1n = o 9 

· ll 0 ef£ . [ . . J 
a.sn = o 1 - ( 9 g 1nj gn) ' 

which give the values 1. 22, - 2. 05, -0.905, and 2. 7 2 respectively. 

Model 2(a) . : 

With the ·fractional contributions calculated with this model, E 

is calculated by u~ing Eq. (HI. 4) with th_e parameter: values 9-S given 

under Model 1 (a). 

Model 2(b) 

Eqs. (Ill. 1) and (IlL 5) are used, as was done with Model l(b). 

The parameters for the uniform charge distributio:q. are unchanged. .. 
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Model 2(c) 

.A surface charge distribution. is assumed and the. b 

coefficients appropriate to .it are used as listed under Mod~l 1 (c). 

·Results are shoWJ1. in Table IX. 

Table IX 

hfs Anom<:!-lies - Cornp~:rison with Theory (percent} 

E(Rb
85

) €(Rb86) 6. 

Experiment 0.17(9) 

Model. 1a 0.066 -0.331 0.40 

Model 1b . 0.030 -0.293 . 0. 32 

Model 1c 0.037 -0.219 0.26 

ModP.l 2a 0.177 -1.46 1.64 

Model 2b 0.024 -1.11 . 1.13 

M.odel 2c 0.102 -1.00 1.10 
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VIII.· CONCLUSIONS 
i, 

An apparatus c6nstructedto m~asure the _hyper:fine·-·structure 
0 

0 
0 

0 
0 

: oM < ~) 0 0 ' ' 0 0 0 

0 

::-, 
0 

0 

: 0 

0 
00 

\ 0 

anomalies of radioactive alkali isotopes was used to measu.;r~ the hfs 
' . . :-. : • ~ • . . . . . ' . ::. : ·_, ··. . . ' ' ... .!. . . •8 5 · ..... : . .' : ·8 6'' .. , . . .. . 
separations and nuclear moments of Rb . and Rb and the. hfs anomaly 

;. : ! .i ; • -~ ' •• 

was calculated from these results. 

Comparison of the ~(exp) with predictions of the several stages 

of the Bohr-Weisskopf theory show that a modification of g1 to get 

g(exp} gives very poor agreeme11.t because of the large intrinsic "free" 

·neutron,;. spirt g fa·ctor· that is as·suii1e-d;·:" HO"weverp ·Model 1 (c)·. 

(Ta}:>le i?C) fO:r a ~urfac;,_e ~h.arg.e distributi"Qn .with g~ n1o.d,ifi~d gives the 

best agreement. wit~ the experimental result. It is intere$ting to note 

.the .~ffeet ·of the. e'xte11sions of the .the or·; to !adude terms, in (R/R
0

) 
4 

and the use of the later valu,e of the nuclear radius; both for the uniform 

a~d .surface charg~ d-istributions the a-greement with experi~ent. is 

better th~m the original formulation predicts. With three sets of 

. ano~alies involvi:q.g ~hree adjacent i~otopes (potassium- 39 •. , :-4.0,, and 

-41; rubidium-85, -86. and ,...87; and cesium-133, -134, and -135) now 

measured. it is wo~t:h while to try to extend the theory to inciude the 

configuration mixing and collective m-odels of odd-odd nuclei. 

The apparatu~ d.ml technique .:dca~ribed for me<=~.snying the nuclear 

g. factor_ are. not .c~:pab~e of giv~ng_ the ult_i~9-te ~c,s;uracy desired :for a 

measurement of the anomaly.· A new atomic- beam ap_IJcu-atus 11ow under 

construction in this Laboratory will permit g factors to be measured 

wit};l;about ten times the accuracy that can be obtained with this machine. 

The measurements made here do indicate, however, that, to at least 

one part per million, the Breit-Rabi equation accurately repres·ents 

. the energy levels of the hyperfine interaction for atoms in the 
2s 1;

2 
electronic state. 

• v 

,, 



-136-

ACKNOWLEDGMENTS 

It is a pleasure to acknowledge the support, both moral and· 

material, by Professor William A. Nierenberg during the course of 

.this rese~rch. 

I am indebted to Dr. Gil Brink who conceived the machine 

design, di'rected its construction, and contributed much to its 

. successful operation. 

Professor Howard Shugart has been a fountain of wisdom, 

support during dark hours, and moderator of rash and hasty decisions. 

I appreciate his interest aml help. 

To the Atomic Beam Group, especially Dr. Bruce Ewbank, 

Vernon Ehlers, and Russ Petersen9 I am grateful for discussions, 

assistance, and sympathetic attention to my occasional wailing and 

gnashing of teeth~ To Jhan M. Khan and John Faust, who. inherit 

this machine, I express my thanks for .their assistance during the 

long hours of operation and counting, I wish to thank the Health 

. Chemistry Division of the Lawrence Radiation Laboratory for their 

cou1petent assistance during the handling of the radioisotopes . ., I · 

also wish to thank Mr. Douglas McDonald of the Lawrence Radiation 

Laboratory for his advice on mechanical design and his efforts to get 

work in and out of the shops with utmost dispatch. 

I a:r;.n grateful to my mother and father, who instilled in me an 

appreciation of scholarship and enabled me by their support to reach 

this point, 

Words cannot adequately express my thanks to my wife Adele, 

·who so graciously accepted the life of a graduate student's wife and 

has so competently kept husband, son, and home iri running order. 

This work was done under the auspices of the U. S. Atomic 

Energy Commission and supported in part by the Office of Naval 

Research. 



-137-

APPENDIX A: CONSTANTS USED IN THIS WORI< 

The values of the· p!J_ysical constants used in this work have 

been taken from· E. R. Cohen, K~ M.· Crowe, and J~ W. M. duMond, 

The Fundamentals Constants of Physics (Interscience Publishers, 

New York, 1957): · 

h = 6.62517(23) X lo- 27 erg sec, 

· -2o I 1-Lo = 0.92731(2) X 10 erg gauss, 

. -16 . . -1 
k = 1.38042(10) X !U ·· erg deg • 

. Mp/me = 1836 .. 12(2), 

. I .. -23 I ~ = p.0 (me ·Mp)"' 0,~05038(18) X 10 erg gauss. 

The following measured constants are used in this· work and are 

summ<:!-rized here for convenience: 

gJ(Rb) = -2.00238(2) 

Llv (Rb 
85

),= 3035~7 35(2) Me 

L'lv(Rb
87

)= 6834.7005(11) Me 

85.. . -4 
gi(Rb J= 2.93704Xl0 

87 . -4 
gi(Rb )= 9. 95359 X 10 

I(Rb8 S)~ 512 

l(H.bR 7 ):: 312 

(KUS 49) 

(BED 52) 

(~ED 52.r ·: 

(YAS 51) 

(YAS 51) 

(KOP 33) 

(KOP 3~) 

(j 
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APPENDIX ·B: DETAILS OF TRANSIT'rON CALCULATIONS 

:All transitions of interest are of the type .6-F = ±1. From Eq. 

(II. 2 0), the general equation of\ a. transition. is 

lS. [ 4 . 2 1/2 
V· = gi f!pHQ (m+ - m _) + 2V (1 + 2m X + X ) 

+ (I + ::1 x + xZ)l/z] (B. 1) 

A.· Transitions in,Rb85 (I = 512) 

ThP.. doublet of interest for measuring gi has the m values 

m = -1, m = -2, and m = -2, m · = -1. From Eq. (B. 1) the meari + . - + 
frequency of this doublet is 

v = · .6.
2

v. . [ ( 1 _ 2
3
. x + x 2) 1 I 2 + ( 1 4 + 2) 1 I 2 J ( B 2 ) 3 X X . 1 • . 

·and the separation of the two lines is· 

+ v - v - 2g - I 

The value of x for which. v is a minimum is found by differentiating 

v with respect to · x and setting the derivative equal to zero, 

Solving for x, 

x.= 
11 - 2..[f(f 

9 
= 0. 519 49 3 84. 

On. the basis of Eq~ (II .. 19b) and the constants for Rb 
85 

given in 

Appendix A, this value of x corresponds to a field o£.562.61(3) gauss. 

Substituting this value of x in Eq. (B. 2) gives 

/ 
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,= .8?0 379 61 L:!.v. 

= 2611. 8845(20) Me (B. 4) 

Since the term (m+ - m J in Eq. (B. l)·has the value ±l for these 

transitions, the. two lines are symmetrically above .an.d ;below v by 
·· .... ~-Lorio · . · · 
g ' , and ·have the values 
_I ... h 

2611.6532(20) Me, 

2612.1158(20) Me. . '. 

When the resonance. frequencies have been observed~ as 

summarized in Table III, gi can be calculated fro.·m .Eq. · (B. 3) and 

L:!.v from Eq. (B. 4) by using the minimum observed vaiue of v. 
B. ·.Transitions in Rb86 ·(I= 2) 

. For the doublet used to measure gl' the values of m are 

m+ ~··1/2; 'm = ·3/2 a~d rn.· ·= J/2, m = 1/2. From Eq.' (B. 1 ), 
. + -

so tho.t · · 

then 

V- = Liv [ (l 6 +. 2)1/2 + (l. 2 + .2)1/2]. --z- - 5 x .. x - 5 x x · , 

a.Y = o = 
ax 

~. =··. 14 1~ 4~· = .42o 2o4 io3; 

. : 

r\ 

J . 
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v = ~v [(.672 32(> 564) 1/ 2 + (1.008 489 84.7)
1
/

2
] 

~v = z. [.819 955 221 + 1.004 235 951] 

= .912 095 585 ~v. 

Using the value of ~v calculated in low field (Table V) the value of 

x above corresponds to a field of 591.89(3) gauss, from Eq. (II. 20b), 

and v = 3599. 935(3) Me. Again-. the separation of the ~oublet is 

2g
1 

f.1
0

H
0
/h,· with the lines sym-metrically above and beiow· the mean 

value. so that the transitions were expected ~t 

3599. 553(5) Me, 

3600.317 (5) Me. 

When. the transitions have been. found, ~v can. be calculated. from 

Eq. (B. 5) by using the observed .minimum value of v. 
For x << 1 (Z,eeman. region), where ~v is first determined 

before the search for the doublet above is undertaken, . the gi tlrm in 

.·. Eq. (B. 1) can bt:!· neglected, and an expansion. of the equation td second 

order in x yields 

v = ~v { 2x · 2 [ 2 2 2 J~ } ·-_2-_ 2 + 2I+l (m+- m ) + x l.- {2I+T)2 (m+ + m_ ) 

(B. 6) 

The ~F = ±1 line of interest is. the one which is field-independent to 

second order, and for I = 2 this is an unresolved doublet with the m 

values m+ = ±1/2, m = t 1/2. Substituting these values in. Eq .. (B. 6), 

A ( 1 12 2)' v = ~v + E x . (B. 7) 

Now, to sufficient accuracy, from Eq. (II. 19b), one has 

-x.= 
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and the lov_;,·_field cal1brat:l.ng resonance is gi~en by. Eq. (1L 23) as 

v· = cal 

Substituting these relations in 

' 12 
L::.v = v - 25 

2.8 H.O, 

21 1 + 1 ca 

B. 7) and "solving for 

2 2 
V· 

1
. (21 

1
t 1) . ca -ca 

L::.v 

L::.v gives 

. . 87 . 
Using Rb . (1 = 3/ 2) as the calibrating isotope, one obtains 

. . "2 
L::.v = v - • 00 194(v 87 ) Me. 

Rb 

.) 
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APPENDIX C 

Reprinted from THE REVIE\1" OF SnF.,.TIFIC INSTRUMENTS, Vol. 30, No. 8, 670-674, August, 1959 
Printed in U. S. A. 

Atomic-Beam Magnet-Stabilization System 

GILBERT 0. BRINK AND N. BRASLAl' 

Lawrence Radiatio>~ Laboratory and Departmml of Physics, University of Califomia, Berkeley, CaJijomia 

(Received March 5, 1959; and in final form , .-\priiiS, 1959) 

A system is described which allows the magnetic field of the "C" magnet of an atomic-beam magnetic-resonance 
apparatus to be locked to a resonance in the beam. The construction of the system is discussed and representa­
tive performance data are presented. 

INTRODUCTION 

ONE of the greatest difficulties associated with the use 
of an atomic-beam apparatus for the measurement 

of atomic properties of radioactive nudides is the drift of 
the magnetic fields with lime. This is especially true if the 
beam detection is done by radioactive counting of collected 
samples. In the work referred to here the machine is to be 
used to measure a series of hyperfine-structure anomalie' 
of cesium and rubidium isotopes. Since the mt:asurements 
must be made to a high accuracy, it is necessary for the 
machine to be stable for long intervals of time. In order lo 
achieve this, it was decided to develop a system by which 
the magnets could be locked to a resonance in the carrier 
~earn. This has the added advantage that the locking and 
exverimental beams see the same magnetic field, and thus 
the region of the field that is being locked is that in which 
the experiment is being performed. The magnetic field 
calibration is also done in this region. The system has 
proved very satisfactory and has been a great aid in work­
ing with narrow lines. 

THEORY OF SYSTEM 

The general shape of the veak of an atomic-beam reso­
nance' is shown in Fig. 1.' In order to lock the magnet 
system to this resonance, it is nece>sary to develop an 
error signal that is capable uf ueciding which side of the 
resonance the machine is observing al a given time. To do 
this the radio frequency that is being used to <:xamine the 
resonance is frequency-modulated by an amount that is 
small compared with the resonance width. As can be . een 
from Fig. 1, the output signal then contains an ac compo­
nent at the modulation frequency, the phase of which, 

100 CPS 
BELOW 
RESONANCE 

FIG. 1. Production of error signal. 

1 For a discussion of general atomic-beam technique see N. F. 
Ramsey, Molewlar Beams (Oxford University Press, New York, 
1955). 

'Permission to use this figure through the courteoy of the National 
Comp~----------------------------

Reproduced with permission of 
The Revie\•T of .Scientific 
instruments - April 1960 
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when compared with the modulating signal, depends upon 
which side of the resonance is being examined. At the exact 
resonance frequency, this component h~s a null . This ac 
signal is detected with a phase detector whose reference is 
supplied by the modulation signal. The de output of the 
phase detector then depends upon which portion of the 
resonance is being examined. This de signal is used to 
regulate the current through the " C" magnet. 

It can also be seen from Fig. 1 that, at exact resonance, 
there is an ac component produced at twice the modulation 
frequency. It is convenient to monitor this component so 
that one can tell at a glance if the machine is properly 
locked. 

GENERAL DISCUSSION 

A block diagram of the system i shown in Fig. 2. The 
primary frequency source is a Gertsch model AM-1 fre­
quency generator,3 which was modified lo allow frequency 
modulation of the low-frequency oscillator. The output of 
the low-frequency oscillator is either fed to a frequency 
multiplier, which supplies signals from 1 to 20 Me and 
100 l\Jc, or is used to lock the high-frequency oscillator, 
which supplies signals from 20 to 40 Me, plus harmonics. 
For frequency below 200 l\1c, the signals are fed to a pair 
of distributed amplifiers and then to the transi tion 
hairpins. 

FtG. 2. Block diagram of system. 

'Gertsch Products, Inc. , 11846 Mississippi Avenue, Los Angeles 25, 
California. 
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In this system no provision is made to generate signals 
in the runge betw~Pn 40 Rn<i 500 Me, except at 100 Me. 
Frequencies from 500 to 1000 Me are generated with the 
Gertsch model FM-4, which is locked to the output of the 
A.M-1. The output of the FM-4 goes to a 1-w traveling­
wave amplifier that drives the hairpin. In this manner an 
FM signal is provided in the range 1 to 40, at 100, and in 
the range 500 to 1000 liJc. 

The beam is detected by means uf a hot-wire surface­
ionization detector.• The output of the JeteLtur goes 
directly to a preamplifiP.r which, in turn , feeds the " lock­
in amplifier," consisting of two twin-tee amplifiers, one of 
which feeds a monitoring oscilloscope while the other 
fee<is a phase detector. The output of the phase detector 
goes directly tu the magnet current rPp;111~tor that supplies 
current to thl' " \." magnet. The loop is completed through 
the beam to the rf system. 

RADIO-FREQUENCY SYSTEM 

The Gertsch model AM-1 is a VHF interpolater that is 
cap<thle of generating fundamental frequencies between 1 
and 2 Me and 20 to 40 :Me, plus harmonics up to 1000 Me. 
It consists of two oscillators that can be phase-locked 
together. The low-frequency oscillator is used as a free-

FIG. 3. Modification 
ofAM-1 

OSCILlA TOR 
TAN!< CIRCUIT 

running oscillator and tunes from I to 2 ::VIc. For use in 
this application, it was modified as shown in Fig. 3. The 
low-frequeucy u~Lillator io frequenry-morlulated by means 
of a crystal diode which is capacitance-coupled to the os­
cillator tank circuit. The diode is driven from the modula­
Liuu u>cillator (which is <iP<;crihed later). The frequency 
deviation can be adjusted either by the amplitude of the 
modulation signal or by the variable coupling capacitor. 
The amount of frequency deviation available also depends 
upon the frequency to which the oscillator is tuned. The 
circuit probably could be improved by substitution of a 
voltage-tunable capacitor, such as the International Recti­
fier Corporation type 6.8SC20 for the crystal diode. 

The high-frequency oscillator in the AM-1 can be phase­
locked to a harmonic of the low-frequency oscillator. In 
this manner, the frequency modulation is transferred to 
the HF oscillator, which is used to provide fundamental 
frequencies from 20 to 40 Me and to generate harmonics 
of these frequencies. 

The output of the LF oscillator is fed to a standard fre­
quency multiplier which supplies frequencies from 2 to 
20 Me and 100 Me. The output of the multiplier goes to a 

' See reference I, p. 379. 

FIG. 4. Modulation oscillator. 

Hcwlett-l:'arbrrl model 460A distriuuted amplifier and 
then to an Instruments for Indusl1 y model 500 distnbutP<i 
power amplifier which drives the hairpin. TLe output of 
the HF oscillator can also be fed to the distributed ampli­
fiers and thence to the hairpin . This system is capable of 
supplying up to 3 w of power frum 1 to 40 and at 100 Me. 

The Gertsch model Flii-4 is used to generate frequencies 
from 500 to 1000 Me. It consists of an oscillator which 
tunes from 500 to 1000 Me and which can be phase-locked 
to a harmonic of the Alii-!. A frequency-modulated signal 
is thus produced which is fed to a 1-w 500- to 1000-Mc 
traveling-wave amplifier,• which feeds the hairpin . 

This rf system has proved very satisfactory for this 
purpose. The center frequency of the Gertsch oscillator has 
a short-tPrm stability of about 1 part in 107, and the gen­
erated fr~qnPnriP<; ~re quite adequate for most atomic­
beam experiments. The frequency deviation in the reg10Ii 
of 1 Me is somewhat low, but this probauly could be im­
proved with the above-mentioned substitution for the 
crystal diode. 

MODULATION OSCILLATOR 

The modulation oscillalur is shown in .l:'!g. 4 , Tt is au 
RC oscillator using a 5814A tube, and it runs at a fre­
quency of 100 cps. The output of the oscillator is coupled 
to a second 5814A which serves as a phase shifter and 
cathode follower. The output of the phase shifter is used 

COLLECTOR 

~g;~~~~pplJ 
HOT WIRE l~l-~-...--'l\ 

45V-=.. 

-+-

Fro. $. Preamplifier. 

• The traveling-wave amplifier used here is no longer available 
commerically. There are, however, several other traveling-wave am­
plifiers available that are suitable for this purpose. 

) 
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+300V ALL CAPACITIES IN p.f 

INPUT 
FROM 

PREAMP 

to provide the reference signal for the phase detector. The 
output of the cathode follower drives one section of another 
5814A cathode follower, which is used to drive the crystal 
modulator. It also supplies the de bias for the crystal and 
allows the amplitude of the modulation signal to be con­
trolled. Horizontal sweep for the monitoring oscilloscope 
1s taken from the grid of this tube. 

BEAM DETECTOR AND PREAMPLIFIER 

The beam is detected on a surface ionization detector 
which consists of a 0.002X0.010-in. potassium-free tung­
sten ribbon. 6 The collector of the detector goes directly to 
the grid of the preamplifier. The preamp, which is shown 
in Fig. 5, is mounted very near the detector and is com­
pletely enclosed in an aluminum box to provide shielding 
against 60-cps pickup. The amplifier is battery-powered; 
the batteries are also contained inside the shield. For the 

Y FIG 8 

6.3V 
60 CPS 

5879 5879 

220K 

FROM 

FIG. 6. Lock-in amplifier. 
T, is a United Transformer 
Company A-19 Interstage. 

beam intensities that are usually used in radioactive work, 
it was not necessary to use an electron multiplier, and this 
detector proved very satisfactory. The exit beam in the 
machine is about 0.060 in. wide and the detector, which is 
mounted vertically in the center of the beam, does not 
block very murh nf it 

LOCK-IN AMPLIFIER 

The lock-in amplifier is shown in Fig. 6. The first half of 
the 6A W8A is used as an input amplifier which drives two 
twin-tee amplifiers. One of these, which uses the second 
half of the 6A W8A, is tuned to 100 cps and provides the 
signal for the phase detector. The second twin-tee ampli­
fier is a 6AU6 tube, and is tuned to 200 cps. When the 
system is properly locked on the peak of the carrier reso­
nance, there is a 200-cps component present in the signal 
and it is monitored through this amplifier. 

CAPACITIES IN fJ-1 

FIG. 7. Magnet-current 
regulator. T, is Triad G-10 
Geoformer; T, is Chicago 
Standard Transformer Com­
pany A-4774 Univer­
sal Interstage. 

TO 
LOCK·IN 

6AW8 2N277 
-105V 

• This ribbon was obtained from A. D. Mackay, Inc., 198 Broadway, New York 38, New York. 
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TABLE 1. Representative performanc·t' of the lock-in system: Frequenciel' as a function of time, Rb87 resonance (in ~lc). 

Run ~umbe-r 6 : Sysv•m lockc>rl on J.F' •0 re'lon:tnc<' of Rb" at lOO.U Me. 

First reading 
Second reading 
Third reading 

Average 

1.\15 

t36.960 
t36.981 
t36.961( 
t36.970 

1410 1505 

t36.986 136.972 
136.98(> 136.982 
t36.964 137.0t I 
t36.979 136.98~ 

Time 
1600 1700 18lS 

t36.9 6 t36.98-t t36.9-l8 
t36.98t 136.985 t36.953 
t36.998 t36.97.J. 
t36.988 t36.985 t36.958 

llun Xumlwr 10 : '-Y''"'m IOC"'k~rl on .lF -o rf!'~nn a nce of RbR~ at 50J . .'i ~lc. 

Fi tst reatl i ug 
Second re:trling 
Third reading 

Average 

151)5 

537.-l.OR 
.i37.33o 
537.4t4 
.i.3i.386 

Time 
1ss; 1043 

537.4t 7 537.360 
.i37.-1.08 .i37.-l t t 
.i37..J..J.4 .i37.420 
537.42.1 537.397 

113() IRI" 19)5 

537.3-1.8 537.351 5.l7.JU 
537 .3.i7 jJ7.35-1. .i37.324 
S37.32t .i37.357 .i37.342 
537.342 537.354 537.330 

-- ----
Run :'\umhPr 1~: S\-~tf'm lorkNI nn j,f' - n rp~~ormance of Rh•• <lt 1.9 Me. 

First reading 
Second readin~t 
Third readin~ 

.\vcragc 

1.\IU 

2.848 
2. 4'1 
2.8-1.9 
2.849 

Htlll 

2.ll46 
2.836 
2.834 
2.839 

filii~ 

1705 1 74.~ 

L.MS 2.844 
2.8-l..i 2.8-l..i 
2.8-1.6 2.8-1.8 
2.845 2.8~6 

1805 IHJU 1901 
----

2.8t6 2.8t7 ? R-1.4 
2.842 2.844 2.845 
2.84.i 2.8-1.7 2.843 
2. 4-1. 2.846 2.844 

------ ---

The output of the lirst twin-tee amplifier drives Lhc 
phase detector, which is sim ilar to that used in the Na­
tional Company Atomichron. lt has the advantage that 
both the input and output signals are single-ended, while 
the reference signal is introduc~d in push-pull. The output 
of the phase detector, after being filtered, is fed to the 
magnet-current regulator, which is shown in Fig. 7. 

MAGNET-CURRENT REGULATO.I{ 

The magnet-current reguhttor is a current-r~gulated 

power supply which uses power transistors as the series 
clement. The rPeullttor con. ists of a chopper amplifier 
followed bv a synchronous detector, the output of which 
drive the-transistors. Since the output of the phase de­
tector i" at r.ero volts, it is necessary to usc a bucking 
battery in order to match it to the input of the regulator. 
The regulator supplies 0 to $ amp to the "C" magnet. 

When it is necessary lo run the "C" magnet at more 

than 5 amp, the current is obtained from submarine stor­

age batteries, as shown in Fig. 8. The variable re i tor 

allows the current to be varied in .'i-amp steps, and the 

regulator provides thr fine control. In thi manner, the 

magnet can be locked at any field desired. 

R•O 007105 n 
Fw. 8. Magnet storage-hattrry circuit. 

PERFORMANCE 

The lucking system has been used in many runs on 
stable potassium and rubidium and in several runs on 
radioactive Rb'"· The actual degree of field stabilization 
is dciJ"IIdent upon the line width of the ca rrier rP<;onnnce 
ancl on it ' field dependence. Representatiw performance 
of 1 he 'Y~tem i« indiratecl hy observing the peak frequency 
of I he calibrating resonance at various time. during a run. 
Tlthle I give;; data from Rb'" investigations at three differ­
ent values of the magnetic field . The sy tem is operated 
with maximum loop gain, witlt the frequency deviation 
adjm;terl to give best operation. Both Rb8' and Rb87 are 
pre;;ent a~ carrier isotope~ a11d eitl1e1 may bl used to lock 
the liclcl. For isolation of the o,;cillators, separate clnsely 
spaced hairpin~ were u;;ecl, one for locking the field and 
the other for calilualiu" ,,nd ~can·h. 

Jn run J\umher li, the fielcl was locked to the 
(.l, -.l ~ .3, -2) line of Rb" at a frequency of 100 :'lfc. 
The frequency-modulated signal wa. obtained from the 

LF o:.cillator of the A_\1-1 , having been multiplied by a 
fa tor of liO. The calibrating frequency was obtained from 

a Hewlctt-J>arkarcl li08A ~ignal generator, its frequency 

being monitorecl by :t Hewlett-Packard .'i25 frequency 

counter. Tht· calibrating line was the (2, -2 <-+ 2, -1) 

line of Rb'', haYing a line width in thi~ in . lance of about 
150 kc. 

In run .\umber 10, the ~y~tem was locked to the same 

Rb'• line al a frequency of .'i03.5 ~lc, with the JL\J-1, 

Fl\1-+ combination. The line in this instance was 400-kc 

wide (due to field inhomogeneities), and since the fre­

quency deviation of the signnl was limited so as not to 

pull the Fl\I-.J. off it ;; pha.<e-locked condition, the oscillator 
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could not be swept very fttr clown the :<ides of· the reso­
nance lines. Some decrease in performance wa:< expected 
owing to the reduced stren,gth of the error signal; however, 

·the Rb"' resonance obtained in this run was quite ,;atis­
faclory. Th~ calibrating frequency wa;; obtained from 
another .-\':\1-1. .F:\1--l combination "·ith it:< frequency 

1)1~lllitorcd b~· a Hewktt-Packarrl .'i41l.-\ transfer oscillator. 
In run 1\umher l.'i, the ;;y;;tem "·as locked to the sam<: 

Rb" line at 1.1) }lc with the LF oscillator of the A:\1-1, 

the line. width being about ISO kc. Th1· Rh" calibrating 

frequenc)· "'a:< obtained from a Tektronix Type 190A 
signal gcm•rator. 
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