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‘THE RUBIDIUM-85-RUBIDIUM-86
HYPERFINE-STRUCTURE ANOMALY

Norman Braslau
Lawrence Radiation Laboratory

University of California
Berkeley, California

March 21, 1960

ABSTRACT
The atomic-beam magnetic-resonance method with separated
oscillatory fields has been used to measure the hyperfine-structure
se%a(.)ration and magnetic dipole moment of the isotopes Rb™~ and .
Rb™ .

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

Observation of a AF = = 1 doublet in the magnetic field region

ables; the doublet separation is proportional to the nuclear g factor
and the mean doublet frequency is proportional to the hyperfine-
structure separat'ion.

. Results obtained on Rb85 are in excellent a';gi'eernent with

previously published values, and indicate that the transition frequencies

calculated from the Breit-Rabi energy-level equation agree with the
experiment to better than one part per million.

For the radioactive isotope ‘Rb86,, the following values are

. obtained for the ZSl/2 electronic ground state:

Av = 3946.883(2) Mc,
g, = -4.590(4)x107%,
uy = -1.6856(14) nm,

The hyperfine-structure anomaly is defined as the 'deviatior'x
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

A= 0.17(9) %.
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Details Qf,_‘t}ie"éppara;tgvs _cohs‘f-l"qct'erd for the purpose of meas-
uring'thesé anomalies:- in radioactive élkali iébtopes are presented, as
well as the comparisoﬁ of the experimental result with values predicted
for the anomaly by using various ‘:nt.{gle'éﬁr_ models and the Bohr-

Weisskopf theory.
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_ 1. INTRODUCTION . . _

The measurenient of various 1ntr1n51c nuclear properties such
as spin and magnetlc and electric multipole moments and comparison
of these experimental values to values calculated on the bas1s of an
assumed nuclear model have contributed to the development of a
comprehenswe theory of nuclear structure, At present the subject
is in a rapid state of development, no one relatively simple -model can
account for all the observed 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 nuclear magnetism (EIS 58), whose effect 1s small but
measurable and somewhat difficult to discuss theoretically, but which
may prov1de a sens1t1ve test to differentiate between various nuclear
models. A A . .

The obvious probe of the.distribution of magnetism in a nucleus
is the deeply penetrating s electron of that atom. Accurate meas-
urements of the hyperfine interaction due to the magnetic coupling of
the nuclear magnetic moment to the electronic magnetic moment have
contributed most of the experimental knowl‘edge of this effect. Except
for a few cases (EIS 52, STR 57) this effect has been measured only
for pairs of stable isotopes scattered over‘ the periodic table. The
experimental difficulty of making accurate measurements on radioactive
isotopes can be overcome, and it is hoped that information on the 4 |
distribution of nuclear magnetism can be obtained for series of adjacent
isotopes, making available the results of adding one neutron after
another, and leading to an understanding of this effect as predicted by'
Qarious nuclear models. 3 ' ' .
| The most accurate means of measuring the hyperfme interaction
in an atom 1s atomic beam magnetic resonance spectroscopy as intro-

» Aduced by Rab1 (RAB 38). Refinement of techniques and associated

1nstrumentation have made this a very. w1dely used tool in atomic and
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molecular beam research. "Indeed, probably the most accurate
physical measurement made to date has been that of the hyperfme
.1nteract1on 1n Cs133 (ESS 58) wh1ch serves as the basis of atomic
time. standards Several books and review art1c1es have appeared in
the past few years on the general f1eld of atom1c and molecular beams

A (RAM 56, SMI 55, KUS 59), and are recommended for a more complete
.treatment of the sub_]ect

The apparatus described in th1s thesis utilizes the ''flop-in"
method first used by Zacharias (ZAC 42), which has proved very
successful in the study of radioactive isot‘op.es. The basic principle
of the exper1mental method is as follows. An atom emerges from a
small hole in a heated container and finds ilself in a highly evacuated
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 essen-
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 inhomogeneous
and pointe'd hor’iz'.ontally If the atom possesses a magnetic' moment,
it is deflected shghtly and then passes through the field of another
electromagnet whose field 1s also 1nhomogeneous and pointed in the
- same direction. If'the atom's magnetic moment has not changed the
atom is further deflected and misses a detector placed at the position
of the undeflected beam. If the magnetic moment has somehow changed
its sign in the region between the two magnets, its deflection in the '
‘second magnet is oppos1te in direction to its deﬂectlon 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 magnet1c field is
super1mposed on it, trans1t1ons between magnetic substates of the
atom can occur when the osc111ator frequency equals the Bohr frequency,
i. e.; the energy difference between two states divided by h, Planck's
constant. 1If the initial and final states of the transition are such that

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



I | 8-

Observation of the detector reading as the oscillator frequency is
varied allows the radio-frequency spectrﬁm of the atom to be traced
out; from the 'fréquenéies and structure of the spectral components,
the magnetic-interactioAn constants can bé determined. |

Since the effect of the distributed magnetic moment of a nucleus
cannot be compared experimentally to the idealized point' magnetic
moment (which is easier to treat theoretically), "it is necessary to
éorﬁpére ratios of the hyperfine interaction in two isotopes of the same
element. The deviation of this ratio from the ratio of the n‘iJ.c'l‘ea‘__r
moments expec¢ted from a puint dipoie theory is a measure of thé
difference of the distribution of magﬁetism and is called the hyperfine-
structure (hfs) anomaly of the two isotopes.

An apparatus 'hafs been constructed in the Atomic Beam
Laboratory at the University of California by Dr. Gilbert O. Brink,
Jhan M., Khan, and the author to rmake pfeéision measurements of the
hfs anomaly in radioactive alkali isotopes. Extensive WQ_rk' on atomic
‘beams of radioactive substances has been under way in this group for
several years (NIE'57, HURB 59, SHU 57), and this apparatus represents
a refinement of the existing machines, techniques, and instrumentation.

The second section of this thesis devéldpé the theory oftthe
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 the existing theory of the hfs énomaly, Section
IV deals with details of the design and construction of the apparatus.
The fifth section includes a description of the operation of the machine,
the.experimeﬁtal procedure, and results of studies on stable isotopes
" which establish thé machine characteristics. By Corﬁparing results
" obtained for RbS° with previously published constants for this isotope,
the reliability of the device and techniques may be .chéck'ed, " Section VI
covers fhe determination of the Rb‘85 - Rb86 hfs anomaly, Section VII

‘attempts to compare this result to predictions 6f nuclear models.
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1. THEORY OF THE EXPERIMENT

A The Hyperflne Interactlon

Pauli (PAU 24) first suggested that the. hyoerflne structure
" found in high-resolution ‘optl.cal spectroscopy might be due to the action
of a magnetic moment of the nucleus on the motion of t'he(‘:atorn,ic .
electrons. vSince this idea was presentgd, the effectg of nuclear
moments have been studied by many different methods. All observations
so far are consistent with the following bas‘icvassumptinns (RAM 53):

a. The nuclsus contains a charge +Ze confined to a small
region in the center of.an atom. _

b. A nucleus. whose mass number is odd obeys Fermi .statistics,
while a nucleus whose mass nummber is even oheys Bose statistics.

c. . A nucleus has a spin angular miomenturs that can be de-
_scribed by a quanfu.m mech‘anical angula_r momentum vector a
(CON‘ 35) given by the relation

a = BI,
SN : ' A g

where "1 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 nuclear magnetic dipole moment is related to the spin
by the equation . '
S FT semgl,
where Mo 1s the Bohr magneton, 8] is the nuclear g factor, and yI is
the nuclear gyromagnetic ratio. Simiilarly,.for the atomic electrons,

if T is the total electron angular momentuny,
,LTJ= y&ﬁ? = ngOT. (I1. 2)

The magnetic interaction between a nucleus and the surrounding
electrons may be regarded as the interaction between nuclear magnetic
rﬁoment and the magnetic field, due to the electrons, at the position of
the nucleus. The set of disérete' 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 approximation that the nucleus can be regarded as a

point dipole moment, . the interaction can be written

_‘),@m=-pl-AHJ,"- | (11. 3)-

where‘I—_I> is the magnetic field, due to the electrons, at the pos1t10n

J

. of the nucleus Since the work descr1bed here pertalns only to atoms

in the SI/Z electronic state, a11 interactions other than the magnetic
dipole one are zero. The spher1ca1 symmetry of the Sl/Z configura-
tion precludes the ex1stence of an e1ectr1c field grad1ent or higher-:
order gradlents at the nuclear position and although the nucleus may
possess multipole moments of higher order, no interaction can result
that will modify the Hamiltonian £ in Eq. (II 3).

Since the magnetic field ﬁJ is proportional to J for the matrix
elements diagonal in J, and since My is proport1ona1 to I by Eq. (II 1),
the interaction becomes ‘ A .

H  =hal 7, - (I 4)
m ~ ‘ o
where a contdins all the constants and is known as the hfs splitting

factor: .
N ~H .- J ’
ha:.-<.1> PR M . (IL. 5)

I J ' 4

—

J
~Assuming the nucleus to be a point charge, Fermi (FER 30)

calculated the field H ;

g, -8 & wo 1610 17 (IL. 6)

at the nucleus for hydrogenlike atoms to be

P -

where. | y(0) | " is.the expectatmn value of the electron wave funct1on
evaluated at the nucleus.u

From Eqs. (II. 5) and (IL 6), the hfs sp11tt1ng factor becomes
87 2
ha = - -3 gIgJI-LO fw(o) | . . (I1. 7)

If the ratio of the splitting factor is take.n for two isotopes of the same

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

" is obtained,

a g1 '
PEEEI. (1L. 8)
a, A gIZ ,
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- The total angular momentum, F,of an atom'is given by
The angular momentum sta,te"'of' an atom r'riay be expressed for this “
- c'ase"by"’iiesignat_ing'the'value as F "and the comporent of F- as mp,
along the field direction. For the state of a given'F and my, the
interaction energy is obtained by taking the diagonal matrix element _

of the interaction.. Hamiltonian,

vgrf =‘:<I'J'F:‘mF IW%IIJ;*TF>/= ha <1’J’FmFu“1’- T IJF"mF>4

= B2 [F(F+1)-1(I+1) - J(I+1)).  (IL 10)
F takés on the values T+ J, I+ J-1, ..., |I-J|. The energy
difference betv{/een a state F and a state F -1 is, according to

II. 10;

AWT =W .~ .- W_7 7" = 5= [F(F+l) - (F-1)F] = haF. .
(IL. 11)
This relation is known as the interval rule of hyperfine structure.

For ZSl/z electronic states, where J = 1/2, I can take nn only the

values T+ 1/2and'I - 1/2. The separation of these two levéls is

| " AW = hay = hzi (21 + 1) (1L 12)
The Aquantity Ay defi‘ned‘ in this way is called the hyperfine-otructure
separation; and.is usually expressed in meAgacycles per second. For

alkali atoms, Ay is of the order of 100 to 10,000 megacycles.

o



I1. B. -12-

B. . The Atom in an External Magnetic Field

When an external magnetic field I:fo is introduced, there are

additional 1nteract1ons due to the couphng of both the nuclear and

electronlc moments to the external f1e1d The Ha.rn11t'on1an can be

wr1tten '
Ho=al-7-3, H,-%;-H,
=a"1’-3’-g1pof-ﬁ’o-gjp0?-ﬁ’oz (I 13)
The F‘ mF reprcseutdtmn is vahd and for small values. of HO the

off d1agona1 matrix. elements may be neglected Then:

W(F, mg) = <Fm |j(|FmF> - —h—""- [F(F+1) - 1(I+1) - J(I+1)]
ko Ho
- [F(F+l) # I - 0] —E—
2B(F41)
| | o koHg -
- [.b(F+1) + I(I+1) - J(J+1)] ——— mp. (I1. 14)
2F(F+1)

' The splitting of the magnetic sublevels of~a. state F is then

(FWFlgj“o.J’ Hot gl - Hy |Fmp.) = BpkoHomp
‘ (I1. 15)

where

_ F(F+1)+J(J+1)-I(I+1) 4 F(F+1)¥1(1+1)-J(J+1)
Ep =87 2F(F+1) 81 ZF(F+])

(I1. 16)

Since g‘%‘z 103g1, 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 '



m m-1 _ “PoTg . ST F Mo (0L 17)
— h. . - @EHEDR TA2F LS e g

“Transitions between these eriergy levels’ and the energy levels of the
state F#1 givé rise to the’:'Z,ée’tha:n 'sPeéfrum of tHe‘hyf)ef'ﬁherizs‘tfucture
interaction. ' S

In the limit where I and J are completely decoupled because
of the much 'stronger'interaction of each with the external magnetic

. field, F.is no longer a good quantum number and the energy can be

written in a representation of quantum numbers m and m 5, which

I
'represent the component of I and J, respectlvely, along Lhe field

direction. In this case the eénergy of a state ImImJ> is”

/
W(mImJ») = <mImJI ImImJ> = hamImJ - ngOmJH0 - grko™My

o ) . (IL. 18)
When I' and J are decoupled the atom is sookeo of as being in the
Paschen-Back region. There are two sets of (ZI+1) equally spaced
levels of separatlon Av/(21+1).
In the intermediate reglon« the situation is more complicated as
the couphng of T and J is of the same order of, magnltude as the

coupling of J to H.. For the important case of J = 1/2, an analytlc

0
express1on for the energy can be obtained by usmg either representation
(BRE 31 RAM 56). The'solutlon, known as the Breit-Rabi equat1on,

can be written

4m 1/2
hAv hAv F
" (I1. 19a)

~when Ay is the hfs separation defined in Eq. (II. 12) and the dimension-
iess parameter x is given by

D oty
hay

x= (gp -y “. (IL 19b)
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The positive sign before the square root in Eq. (II. 19a) refers to the
state F =1+ 1/2 and the negative sign to the state F =1 - 1/2.

If the energy in units of hAy is plotted for all states of the
atomic-nuclear system as a function of x, the resulting graph is called
a Breit-Rabi diagram. An example is shown in Fig. 1 for the case
I=2and g < 0. The effect of a positive nuclear moment is to rotate
the diagram 180 deg about the abscissa. For the state F =1+ 1/2,

EI and I-_fJ are antiparallel for g1 > 0 so that the state has greater energy
than the state F =1 - 1/2. For gp < 0, the situation is reversed. These
diagrams 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 Viz between levels 1 and 2 is

g oty Ay 4m, > 1/2
Vig=S - — 5 mp-mo) 4 5 )y 1+ s x4x

4m2 > 1/2

where (:l:)l = (:!:)‘2 if m, and m, belong to the same F, and (:i:)l = -(:!:)2
if m, and m, belong to different F.



-15-
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2, J= 1/2, g1 negative.

g =

Breit-Rabi diagram.

Fig. 1.
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C. The "Flop-In'" Technique and Observable Transitions

An atom possessing a. magnetic moment }—: experiences a

force in an Ainhomogen_eous magnetic field H given by

| F——Vw=—-g—gVH—p,ff (IL. 21)
wh'erepeff is the compenent of pu along H. The value of Mo TRAY be
obtained by differentiation of the Breit-Rabi equation (Eq. (IIL 19a) Iwith
respect to H, or if H is large and the mym y representatien is valid,
Eq.. (II. 18) gives

Peff = Bgto™y T Biko™r

For J=1/2 | "Leff! has the value Ko since g1 is much smaller fchan g5
Since the effective moment is the negative slope of curves drawn on a
Breit-Rabi diagram, reference to Fig. 1 shows the variation of effective
moment with magnetic field. For x > 2 all states have essentially the
same slope with a value * Mo No matter what magnetic substate an
atom may be in, a large magnetic field sees it as.a moment of one
Bbhr magneton, pei'nting 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 sarhe 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 reglon between the A and B fields so that its effective
moment has changed sign in the high- f1e1d region, the atom is re-
focused around the stop wire S (path 2) and strike the detector placed
at the focus 6f' the machine. This is called the "flop-in'' method. It
is also possible to reverse one of the inhomogeneous magnets; then
all atoms are refocus.ed except those which have undergone a suitable

change of magnetic substate. This is called the 'flop-out' method.
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MU-13185

Fig. 2. Schematic diagrar_h of an atomic-beam apparétus, |
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 rf energy hv

is equal to-the energy difference 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
o,scillatiﬁg magnetic [ield .I—_fl cos ut sﬁperimposed on a static
magnetic field H, (the. C field). The oscillating field contributes to
the Hamiltonian, Eq. (II. 13) a time-dependent term °

V = po‘gJ._T" ﬁl ‘cos wt + pogl_f . Irfl ‘cos wt.
The matrix elements of this perturbatlon in the F, mg ‘r.epresentation
determine the selection rules (KUS 59):
AF = 0, +1, Am

AF =0, %1, Am_,

0, (o trans1t10ns) for the z component of H1

1, (@ tldIlSltiOnS) for the x and y

components of H1

'Where the 4 coordlnate is deflned as the direction of Ho For strong

fields the selection rules are
Am . = 0 ' Ar‘nr..:,O, for z component of Hl’

J ! I.
AmJ =0, 1, Am.; = 0 %1, for'x and y components of H,.

. The restriction imposed by the refocusing condition requires that the

initial and final states have equal and opposite.signs of effective

moment in the Paschen-Back region where the deflecting magnets
operate. - Reference to the Breit-Rabi'diagram (Fig. 1) shows that
when H0

rule AF = 0 which simultaneously satisfies the refocusing condition,

is small there is only one transition that satisfies the selection

namely the transition F = 1+ 1/2, mg = -1 - 1/2 mp = =1+ 1/2

whose frequency is, by Eq. (IL.'17),
(11, 22)
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‘All other observable transitions are of-the order of Ay, which is a
much higher frequency.

The collimator «(Fig. '2) serves to define the beam dimensions
and the stop wire S is placed on the axis of the beam to.intercept the
very:fast atoms in the tail of the Maxwellian velocity distribution
. which would ‘not be deflected far enough away from the detector and
would contribute an undesirable background.

In the absence of a perturbing rf field, it is possible for atom's‘
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 Ma'jofana transitions (MAJ 32).
Furthermore, when the field HO in the C',xuagnet i3 @ero, the atoms
passing through the region no longer have a preferred sense of
. or1entat10n and some have randomly reoriented during the1r passage
into a refocusable state. This type of Ma_]orana transition sets a
-lower I;mlt on the value of H0 at which useful experlments can be done
w1thout 1ncreased and erratic background due to these transitions.
This problem is not encountered with the flop-out method but s1nce a
typical resonance is about 2% of the full beam intensity it 1s obv1ous
that the flop-in method is more suitable for radicactive detectlon,
since it is easier and more rehable to see a change in a small back-
ground rather: than in a large one. '

If the A and B magnets are on and no osc111atory f1e1d 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 smaller than the deflection S, of the peak, it can be
shown (RAM 56) that

o~ 1
sm_ §Sa.’

where S, is the deflection of an atom with the most probable velocity,
‘a = _Z_rn_T , in the oven. For a symmetrical apparatus where the A
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and B fields are identical ahd 'o'pe"rated‘ at a field H,"
where K is a numerical constant taking into account the geometry of
the apparatus arid the brope’rties of the inhomogeneous magnets. The
intensity of the deflecteci beam ‘at that pesitibn can be shown to be a
function only of Sa and the total rate of effusion from the oven. For
small changes in oven temperature and deflecting fields (as during a
run), the bea'.m intensity at the deflected peak is a ‘function:only of the

total ratc of effusiovun uf the oven and serves as a convenient means of

monitoring the change in total beam intensity during an experiment.

D. Calculation of Ay

. It is assumed that a "hairpin'" such as is described in Section IV
'. is in position which can excite m transitions by providing an oscillatory
magnetic field perpendicular to the static. c field, HO "If two isotopes
(1 and, 2) are present in a beam and the spin of one, is knnwn, observation
of the AF 0 refocusable transition of each one in the same f1e1d H0
. havmg the value of a few gauss g1ves, by Eq (II 2.2),
| 212 +.1 . o S :
Vi —/——— V., . (II. 23)
211 + 1 o ‘ T
and the spin of the other is easily found. Since a beam of :radioatctive
visotopes for pre.ctical reasons. must be formed together with a beam of
stable 1sotopes, it is not usually dlfflCu].t to perform this measurement
After the spln of an isotope 1s known, th1s AF =0 tran51t1on is
followed as H0 is increased so that the quadrat1c dependence of the
‘transition frequency on the field is ocbserved. By expansion of

Eq. (II. 20), neglecting the small gy term, we obtain

" . 28H, |28H,|Z 2 _
y = — 4 —  Mec. - - (L 24)

21 + L 2l + 1 . Ay
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These measurements confirm the spin assignment and place a lower
limit on Ay. At higher values o'f- HO, in the region of intermediate

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

( . gI Ho;H0> < gJ"‘Loﬁ_O : > .- .
vt —g—/\- T — -
Av = b/ - Lo an2s)

, Bitotto 2 ErPoH0
" ZETR 271 T h

All the quantities on the right side of Eq. (II. 25) are known or
observable ' except g Its numerical value can be found to within a

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

Ay, Ay o
-1 = 2 . (II. 26)
|g11|(211+l) |g12l(212+1) :

~ Two different Qaluee of Ai: are obtained bsr‘us‘ing Egs. (II 25) and
(IL. 26), first assumlng a pos1t1ve 81 and then a negative one. Ob-
servations are made at several values of HO and the Ay's associated
with one sign or the other shows a consistency. This consistency

establishes the sign of gI and as H, is increased the uncertainty in

0
Ay is reduced.

When the uncertainty in Ay has been reduced to a few mega-

' cfcles it'is 'poesible to:move'H back to the Zeeman region (x <<i1)

and search for AF = :i:l tran51tlons whose frequenc1es are of the order

28H0

2 2I+ 1/ A
centered on Ay and the highest line is a singlet. When I is integral,

of Av. ThS spectrum con51sts of 21 11nes with a un1t separation of

Mc. The lower 2 I-1 lines are unresolved doublets

the central doublet is very close to Ay, having only a second-order

field correction of a few kiloc;ycles.‘. Observation of this field-independent

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

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

an
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Details of these calculations for the isotopes of interest are given in
Appendix B. If I is half integral, the.field-independent line near

Ay is a 0 transition and cannot be observed unless a hairpin is

. available in. which HlAis parallel to HO. Such héirpins usually do not

give as narrow resonance lines as those'exciting ™ transitions, as
is explained in Section IV E. . '

In the early days of atomic beam work before World War II,
when microwave oscillators were not available, the direct observation
of these weak-field AF = %1 transitions was not possible. It was
sometimes possible to abserve at very high fields the almost field-
independent AmJ = 0, Aml = =1 doublet for which the mean frequency
is equal to Av/(2I+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 reduced 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 Am_=0 transitioﬁsL By suitable placement of the ‘

J o
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 ngcessary increase in

.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 AF =0 transitions that go through a maximum
value in .intermediaté.fields (RAM 56) from which Ay can be

accurately determined.
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"E. Calculation of g

In order to obtain-an experimental value of the hfs anomaly, an
.inde-f)endent measurement of gy 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 wery high
precision.. There are usually far 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 g1 in Eq. (II. 18)
all the Am_ = 0 Am_ = %1 lines mentioned in the preceding section are

J I
actually doublets with a separation

viow =zg1'_r, S B )
where v+ and v - are the upper and lower components, respectively. If '
the resolution of the apparatus is-high enough, gp 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 g1 is

F+

F .

Fti2 e @m=-Ft4+1,
5 D

“1 +1/2, (;)m
I-1/2, (&)m

“FT e (s)m

where the posilive sign of m is for a positive gy and the negative
sign of m 1is used for a negative.g;.” Note that these are AF =0,

Am = ] transitions and are not ordinarily refocusahle 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 isotopeé can be
determined with machines of low transmission (EIS 52, STR 57).

" Fortunately, the AF = %1 doublet involving the four.levels
FFtV'+ 2 «» IF” and #F % 1«» iF £ 1 is refocusable in the .sense of
Section II. C, where the upper signs are used for positive gp- the lower
signs foIf'I negative g The separation of this doublet is -also
.281 HOh_O . These transitions also go through a field-independent



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

II. E. B -24-

point, but it is not'as broad and occurs at not as high a field as the
AF =0 doublet above The frequenc1es 1nvolved are of the order of
Ay and the experlmenter is forced 1nto the undes1rab1e 51tuat10n of
takmg the dlfference of two large numbers If very narrow resonance
lines can be obtamed, it is poss1b1e to measure gI to one part in a

thousand or a little better and to obtain a usable experlme ntal value

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

.been employed at Heidelberg Un1vers1ty to measure the moment of

stable Aul?’ (FRI 59).

The position of thc minimmum of the mean value of this doublet
on a B'»reit—.Rabi diagram'is a function only of the spin I.. Its value at
this boint is a function only of Av. It is possible to obtain a value of
Av 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 f1e1d 1ndependent transition is a O
tran51t10n. Details of the calculatlons involving this measurement for
Rb85 d Rb86 are 1nc1uded in Appendlx B.
thn an external 11eld H is apphed to an atorn, the electrons
acquire an induced dlamagnetlc current which produces a field -0H
at the nuclear position,' where o is called the shielding constant. This
induced fiel‘d parti'ally cancels the applied field, and--since it is pro-

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

is and must be calculated theoretically (LAM 41) 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 are available (KOP 58) if eorrected values are

des.ired.
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F. Calculatlon of the Hyperfme -Structure 'Anomaly -

Smce the observed sp11tt1ng factor a for an 1sotope dlffers
. from the Fermi value (Eq (II 7)) by a small factor 1+ e (see
Sectlon 1. B), the Ferm1 Segré formula, Eq (II.V26), may be

wr1tte_n

Ay

1 B 2 41y o
= ( ) (1+24), - | - (1. 28)

sz gI2 ZIZ-} 1

where A = € = 62.’ neglect1ng hlgher -order terms. Solving for the hfs

| " Av 21, +1\ g " ‘
A =,[ ! ( 2 ) 2 IR (1L 29)
av, \ai +1) gy ~ '

2. 1

anomaly A,

By convention (SCH 57, EIS 58), isotdpe llis the lighter of the two.

. The anomaly is usually less than 0.5%.
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III... NUCLEAR STRUCTURE AND THE 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
"extensively discusecd in the literature (MAY 55, BOH 53, NOY 58,

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

Modelslare usually classified according to the emphasis on
effects of single-nucleon states or on collective effects of many
nucleons. In postulé.ting the shell model, Mayer (MAY 55) made the-
assumption that the internucleqn 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 assumes 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 proper;cie‘s of the nuc~1eu‘s are essentially those of the odd ;
~single particle. This model has had considerable success in predicting/;
Spiné, but cannot be expectéd 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 sphefical pofential
well. In regions far removed from closed shells, the nucleus may
favor some nonspherical shape, and there may be collective oscillations
about this equilibrium shape that mpdif)r. the effective nuclear field and
. couple to the motions of the odd nut;leoné, thus modifying the magnetic
properties of the nucleus as a whole. This collective or asymmetric-
~ core model (BOH 53) has been somewhat successful in predicting '
quadrupqle moments (since nonspherical shapes are postulated) and

in understanding low-energy nuclear spectra. Spin predictions are
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ﬁsually not vefy different fr.o‘fn'tho"s‘e Qf‘the sihgle‘ sparticle shell model,
and predictiohs .of"nuclear'rndmentAs ha&é not been too successful. For
more details the review article 6f Bohr and Mottelson (BOH 53) and
the recent work of Nilsson (NIL 55, MOT 55) are recommended.
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 expectation value and not a quantum number, it is very 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 mass number.
Recently the model has becen extended to odd proton-odd neutron nuclei
(CAI 56, NOY 58), but the agreement will obscrvations is less

- satisfactory.

B. The Bohr-Weisskopf Theory.

Since the derivation of the Fermi-Segre formula involved the
assurnption 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 first pointcd out by Ritter (BIT 49) when
accurate measurements of Ay and moment ratios for Rb.z.35 and R587
indicated an anomaly of 0.35%. '

For nuclei heavy enough that the protons may be treated as
‘a continuous charge distribution, Bohr and Weisskop{ (BOH 50) have
developed a'quantitative theory to explain the effects of the volume
distribution of magnetism on hyperfine structure. This theory has
been extended by Bohr (BOH 5la, 51b), Eisinger and Jaccarino
(EIS 58) and Stroke (STR 59). |

Two kinds of magnetism are considered--spin magnetism and

orbital magnetism. The former is caused by the distribution of
particles throughout the nucleus, each of which possesses an intrinsic
spin angular momentum and magnetic moment; the lafter is ‘due to

circulating currents in the nucleus caused by the movement of charged
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particles. The orbital part contributes less to the éqrrectiori.o_f the
point dipole picture, since the effective dipole distribution of a current

loop has. a maximum at the center of .the loop. The Bohr-Weisskopf

_effect is important 6n1y for electronic .s states in which the density

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

- for pure pl/é states and negligible for states of higher. Joo

The fractional reduction of the hyperfine-structure .separation

for a given isotope is
€= (I_{qu+K£a£), (I1I. 1)
where ag and a, are the 'respec'tive fractions of the nuclear magnetism

that are due to spin and orbital angular momentum, and Rs and Kz are

the averages of Ks and Kl over the nuclear radial coordinate, where

R \ I
e » ,r .
K_= [; + ¢ ﬁ] FG dz/J FG dr,
‘ . 0 .t : 0
o 3 : ) :
w o= | - r . A

0

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

nuclear radial coordinate, and { takes into account the angular
‘asyrrimetry of the spin.distribution. It depends on the particular model

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

single-particle. model Bohr finds:

21 -1

gzw 'fOI‘I 1+E,

(IIL 2)

"
e

.
N =

¢ = 37 for L.
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The integrals above may be evaluated by writing F and G 'as a

power series in (r/R) inside a uniformly charged-sphere of radius

R, and matching these functions ‘at‘the nuclear radius with the-standard
solutions for an unscreened .Coulomb potential (ROS 32). "In'their
origindl paper Bohr and Weisskopf included only térms in the' expansion
to (R/R‘é)z,‘ approximating the contributions of higher-order terms.

The results of their calculations are

2
. R
R, - (1+0.381) b(i() ,

o o — (111. 3)
. ~ .| R :
K'-z - 0.()4: b(R_) ]
so that
€ = - (1+0.§8§) o.s+ 0.62a1 b<ﬁo> s (II1. 4)

~where b is a func:cion of Ry and Z, the nuclear charge; it is tabulated
elsewhere (BOH 50).- Note that the value r

in the relation R0-= roAl/3 irll this early 'papcr instead of the more
recent value of r, = 1.2%X 10" 3 cm (FOR 55).

0
- The error introduced by neglecting thé higher-order terms in

. 1,5)(_10—13 cm was used

the expausion ic.stated to be about 2%. Eisinger and Jaccarino
(EIS 58) have extended this calculation to include terms in-(R/KO)‘l,

. with the results.

2 ' r\¢
o> - (b, + b's4)<§() , (I1I. 5)

g -b, (R) b (R :
27 TL2\R.J T 14 \R.J

with the constants b as tabilated (EIS 58) for 10 <Z < 90.

) 2

Ks ='(bsz + b's2)<
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It is necessary to make some assumptions about the particle .
distribution in.the nucleus in order to evaluate the averages o'\./er the |
nuclear radial coordinate. As a 'cbmpromise between the value 1 for
a surface distribution and 3/5 for é uniform distribution, Bohr and.
Weisskopf assumed.(‘R/Ro)2 = 0,8, since an unpaired particle might
tend to stay closer to the surface. Eisinger and Jaccarino assumed
a single-particle model in which the odd nucleon.moves in a spherically
symmetric square potential well. Their‘c,alculati,Ons for these
.averages are presented in forms of graphs which are easily iu.sed.
There remains the problem of determining the fractional

contributions ag and a,- These can be calculated if a particular ‘ ,
model is assumed. If the nuclear g factor is defined by the equation

' gI—f = gsg + _glf, . (111. 6)
. the.fractional contributiénsiare given by
gs .81 - 8y

o = 8 21 >t L)
S 81 8y &y |

. gﬁ gI 'gs
a1.=l-as = — — .

If the spin and the orbital angular momenta can be expressed in terms
of S and L respectively for the particular model, as'and a, are known
. and € (Eq. 1Il. 4) can be determined.

Because of the uncertainty in normalization of the entire
electronic Wa_veA 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 interactions causes this uncertainty to
alrﬁost vanish. If the isotopes a1"e denoted by the subscripts 1 and 2,
where, by convéntion, 2 is the heavier of the two, the hfs anomaly is
defined as
—_— X g'Ll | . .

— = —_ (1 +4) . _ (II1. 8)
2 7 S | |
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."and -
! IZ

Az —
2 ;gll_

-.1; (I11. 9)

.A then measures the difference in the distribution of magnetism for
.the two isotopes. Because the asymmetry.in the spin magnetization of
- certain nuclei enhances the spin contribution, and because the con-
stants that weight the spin contributions  are larger than the orbital
ones, A can vary between zero and the same order of magnitude as

€.

C. Other Contrlbutlon Effects

S1nce the nucleus is not a point cha.rge, the electrastatic
potential in.the neighborhood of the nucleus deviates from the pure
Coulomb potential. The charge distrildution for two isotopes generally
is different and 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 A is of the order of 0.01%,
which is negligible in this work but may in some cases/ exceed the
Bohr-Weisskopf effect (LUR 56, TIN. 57). Stroke (STR 59) has re- _
cently extended the work of Eisinger and Jaccarino to include the effects
. of the charge d1str1but1on, whu,h enter into the eva.lua.tlon of the
coefficients b in Eq. (IIL. 5), so that the Breit- RosenLhal effect can
be included in the framework of the Bohr- Welsskopf theory

The reduced -mass correctlon to the electron wave .function. is
(l + m/AM) s Wthh for two isotopes of different mass, gives an
isotope-shift correctlon to A that, is important for very light nuclei
but neghglble for heav1er nuclel \ ‘

The presence of nelghborlng fine- structure levels will, in
second order, perturb levels of the same F and mod1fy the hfs
interaction. This effect on pl/2 electrons by the closely lying p3/2
level--which has been treated by Clendennin (CLE 54)--affects the
ratio of gI' s in the pl/2 state. V'For S_172 states considered in this
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work, .this effect should be neg}igiblé. Since.the parity of magnetic
dipole radiatiori:is even (EVA 55),. the métlr:i;{ elefnents between the
" s state and the closest states of higher’ J, the p states, vanish. The
second-order perturbation effect is of the order of ;(Av)fz/ﬁ',' where
& is the fine-structure separation for the s state to the next’states |

of even.parity. 'For rubidium this is of thé order 1074 %, and'is

negligi‘ble in the ratio.
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IV. . THE DESIGN OF THE APPARATUS |
_An over=-all picture of. the apparatus is shown in Fig.. 3 .._ It
consists-of a large, tank with assoc1a.ted pumps for maintaining a high
. vacuum through which the beam of atoms _may. pass (for several. feet)
without scattering. Inside the tank is a means.of producing a beam,
the three magnets previously mentioned, 2nd detector for both the
stable and radioactive components of the beam. Each system w1th its

auxiliary equipment and instrumentation.is described below in some

detail.

A. The Geometry of the Apparatus

The vacuum tank and magnets built by Bemski (BEM‘ 53) for
molecu;lar-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
machine 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 rnake the machine symmetrical about the center of the C magnet, with
the A and B fields equal in magnitude. On the basis of Cs133 as the
design.isotope, sincé minor adjustment allow'any alkali to be refocused,
the following dimensions were obtained (see Fig. 4), assuming a beam

height of 1 cm at the detector:

£1= 18.42 cm £9=9.2 cm

12 = 44.45 cm Ly = 85.08 cm = 33.89 in.
13 = 23.18 cm L5 = 139.41 cm = 54.90 in.
£4= 31.14 cm L = = 100.98 cm = 39.75 in.
£5=22.22 cm L =187.03 cm = 73.65 in.
L, = 22.22 cm WS =..056 in.

£7 = 18.40 cm WC = .035 in,

£8 = 25.40 cm WD =.075 in.



3.
end.
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Over-all view of the appararus, from the deteczor
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Fig. 4. Layout of the apparatus.
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Note that the machine is not exactly symmetrical; !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 78-5/8 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 differential pressures in the three sections. All flanges are
made of 3/4-in. boiler plate. O-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, Cl’ REF; .G B, and detector. The can sits on a

three-point suspension on conczrete 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. With this
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pumping arrangement a vacuum of about 5X 10_7 mm Hg can be
reached. During an actual experiment the pres‘sure is 10_5 to 10“6 mm
Hg in the oven chamber and about 10-6 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 much 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
locks of the oven and button loaders described below. Fine-pumpout
chambers in these vacuum locks are connccted to the manifold behind
the main-chamber diffusion pumps. There are thermocouple vacuum
gauges with a range of 10—3 mm to 1 mm Hg mounted on the pumpout
lines, manifolds, and in the oven and main chambers. Ion-current
vacuum gauges with a range 10-7 mm to 2.5X10 s mm Hg are mounted
in the oven and main chambers for use at final operating pressures.

The machine 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 a largc prcesure rise in the can, all
filaments and diffusion pump heaters are shut off. If cooling-watecr
pressure. drops, the oven heater is cut off, or if Lthe 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-passed by a switch on the "Y' panel.

A beam flag is provided in the buffer chamber which acts as
a shutter, preventing any beam from entering the main chamber when
it is in closed position. It consists of a small plate connected to a
cylindrical plunger fitted in a horizontal port near the oven end of the

can. A single sliding O-ring seal is used.
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C. The Oven Loader and Ovens

For work with materials of short half-life it is necessary to
provide a means of placing the oven in position 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 insertion of an oven in a few
minutes. A drawing of this device is shown in Fig. 5 and a view of
the loader in its open position is shown in Fig. 6 with an oven inserted.
When the loader is dropped into its closed position, it places the oven
in position for conducting the experiment.

A plunger slides vertically through a tube containing three O
rings with pumpout connections in the spaces between the O rings. The
tube is fixed to a horizontal plate which makes a sliding seal with an
O ring mounted on the oven port cover. Guide plates are provided to
hold the plate and allow translational motion normal to the beam line.
Precise positioning is facilitated by a micrometer screw and dial
position indicator.

The oven mount fits inside the plunger. This consists of two
long brass tubes with a copper block at the lower end, a spacer 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 lower copper block by a
quartz block. Leads for the oven filament are brought through the
spacer block through glass insulators and through the upper flange by
means of kovar seals. A third lead protrudes from the top flange,
having a sliding O-ring seal and kovar seal, which makes contact with
the oven cap. This lead supplies the high voltage 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 screwed to the top of the
plunger, making the entire unit vacuumtight. A micrometer screw
protrudes through this flange, allowing vertical positioning with respect
to the port cover. A small vertical plate is mounted on this flange
with horizontal screws for adjustment of rotation about the loader's

vertical axis. Since there is a force of some 50 pounds tending to pull
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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 into 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 volts is applied between 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 12 amperes. Betwecn 10 and 50 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 observation of the vven. It was also necessary to place an
external lead shield around the liquid nitrogen trap of the oven chamber
diffusion pump, which sits directly below the oven loader.

The ovens used were made of stainless steel hlocks,
7/8%1x1-5/8 in. Figure 7 shows, from left to right, 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 improvement over the simple cy-
lindrical hole 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-

mation.
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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
RbCI and a like volume of freshly filled calcium metal yielded a beam
of 10_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 oven end, A, C, and B (see Fig. 4). All are low-impedence
electromagnets. The A and B magnets are inhomogeneous magnets
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 center 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 of lhe D magnet.

Each magnet is wound in a one-piece coil consisting of
flattened thick-wall copper tubing. Cooling water flows through the
coils. In assembly, the layers of the coil are insulated from one
another and from the magnet by 0.020-in. teflon strips.

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 during assembly. No attempt was made to shim the field at
that time. The winding consists of 20 turns of flattened copper tubing
having a measured dc resistance of 0.00712. The magnet carries the
collimator, Fig. 12, placed in the center of the magnet below the rf
port.

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

slot in the B magnet, Through a sliding O-ring seal in the cover
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Over-all view of the assembled C magnet.
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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 serve to lock the magnets in position after adjustment. Each
screw is covered by a screw-on vacuum seal fitted with an O ring.
Each end of a magnet's coil is brought out of the vacuum can
by a current seal through a top port cover plate. Figure 14 shows the
construction of this seal. Both A magnet leads 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 Cl’ the other one out of plate
C,.
through the rf port.

This allows maximum access to the center of the C magnet

The A and B magnet windings are connected in series and fed
by a bank of 12 2-v 10,000-amp hr submarine balleries connected to
give 350 amp at 4 v. A push button controls a large relay mounted
outside in a weatherproof box which turns the deflecting magnets on
or off. No other adjustment is needed.

The C magnet current is controlled by a rather novel 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 unsatisfactory
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-
served in the easily detectable stable carrier 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 in this manner. The system is described in detail in Appendix

Gt
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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 heartof 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
to which the C field is locked. These are phase-locked oscillators
operating in the ranges 20 to 40 Mc and 500 to 1,000 Mc respectively,
and are capable of producing a continuously tunable signal with a
stability of 1 part in lO8 if the 100-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 107 per hour
was excessive for observation of very narrow lines. The primary
frequency standard is a National Company "Atomicron, " a cesium
atomic-beam machine which locks an oscillator to the peak of the field-
independent Zeeman transition in Cs133 at 9192.631840 Mc. This

provides a series of output frequencies with an accuracy of better than
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9

1:10° and stability I: 1010. It was possible, by comparing on an
oscilloscope the 100-kc output from the Atomicron with the HP 524B
internal oscillator and by manually adjusting the latter, to keep the
two within a few parts in 108. It should be noted that it was not
possible to use the Atomicron's 100 kc directly into the Gertsch
equipment, as this signal had some spurious phase modulation which
prevented the phase-locked oscillators from performing reliably.
This constant comparison with the primary standard was putting
excessive operating time on the Atomicron beam tube, so a James
Knight Co. JKFS-1100 secondary frequency standard was installed.
This is a 1-Mc quartz-crystal oscillator in a temperature-regulated
double oven which has a slability of 5:1010/day, A frequency-divider
circuit provides a 100-kc signal with the same stabilily. It is ncces-
sary only to compare this oscillator once a week with the Atomicron.
There was some harmonic content in the 100-kc output, which was
easily filtered out. Now both sets of Gertsch oscillators and the

HP 524B Frequency Counters use this output as their frequency-
standard input.

The AM-1 multiplies the 100 kc to 10 Mc and then by a variable
multiplier increases this to 19 to 38 Mc. This signal is mixed with a
free-running 1- to 2-Mc internal oscillator whose output is monitored
by a frequency counter. 'I'he upper side band of the mixer output is
fed to a buffer amplifier which locks a 20- to 40-Mc oscillator to this
frequency. This higher-level signal is fed to a crystal diode which
produced harmonics up to several thousand megacycles. The drift
of the 1- to 2-Mc oscillator is about 2:106/hr, or about 1:107/hr on
the output. This is easily corrected manually, since the frequency
is continuously monitored.

The AM-1 output with its high harmonic content is fed to the
FM-4. Its internal oscillator (500 to 1000 Mc) mixes with a selected
harmonic from the AM-1 to give a 10-Mc IF signal. This is phase-
compared with a 10-Mc signal for the AM-1. Any phase difference

produces a dc voltage which is impressed across a crystal diode in
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the plate cavity of the 500-1000-Mc oscillator whose effective capacity
is a function of this impressed dc voltage. A closed loop is formed so
that the oscillator's frequency is adjusted to maintain exactly the

10 Mc 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 Mc may
require one of 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 harmonic to feed the next stage. At 3900 Mc, for instance,

300 mw can be obtained in one stage by taking the fourth harmonic of
975 Mc. More power at the frequency requires the frequency multi-
plication to be done in two stages with intermediate amplifica;tion;

The traveling-wave tube is an inherently broad-band device
which achieves ampllfication by interaction ot 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 shows one of these tubes in its power

supply.
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Table 1

Radio-Frequency Equipment

Standards

Oscillators

Amplifiers

Measuring

Equipment

Number

Ll o S N

[ L L S O

Item

National Co. Atomicron

James Knights Co.
JKFS 1100

Gertsch AM-1
Gertach FM-4
Gertsch FM-5
Tektronix 190A
Hewlett Packard 608A

Hewlett Packard
670SM (klystron)

Hewlett Packard
670GM (klystran)

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 own make
(Sylvania TWT)

Our own make
(Sylvania TWT)

Ilewlett Packard 491A
(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 Mc

0.1, 1 Mc

20-40 Mc
500-1000 Mc
0.200-20 Mc
0.5-50 Mc
10-500 Mc
2.6-4 kMc

4-6 kMo

6-8 kMc

0.200-200 Mc
0.200-200 Mc
0.200-200 Mc

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

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 HP 707 A
power supply

tends to oscillate
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Coaxial tunable cavities act as band-pass filters with an
insertion loss < 2db and a pass band about 2 Mc 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 Meter consists of a thermistor element in one arm
of a Wheatstone bridge. Microwave power impinging on this element
heats it and its resulting changec ot resistance unbalances 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 is determined by beating it against a harmonic
of the oscillator, whose frequency can be read directly on a frequency
counter. For frequencies in the kilomegacycle range, this method is
accurate to about 1: 106.

Thus a trequency fo in the range 500 to 12,000 Mc can be

generated according to the relations

fo = nf,
fl =mf2:l: 10 Mc, (IvV. 1)
fz = p({l mc) + f3,

where f1 is in the range 500 to 1000 Mc, fz is in the range 20 to

40 Mc, f3 is in the range 1 to 2 Mc, and n, m, and p are integers
corresponding to the harmonic number used. The frequency is then
checked to 1: 106 by

(a) filter cavity settings of multiplier stages,

(b) wave meter on output,

(c) transfer oscillator.
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The accurate value is then read from f3 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 Mc. Fortunately no frequencies in this range are needed for
this work.

The signal fo 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. R.G~=8/U coaxial cable with standard UG
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 Mc and only 3 db at 8000 Mc. A box was built
covering the rf flange, as shown in Fig. 19, carrying five of the
feed-throughs to allow for flexibility and possible future complexity.
This 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 electrical 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 corresponding to an optimum

perturbation is kY.

6y = 1.07 % . (IV. 2)
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where a is the most probable velocity of the atom and £ is the length
of the oscillatory field along the beam. For separated oscillatory fields
of length £, 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

sy = 0.65 1% : (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 resonance hecight.

The width, Eq. (IV.2), is the minimum obtainable, and i1s seen
only for transitions that are field-independent. Usually field inhomo-
geneities broaden the line to many times this value. Ramsey patterns
foriseparated 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 ot such effects are shown in the following sections.

Selection rules for magnetic dipole radiation require that the
oscillatory magnetic field be parallel to the static field for Am=0 (0)
transitions and perpendicular to the static field for Am =zl (w) 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 (LUR 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-plate transmission line whose im-

pedance is given (RAM 44) by

4 a
ZO A 12017 B‘.

where a is the separation of conductor and b is the length along the :

for a << b,

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 is 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 feally is and--more seriously--what configuration it
has. Examples are shown in Section V of resonances distorted by this
distribution of mode structure along the beam. Furthermore, when

the wavelength is of the order of the size of the vacuum can, uﬁshielded
hairpins can excite cavity oscillations in the can. It was found, in the
excitation of a strap with a frequency-modulated 500-Mc signal for
locking the C field, that the modulation apparently reached the detector
by this means, masking the signal obtained from the beam itself. In-
stalling a conducting reflector (aluminum foil) between the B magnet and
detectors with only a small beam hole did alleviate the problem. A
better solution would be to use a shielded structure in which all rf fields
are confined to the insides of the conductors.

The obvious shielded structure is a coaxial line with a slot cut
for the beam to pass through, and with the line terminated in a short
beneath the beam path, If the axis of the coaxial line coincides with
the beam line the rf magnetic field is perpendicular to the beam if the

TEM mode (RAM 44) is propagated, but is 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 0 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 = 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 w transitions, but an
"eccentric' coaxial line with the center conductor off center was built
which, while sacrificing some power owing to impedance mismatch,
allows both m and 0 transitions to be observed (without moving the
hairpin).

Originally this design was incorporated into separate structures
designed to be placed about 12 in. apart in the gap so as to give very
narrow Ramsey patterns for = 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 because of the high standing-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 difficult to say, without actually observing transitions in the
beam, whether the rf power is actually getting to the beam vicinity or
is being 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 is 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 reading, since
the level required 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 unshielded, a small coupling probe located
near by can give a relative indication of power reaching the end. Such
probes have been used (STR 57, KUS 59) for some time in atomic beam
work and one was used for a short time 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 fashioned by
bending the center conductor of a piece of RG-58/U cable in a circle
and soldering 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 vertical plane normal to the beam line. The voltage in-
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 proportional to the rf power at the
shorted strap which 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 Fig. 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, giving a 10-kc resonance width on field-independent lines.
Another strap 2 in. long was constructed to try to reduce the line width
(see Eq. (IV. 2)) but in the light of possible distortions (RAM 56) due
to Doppler shift and possible non-TEM-mode structure, the resonances
obtained with this strap cannot be considered reliable. Section V of
this thesis 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, rigid 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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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 —%— Z0 tan (2w £/\), where Z0 is the characteristic
impedance of the line (approx 50 ohms) and £ is the length of the stub;
whenever the tangent takes on the value 0 or = (which is pretty often
in the microwave region for £ = 10 cm as used in this hairpin), all
input power is reflected from the junction and no rf reaches the beam.
The usual way around this difficulty is to bring both arms of the hair-
pin out of the vacuum and connect a trombone structure so that the

stub length £ can be varied simullaneously for both. This necessarily
means that the arms would be several 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 in 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 i1s probably the most
serious distortion 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 hairpin is very atiracltive 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 transmission 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 Mc, 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 locking [1equency
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 tew volts negative pouleutial to the small plate and the ion current
measured with a good electrometer. It is possible to cause these ions
to pass through a mass spectrometer so that only Lhose ions of a desired
mass are detected. With such a combination K40 beam intensities have
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 is.
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 0.010-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. X1 cm, 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 attached 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 1Xl-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 connector 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

+2 amp; a typical full beam reads 2 X e amp and

-11
a

current is 1 X 10"
a resonance in a stable isotope is about 1X10 mp.

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 ><10'-ll amp.

A third hot-wire ionization detector, also 0.010-in. K-free
tungsten wire, is mounted in front of the exit slit inside a mu-metal
cylinder in which holes have been cut to allow free passage 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-beam 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-
flecting fields turned off, the stop wire lowered, and the calibration
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 tem-
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, show1ng 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 NaI(T1l) crystal (approx 2 mm) backed by a
phototube whose output is fed to a single-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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Fig. 28. Counting facilities, showing the four scintillation
counters in lead pigs, and associated scalers.
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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 Ay and
gy 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 by using the knife edges mounted for that purpose
(see Fig. 10). Since a beam 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 molecular 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 0.0066 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 inslalled. At this time adjustment of
the C magnet current was very crude, consisting 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, AF = 0, Am = %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 AF = %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
(2 strap type) used to excite the AF = 0 transition.. Consider now a
K39 atom in a magnetic field corresponding to the Zeeman region of
hyperfine structure where the F, m L 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 of 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, Athe'ﬁrst hairpin carrying vy flops
the atom into the state 2, 0. If v, is present in the middle hairpin, the
atom is flopped into the state 2, 1. As the atom passes through hairpin

No. 3, also carrying vy it undergoes no transition, since selection

.rules forbid AF = 1 transitions from this state with the frequency vy

Thus the atom has moved into the group having opposite sign of
effective moment and is refocused. If v4 is not present, hairpin No. 3
will flop the atom back into state 1, 0 and the atom is.not refocused.
Actually, because of the transition probabilities involved, some atoms
are left in the state 2, 0, which-increases the refocused background.
With vl'fix‘ed, an oscillator sweeping over v, traces out the

2,0 <« 2,1 transition superimposed on the higher background owing

to the 1,0 <= 2, 0 transition, -provided the rf power as.sociated with vy
is properly fixed. Figure 30 shows the variation of the intensity of
the vy 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, set at this optimum power, maximum'flbp
from Vy 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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Fig. 29. Energy le:\.rels of K’ in a strong field; v, V3
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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 be the same, so long as the frequencies are adjusted for
transitions 'between.proper lbeve1~s.‘ In fact, for the obvious applicatidn
of this method for measuring gp it would be advantageous for the
AF =1 transitions to take place in the Zeeman region, where these
lines are reasonably field-independent, and for the-AF = 0 transition
to take place in high field, where the transitions go through a broad
field-independent region and the separation ZngOH/h is as large as
possible. This technique was used by Sandars (SAN 59) to measure
the nuclear moment of EulSl. - -

It should be hoted that when v is the frequency of an un-
resolved doublet, as indicated in Fig. 31, certain AF = 0 transitions,

and v,, -between states' involved in the doublet transitions are

v s
ol?;vio'uslir not observable, whereas vy and Vg would be' observable.
Howeyer, if an adjacent AF =1 transitipn is chosen, vy and v, can be
.seen. All possible AF = 0, Am = 1 transitions were observed in this
'a'pparatus by choosing proper AF =1 fI:equencies'in the outer hairpins.

| Nothing further was done With this eftect, as it was nol
practical to modify the interior of the apparatvus. Attempting to operate
all three hairpins in high field would not be satisfactory because the |
desired AF = 1 transitions are very broad and the signal frc;fn the

AF = 0 line would be too small to see.
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Fig. 31. Energy levels of k37 in a strong field; v, is an"
unresolved doublet; v, and y3 are not observable with
v} in the outer hairpins. e '
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C. Measurements on Rb85

As 'eprected, the resonances observed by using both strap and
coaxial hairpins broadéned considerably owing to inhomogeneity of the
C field, but widths were reasonably close to the.expected values
(Eq. (IV. 2)) for field-independent lines. Typical values for a 3/4-in.
strap are: Aon,field-inc.lependent lines, 20 kc; field-deperi;dent Zeeman
lines, 50 to 400 kc; the AF = 0 refocusable transition in'the region
10 to 600 gauss, 100 kc to 1 Mec. o

When the 2-in. strap was installed, it was immediately used
for investigation of radioisotopes. When stable Rb85 was investigated
in the region.Where the nuclear moment is measured, very poor
quality resonances were observed, an example of WhiCh' is shown in
Fig. 32. Instead of a single resonance peak 8 ke wide, somewhat
broader lines having more than one peak were observed. This dis-
tortion is probably caused by a combinatibn of Doppler shift, stray
fields from the coax-hairpin transition, and radiation fields in the gap.
Because of this poor shape, the uncertainty in the value of the difference
of the doublet was too large to obtain a usable value of g;, and it be-
came imperative to use some sort of shielded structure, preferably
one using the method of séparated_ fields.

As was mentioned in Section IV. E, the coaxial hairpins were
spliced together so that the separation of the fieldé would be of the
order éf 2-in., since work with straps indicated that th%e field would
be homogeneous enough over this i‘egibn; the separalion was actually
set by the requirement that the arm lengths be such 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 with a central peak
" about 3 kc wide was expected. As shown in Fig. 33, a satisfactory
reasonably 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

ﬁf‘obébly was some phaée shift. Other distortioﬁs (RAMA'56) should be

fes
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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 r’esor}ances 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 steen, indicating that the analysis developed in the reference
above for the Atomici‘c.mAbeam 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 present it is not likely that it is so frequency-sensitive
that a change of 0.5 Mc out of 2,600 Mc will affect it, therefore the

- moment calculated from the difference of the two peaks should he
-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 resonances 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 actual variation of field in the region, for otherwise no in-
terference patterns could be seen. '

As mentioned before, an out-of-phase Ramsey pattern can be
seen on O transitions from each coaxial hairpin, since the eccentric
position of the center conductor produces compohents 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 patcheées, and the single patterns overlap if
the fields are the same. Observation of the field-independent Zeeman
line 3,0 - 2,0 in. Rb85 {Fig. 35), shows the shape of the observed
transition by using the Ramsey structure. The width of the central
minimum depends on the separation 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 ﬁarrow minima and allow odd-A Ay'$ to be

measured with precision.
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85

D. his Separation and Nuclear Moment of Rb

By using the Ramsey structure, the doublet 3, -1 «— 2, -2 and
3, -2« 2,-11in Rb8'5 waé observed in the field where its mean value
is a minimum. Details of the calculations involved are given in
Appehdi# B. The C fi:eld.at 562.6 gé.uss was-locked_to the 3,3 <« 2,2
Rb85 trénsition at 4431 Mc. It was necessary to lock to a AF = 1

transition because the AF =0 flop-in transitions for_both Rb85 ‘and

Rb87,- the stable components of the beam, were in the range 420 to
470 Mc, which the locking system was not designed to cover. Actually
it was found to-be advantageous to use this highest-frequency = line
because (a) it is a. singl‘e.t,» and is the first transition observed at this
frequency as Hj is increased from zero after degaussing, so that the
identification prohlem is eased, and (b) large frequency deviation is
obtained at these harmonics of the FM-4 frequency, which allows
better control of the locking performance without the danger that
excessive deviation 'rnair pull one of the 6s‘ci11atorsroff its phase lock.
The field was calibrated by obsérving the Rb87 AF = 0 flop-in

transition at 46,9.;8' Mec. . The Gertsch equipment was operated at the
settings shown in Table II. Optimum rf power was 500 mw for Rarﬁsey
patterns, 300 mw for lbcking, and 200 mw for calibration. Observations
of the doublet Were made at several values of H, near the minimum
point, and results are summarized in Table III and are shown in

Fig. 36 superimposed onbploto of Breit-Rabhi transition frequencies

for the doublet'calc‘ulated'. with the Ay and 81 obtained by best fit of

the data. The results are, for Rb85 in the 281/2 state,

3035.7327(7) Mc,

2.938(2) X 10-43 '

Av

&1
to bé compared to the published ':ralues‘ (BED 52, YAS 51)
' ' 3035.735(2) Mc,

2.93704% 10" %,

Ay

]

81
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Table. II

Radio-frequency oscillator settings, Rb85 moment search

(Symbols.defined by Eq. (IV. 1))

Locking system : Search system

£y 1.2847 Mc S 1.6849 to 1.6903 Mc
41'D 23 27

5 24.2847 Mc 28.6849 to 28.6903 Mc
m .30 30

£, 738.542 Mc 870.5 to 870.7 Mc

n 6 o ' 3

f 4431.2 Mc 2611.64 to 2612.12 Mc




Table III

Rb8 5 Fesults

Vg7 H, v- vt _.. .v+2+ v viov
Observation (Mc) (gauss) iMc) (Mc) (Mc) (Mc) &1
1 469.41(8) 562.18(8) 2611.6514(3)  2612.1138(3)  2611.8826(5) 0.4624(5) 2.938(2)X10~%
2 469.65(8) 562.41(8) 2611.651213)  2612.1136(3)  2611.8824(5) 0.4624(5) ;.937(2)x10'4,
3 469.83(8) 562.60(8) 2611.6510i3)  2612.1139(3)  2611.8824(5) 0.4629(5) 2.939(2)x10™%
4 469.95(8) 562.72(8) 2611,6514:3) 2612.1142(3{ 2611.8828(5) 0.4628(5) 2.938(2))(10'%
‘5 470.25(8) 563.03(8) 2611,8830(5) 2.938¢zy§1074'

2611.6575(3)

2612,1145(3)

0.4630(5)

“56-
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The Breit-Ra;bi 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. . | .

» Of} the basis of the experimentally determined constants above

and the correAspon.din_g published values for Rb87

, Rb85 - Rb87 has the value’ 0.31(7)%, which is to be compared to the
more accurate value (BED 52) of 0.3513(6)%. P

This result indicates that the method used here should be
86

, the _hfs: anomaly

capable of measuriﬁg the moment of Rb™ " with comparaﬁble accuracy

and should give the Rb85 - Rb86 hfs . anomaly with an expérimental
ﬁncertainty ol about 0.1%. . ' '

- It is not likely that the Zeeman-region Ay measurement of
Rb85 by Bederson and.Jaccarino (BED 52) can be improved significantly
with tHis apparatus, even with new hairpins. It might be interesting

to see a measurement of this value made by methodé of optical pumping

(KAS 50, ARD 58, BEN 58) to be compared with the value obtained here.
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VI. EXPERIMENTS ON RUBIDIUM-86

Because Rb86 is the most readily available 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’ isétope 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 anofnalies involving this
isotope less useful than one of the odd-A isotopes. The techniques
developced in this work are appliu'able 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 RbC1 in an HCI1 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 Rb85 (n, vy) Rb8 , so that the target
material cannot be separated chemically from the reaction product,
thus fixing the proportion of carrier isotope to radioactive isotope in
the beam material unless one wants to decrease.the specific ‘activity.
This is:usually not desired, since as high a cou{nting rate as can be
obtained is needed for good signal-to-noise levels and good .c.ounting
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
"'chemistry" reqhired was to obtain RbCl powdef 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 HCIl 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-ml centrifuge cone. The

powder‘ was scraped from the walls and put directly into an oven.
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Freshlly 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 Detection of the Beam

" “‘About half an hour was required for the oven loader to be

- brought through the successive pumpouts into position and for the oven
- .chamber pressure to fall to about 2X 10-6, mm Hg - The oven filament
current was then slowly increased to the operating point and,. when the -
pressure fell back to its previous value, several watts of electron
power was applied. Power was slowly increased, keeping the pressure
about 5><10'6 mm, to ahout 15 watts. In about 10 minutes the beam
would become detectable and would rapidly rise to a levcl of

2to 3X 10-,10 amp of ion current at the exit-slit detector. During the
course.‘ of the run the power had to be gradually increésed to maintain

a constant beam level as recorded.by the monitor detector. The
Ilnra.ctic'al limit ' was 60 to 70l watts; at any higher' powet arcing was
observed between the oven and oven loader, and oven pressure rose

to the point at which scattering of the beam was apprec1ab1e The
stable components of the beam,;, Rb85 nd Rb8 s were detected w1th

the hept-wire ionization detectors as described in Section IV. F, and
'the Rb86 was detected by the countmg of the sulfur c:a.rry1ng buttons
‘after exposnre to the beam. The decay scheme of Rb (SEA 58) is
shown in Fig. 37. The 1-Mev gamma ray is not complete]y absurbed
in the thin counting crystal so the counting efficiency is low. Most of
the decay is by beta emiésion and the passage of the emitted electron
through the electronic cioud of the atom has a smail probability of pro-
ducing the ‘characteristic.x rays of . the atom by "1nterna1 ionization"
(EVA 55). The _counting rate in the thin crystal counters due to this
radiation was quite satisfactory; the pulse-height analyzer settings

for the oeak of this radiation were very close to those for optimum
counting of the K x-ray from the neutron def1c1ent rub1d1um isotopes,
as would be expected if the countlng rate were pr1mar11y due to the

internal ionization.
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Typical counter background is 1.5 counts per minute with

86, Identification of the isotope

settings for optimum detection of Rb
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, however, by
decay of both the chemistry and the resonance peak buttons and ob-
servation of their gamma spectrum by using a 2X2-in. Nal (T1) crystal

and the Laboratory's RCL 256-channel pulse-height analyzer. "

C. Experimental Procedure

- When the beam reached about 10710 amp the oven and exit slit
were aligned with the collimator and stop wire by the f(ﬂ].nwing pro-
cedure: The beam Was observed while the oven loader was moved 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, V
showing the shape with the stop wire in place and with the stop wire
.removed. T.he»oven,- collimator, and stop wire were then aligned.

With the stop wire out the full beam was observed on the button loader
detector and the exir slit laterally imuved to checl 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 Rb86 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 with stop wire out,

and deflec_téd 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 alternately 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—magnét current increased until the
resonance was focused. The phase lock of the magnet-regulator '
system (Appendix C) was turned on and minor adjustments of modulation
index, gain, and rf pbwer were made to obtain optimum.locking con-
ditions. The calibrating frequency was then introduced in the search
‘hairpin and the calibrating resonance observed by using the button
loader detector. If the position of the calibration indicated that the
field was not locked close enoﬁgh 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 rﬁade and e:éposure 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's and 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
pos.ition, the search frequency changed, and the button loader rotated
to the next exposure p§sition,' after which the pfeviously 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 eiposed the button loader

was rotated to place the hot-wire detector in the focus and the peak
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Fig. 40. Beam profile observed on the monitor detector.



VI. C. -106-

of the éalibration 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 another 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 subtracted, and correction
made for beam normalization, using the monitor detector i'eadings.
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.

Table IV

Radio-frequency oscillator settings for Rb86 Ay search
(Symbols defined by Eq. (IV: 1))

Locking system Search system
£y | 1.3 - 1.8 Mc 1.0688 - 1.0691 Mc
P | ' : 38 |
f, 39.0688 - 39.0691 Mc N
m 25
£ - 986.7 Mc
n - | - 4
£ - 3946.87 - 3946.92 Mc
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D. Measurement of Av

| The spin (BEL 51) and rough value of Ay and s1gn of the
moment (BEL 53) for Rb86 were measured by Bellamy and Sm1th at

Cambr1dge Up1ver31ty as

I1=2
Ay = 3960 + 20 Mc,

g1 negative

.

by observation of the AF = 0 flop-in transition in fields of 4 to 163 gauss
" and using Eqgs. (IL. 23)-(1I. 25). "It was nec‘essary'toAreduce the un-
certainty in Ay before a direct AF = #1 transition search could be
undertaken, ther_efore further observations were made of this transition
al fields of 184, 274, and 630 gauss. Typical 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 Av was
in the 4-Mc region, centered around 3948.7 Mc.

A search was then started for direct transitions in the Zeeman
region (3 to 4 gauss). ’The observable Zeeman spectrum of an isotope
with spin 2 consists of fop.r m lines separé.ted by 4/5 HOHO/h (see
Section II.D). All except the highest-frequency line are doublets, so
the search was begun for the upper frequency doublet since it is field- |
de’penﬁent and was expected to be greater than 100 kc wide, making it
relatively easy to spot. Several runs were made in the region 3950 to '
3960 Mc, but no resonances were seen. Aunalysis of thesc rune in the
light of the inore accurate value of Ay obtained later on indicated there
were indeed no resonances in the region searched. Exposufes 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
expesing buttons while sweeping the IAM-l' s low-frequency oscillator
with an electric rhotor connected to-its coAntr"oll knob, thus integra'tiné
the exposure over 150 kc at 3950 Mc. Signal-to-noise ratio was, of
course’,c reduced, but the speeding up of the search was considerable.

A button was found with a counting rate three times the average, and



‘HP 430C
Power
Meter

537 Mc

or 516 Mc

Fig. 4l.

-108-

HP524B

HP 5248

Frequency Frequency
Counter Counter
| - o o
- 100-cycle
3 L
Gertsch AM-I Gertsch AM-1 ™ frequency
: ! - modulation

: Gertséh FM-4

Amplifier
Stol kMc

Ger tsch FM-4

I

—

HP540B
Transfer

Oscillator

Amplifier
Stol kMc

X
TstoHP430C

to Search hairpin

in Rb°".

’ ‘
503Mc toField-locking hairpin

MU-19783

81-5 Block diagram for high-field AF = 0 search



COUNTS PER MINUTE

-109-

5.2 »
FREQUENCY  (Mc)

Fig. 42. Observed resonance of AF
184 gauss.

= 0 transition at

MU= 16435



COUNTS PER MINUTE

-110-

| 1 ] ] -l - i

L

800 2 3 4 5 6 7 B s B0
) FREQUENCY  (Mc)

MU- 16434

Fig. 43, Observed resonance of AF = 0 transition at
274 gauss,



COUNTS PER MINUTE

-111-

1 1 1 1

-

1 i [l
6 7 &8 9

o8-
N
ot

i
[ 1 2 3 4
5160

FREQUENCY (Mc)

Fig. 44. Observed resonan
630 gauss.:

l [l [l 1 —1 ]
5 6 7 9 |

MU- 16433

ce of AF = 0 transition at



V1. D. “112-

"upon searching that region in discrete steps, a resonance was found
hav.ing a. width of 400 kc. A broad line was expected, since excessive
rf poWer was being applied for that purpése. . The field was shifted
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 exbitement of the moment this point was over-
looked. As was found later that this was the adjacent singlet. . The
line 4/5 Ko HO/h lower was found, but always disappeared when the

- field was shifted, indicating that it was not the field-independent doublet

near Ay. All observable 7 lines were then seen and positive identi-
ficatioﬁ 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 Rbs? flop-in transition nga.f 1.5 Mc and the field calibrated

by usihg the corresponding Rb87 transition. A block diagram of the

rf equipment is shown in Fig. 46 with the Gertsch equipment settings
as 'sAhow'n in Table IV. From these resonances, the hfs separation

was determined to be 3946.883(3) Mc.




Counts per minule

150

100

.50

- =113-

"~ 2.4 gauss’ 3.4 gauss

) LS\ ! i N pun : 1 ]
3 946,880 .900 .880 900 - ~,880° .900 .920

r e'nc Mc
Frequ y ) MU=19776

Fig. 45. Observed resonances of AF = #'] transition in
low field.



VI. D. -114-

Table V

Measurement of Ay for Rb86

=¥ 1/2 Zeeman transition

m ‘=:!:1/2*—>m

3600.3147(5)

F F
Run - v v‘(.Rb87) Ay .Remarks
L (Mc) ;. (Mc) (Mc)
33 3946.891(5) " 1.52 3946.886(5) 3/4 in. strap
39 3946.900(4) 2.98 3946.883(4) 1-1/4 in. strap
) 3946.893(4) 2.37 3946.882(4)
3946.887(4) 1.66 3946.882(4)
63 3946.894(4) 2.24 3946.884(3) 2 in. strap’
78 3946.898(4) 2.66 3946.884(3)
79 3946.894(4) 2.28 3946.884(3)
Intermediate-field doublet
Hairpin v Average v Ay
position (Mc) (Mc) (Mc)
Original  3599.9340(5) o
, 3599.9345(8) 3946.883(1).
. Reversed 3599.9350(5) -
Hairpin vt v- —"—+T+—"; Ay
position (Mc) (Mc) .© (Mc) (Mc)
Both 3599.5542(5) 3599.9345(8) 3946.883(1)
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- - E, Measurement of the Nuclear Moment

Al,sea'r.ch was made for the doublet used to.measure g1 on the
basis of the value of Ay 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 shape and consistency of the experimental

valués of the peak frequency were not good enough to yield.a reliable
value of the nuclear moment. Furthermore, the disérepancy between
the low-field Av determination. (Section VI. D) and the Ay determined
from the fninimum value of the mean frequency of this dogbiet 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 -
'mc.)stly by Doppler shift, and observation on Rb85 (Section V. C) con-

firmed this suspicion, A serious move was then made to use a Ramsey

' Hairpin for this d‘etermination of giu After the operation of thecseparated -

field hairpin on .Rb85 (Section V. D) had been checked, Ramsey patterns

were observed on the Rb86 doublet. When the 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 eﬁcposures at 3600 Mc. . The block diagram

of the ra‘dio-frequenéy equipment used is shown in Fig. 49, and the

- settings of the Gertsch equipment for this experiment shown in Table VI.

The magnetic field at 592 gauss: was locked to the 3, 3 < 2, 2 transition

85 \ 85 .
flop-in

transition at 457.5 Mc. 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, and’,’tljie,c,éris_i’s;tfncy.of data, the criterion set for the uncertainty
of thé 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 Rb85,
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Table. VI

Radio-frequency oscillator settings for Rb86 g1 search

(Symbols defined by Eq. (IV. 1))

Locking system Search system
£y 1.7050 Mc 1.595 - 1.604 Mc
P 23 . 34
, 24.7050 Mc’ 35.595 - 35.604 Mc
m 301-. ' 25
£, 751.15 Mc - 899.8 - 900.1'Mc
n 6 4
£ 4506.9 Mc 3599.54 - 3600.34 Mc’ |
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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 that found with the hairpin in the original (unreversed) position.

. The results obtained are consistent with the assumption that
th‘ere is a phase-shift distortion which shifts the péak 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 fro’m the mean value of the observed tran- -
sitions in the two hairpin positions. ' ' _

| It is rather interesting that there is a phasé shift in the stru_cfure
at 3600 Mc and no afpparent shift at 2600 Mc. 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 mat_efial
of low dielectric constant as spacer material so that the arms 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 Rb86 in the 251/2 state

Ay 3946.883(2) Mc,

24.590(4) x 1074,

g1




Table VII

‘IA

g; Measurement for Rb86

4 - + -

- Run l (I\ZC) (I\ZC) - v(N;c‘; , "(gl;lgsS). ' &y
91 © 3600.3138(6) " 3599.5536(6)  0.7602(9) - 591.86(10) - -4.588(6)x10"%
3600.3142(6)  3599.553616)  0.7606(9)  591.86(10)  -4.591(6)x107%
92 3600.3143(3)  3599.5537:3) "0.7606(5)' 591.87(10) -4.593(3)x10™%
93 ©3600.3142(3) 3599.5537(3)  0.7605(5) 591.70(10) -4.591(3)x10 %
100° 3600.3152(3)  3599.5547(3)  0.7605(5)  592.02(10)  -4.589(3)x10”%
5t - P H,
(Mc) (Mc) © (Mc) (gauss) €1
92-100%  3600.3147(5)  3596.5542(5)  0.7605(7)  591.9(2)  -4.590(4)x10”%

gl

ar .. e : o e - L
Indicates hairpin in reversed position. The average values above are averages of each

transition for the hairpin structure in Loth positions.
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| E
-and, using the corresponding values for Rb85'g'1ven in -APpendix A,
for the isotopes Rb85 - Rb86,' ' : -

4 a M |\ :
' pI;IgI< P)- -1.6856(14) nuclear magnetons,

oMy GLe D

> . .sz (ZIl + 1)

= .6409562(6),

g1l T 2.93704(4) ,
_— = = .63988(56),
&, 4359009~ (56).

giving, from Eq. (I 9),

A= 0.17(9)%.
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VI. COMPARISON WITH THEORY

A. Nuclear Models of Odd-Protoh-—O'dd-NéutronAIsotopes

1. 'Single-Particle Model

The simplest particle description of an odd-odd nucleus is to

attribute the nuclear properties to the odd proton and odd neutron, each
‘in its appropriate shell-model state (MAY 55) with the total angular

momentum of these two particles vector-coupled o give the g factor

—

T .7 T T

_ P n |
& TNy & T I Ty Ew (VIL. 1)

where I is the spin of the-isotope, ;-I_p and I . the total angular momentuw
of the p'roton and neutron respectively, and gp and gn the proton and

neutron g factors, which are given for either nucleon by

RS S 25 S
= : + = , VII. 2

where j is the nucleon's total angular momentum and g and g, are
the spin and orbital g factors of the '"free' nucleon, as follows

(BLI 57):

proton neutron
gy = 1 g, =0
g, = 5.59 g, = -3.83

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

Nordheim (NOR 50) pointed out that the ground-state spin of a
nﬁmber 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 as sumption that the
intrinsic spins of these two odd particles always tend to line up parallel.

The rules are
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"Strong' Rule:

I ;,Jp + Iy if. Jp = Zp +1/2 ‘and ip = ln +1/2,
I= |Jp-Jn| if Jp:l:l:l‘/Z.__ ~and _]\n'-“l-{'..l/Z;o
(VIL. 3)
and
.o 1 . . : o < .
Weak 'Rule. l_]p _]nl <I £ Jp +J

Fair agreement with experiment can be obtained for magﬁetic moments
by using ;‘.his 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 a;:count for the moments of
heavier nuélei_. It should 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. (VIIL. 1) should still be used to
calc?ulate gp but that the gp and gn should rgpresent empirical g
factors, i.e., fqr the odd-odd nucleus Z, N, the gp and g, are the
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 (CAI 56), is more successful than using free-particle g factors.
Unfoftuhately, g factors for these "adja.cent nuclei are not always known,
but Schwartz finds that using g factors of near-by nuclei in.the same

‘State givés reasonable agreement.
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2. Collective Model

'Bohr and’'Mottelson (BOH 53) consider a, system of a single -
particle and a distorted core which is assumed to be uniformly
charged and thus to have a g factor

~ Z

ErR - &
Several schemes of 'ceupling the odd particle to the core are considered
(BOH 51a, b). For the interesting case in which the tOtd.]. j of the odd

,partlcle is. coupled to the core, Bohr f1nds

where Q is the cor_npo'r'lent.of | j along the nuclear symmentry axis.
,Eof' the.ground state it.is found that I = Q. Generalizing to two odd
particles, one ‘has -

gq" %[9 g + 2 _go@)],

- neR PRz
,whei_'e Q =1 and gQ'(‘n')hand gQ(p‘) are the . g. factors ot the odd neutron
. and proton moving in an ellipsoidal potential. Since these ellipsoid
potential g factors are usually not known, g. values for pure |
states are used. Agreement with experiment should not be expected
to be very good... For nuclei with odd particles close to.closed shells,
“such as Rb86, this model is not really applicable, since the core is
expected to be close to spherical (GAL 58). _ L

Gallagher and Moszkowskl (GAL.58) have determined general

coupling rules analogous to the Nordheim rules, Eq. (VIIL 3), for
deformed nuclei, making the assumption that the components of the
neutron and protoﬁ spin along the nuclear symmetry axis always
couple parallel. Following Bohr and Mottelson, they give for the

nuclear moment
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/ I
B = (gQQ+ gR) I+1°
where gR z Z/A, and

gQQ; [+ (Ap + 5.6 .Zp) +3.8Z ],

where the signs of the two terms are the same as. the signs of Qp and

Qn appearing in the coupling rules

I

Q +Q  “for @ =A_%1/2 and> 9 =A_=%1/2,

P »n P P n n .

I=.2 -Q | for Q =A_=x1/2 and Q_ =A_*+1/2,
P n P P n n .

where Ap‘ is the aéymptotic orbital quantiim number of the proton, and
- .the signs of the aSyrnptotic spin quantum numbers Ep and Zn are plus
~ or minus depending on whether the particles' intrinsic spins .are up

(+) or down (;). This notation was introduced by Nilsson (NIL 55,

MOT 535) in classifying single-particle states in deformed nuclei.

- 3. 'Configuration Mixing Model

- Attempts to accoﬁnt for the deviation of the measured magnetic, -
moments from the Schmidt limits predicted by the single-particle )
shell model lead to the mixing of différent nucleon configurations with
the odd single-particle configuration (BLI 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 ‘operator. The wave function can be written

U.= x. + = a, ¢.j,
J J i 11
where X ; and ¢i‘j‘are the ground state and excited single-particle states
respectively and a; is the fractional percentage coefficient. The

magnetic moment is given by

‘Hconﬁg. mixing: <¢_] l;op I qJj> II"
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Since a, is small, only terms linear in a; need be retained, and because
: the; magnetic-moment operator is a single-particle operator, Xj and
A¢iJ can differ only by a single-particle state and the orbital state may
not change. ‘The three possibilities are (BLI 57):
(2) for j = £ + '1/2 ﬁuélei, if there is more than one nucleon in the
state, ¢ij can be fbrrr;ed by tréﬂsfer‘ring one nucleon to the state
j=2-1/2
'(1;) for j= - 1/2 nuclei, if there is more than one hole in this
state, one nucleon can be put, mto the state j- - /7 to form
q) J . ‘ _ A .
(c) for all nuclei there can be a transfer of one nucleon from a
r:]osved' it =2 .+'.l/2 subshell'to an'in'cémpleté =120 - ,l/Z'éubk
shell. A
- Afte'r determining the strength of the interactions, Arima and
Hor1e (ARI 54) successfully predict the momeénts of most odd-A nuclei.
‘ Recently the theory.has been eéxtended (CAI 56; NOY 58) to in-
cliide odd-odd nuclei, for which the expectatlon value of ~the nuclear
mioment is-given by - ‘ ‘

iyl +1>+1(1+1>-J G, YN G )+6MJ)

(e ‘ { Lepe

&I+l , j

Saligt D)+ 104 1) -5 G | i G) + Buti) |

21+1 ) i J

R

where }Lsp(jp) and 'psp(jn) are the Schmidt vdlues of the respective
" nucleons (Eq. (VII. 2)) and &u are tonfiguration mixing corrections.
The terms (“sp + 6p) for proton and neutron are to be empirically

determined from n'eighboririg' odd-A nuclei and are used to calculate
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86,, the configuration mixing value of the moment

A.“p and Apﬁ' ' F.ér Rb

is no better than the prediction by the extreme ‘single-particle model.
The single-particle configuration of the Rb86 nucleus is

writtén (m fs/z)g-1 (v gg‘/z)-lz that is, there is a proton hole in the

4 clos‘gd. shell of six.protons with jP = !p - 1/2, where Ip = 3; there

- is a neutron hole in a closed shell of 10 neutrons with ']n =-£n +1/2,

. with £ = 4. By Nordheim's strong rule, Eq. (VIIL. 3), one has
I=19/2-5/2| =2,

as is observed experimentally. The coupling rules of Gallagher and

. Moszkowski also 'correctly predict the spin. Table VIII summarizes

the predictions of these nuclear models as applied to Rb86.

Table VIII
86
Nuclear moment of Rb™ "~
_ . SP, SP, Collective Collective Config. mixing
N glree)  glemp)  (BOH 53)  (GAL 58) (NOY 58)

- exp

-1.686 -2.13  -L7 -1.56 -1.14 1.0
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B.. Application of Models to :Bohr-Weisskopf Theory

It will be useful to try to predict the hfs anomaly for the two
isotopes’ Rb8'5 and Rb86"by.u$1ng_three,_stagee_ of the theory:
(2) the original .theorv as modified by Bohr,
(b) the extension by Eisinger and Jacea:_ino,
(c) the extension by. ,Stroke to-include effects of the charge
dlstrlbutlon _ o ,
Unfortunately, 1t is not fea31b1e at this stage of development to
apply the more sophlst1cated conhguratlon mixing and collective models
.of odd-o0dd nuclei to this-theory because: of the additional arbitrary
_conditions which must now bé set on the apportioning of:thé spin and
orbital fractional contributions among the many particles which now
contribute to the value of the moment. It is hoped that progress will
be made soon on this problem. ,
Two models are con51dered here, both of Wthh are of s1ng1e-
- particle type. In Model 1, the difference between the observed g
" value and the Schmldt g value is eliminated 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 Z,l 8y instead of g is to be modified By exchange currents. to
" give g(exp). Each of these is then applied to the three stages of the
anomaly theory above to give a predicted A for Rb85 - Rb86 As
is readily seen, the theory of Eisinger and Jaccarino corresponds to
the uniform charge distribution of Stroke (STR 59), and theory (c)
assumes a surface-charge distribution as presented by Stroke.
Fortunately, the use of empirical g factors of neighboring6

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. (IIL. 6) and a and a, are given by Eq. (I11. 7). For Rb85

odd proton is in a f 5/2 state and one finds, assuming 8y (proton)
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gg(neutrén) = ‘
o L. eff &
87T &p 7
R s ' , .85 . eff
Using the empirical value of g for Rb .539, one finds gp =4.22.
Thena_ = - 1/7 eff =-l.l4and a, = (1 -a ) 2.114. For Rb86

the nuclear g factor is given by Eq (VII. l) It-is assumed that the

—

addition of the odd neutron does not affect the proton state, so for g

the value g__ (Rb ) is used. With Ip 5/2 and I = 9/2, Eq. (VIL. l)

giveé 8, = -0 215 using the experimental g factor of Rb™~. From
Eq. (VIIL 2), with g8y (neutron) = 0, one finds geff- -1.94. Using these
values in Eq. (VIIL. 1), one obtains
eff
__5 + 11 |8sn
g [y gp 5 \ 9 of
L .85 - _ ., . 85 11 1 (8sn
and U * -5/6 qs(Rb )s %y = -5/6 a;,(Rb""), anda_ = 2 5/

'giifing'.the values 0.928, -1.762, and 0.466, respectively.

:I\J/Iodel' l(a)j

Witl-;. the fractional contr,ibutio‘ns obtained abéve, € is
calculated with Eq.. (III. 4) as de.rived by Bohr.. For Rb, b = 0.58, and
for the odi fS/Z proton, (R/R 2z 0.8 (BOH 50), and from Eq (I111. 2),

= 4/5. For the. g9/2 neutron, {=4/11, (R/RO)2 T 0.9 and the €'s

are summed for the. two odd particles in Rb86.

Model 1(b)

- The extension 6f the} Bohr-Weis skopf theory by Eisinger and
Jaccarino ('EIS.58) is used, which assumes a uniform nuclear charge
distribution.. The € is calculated from Eq. (III. 1), using the Rﬂ and
K calculated from Eq (II1. 5). From these authors' tables, for the
5/2 neutron,ch e, = 0.89 and®e, = 0.88, and the b coefficients for

= 37 are used.

"Model l(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 b b!

Charge Distribution  “s2 s2 22 s4 .  s4 Pog
uniform 0.53  0.21. 0.32 0.065 0.037 0.028

surface . - . 0.3¢ 0.14 0.21. 0.004 0.002  0.00l

The G{ei are the same as forModel 1(b). The results are given in
Table IX. : D e T

- Model. 2 . A .
Instead of obtaining ngf ».one modities g, to obtain g(exp) by
usmg the "free! nucleon values for g For Rb 7, as before,
1 + 8 eff
. BTTT BT By
eff _ : cox . 86
where g, = = 1.117, One finds ag = -1.46 and a, = 2.46. For Rb’",
-5 11
"B "% gp B &n’
which yields 8, = -0.216. Using Eq. (VIIL. 2) (where now the neutron
has an " effectlve" g,), one finds geff 0.119, g__and g__ have their
£ eff 85 In sp sn :
"free" values, and gf = (Rb™ 7).

Then : : ) g eff
. - 85 _ 1118 In
. -6- G (Rb ).9 azp—’g Qﬂ (Rb )9 Iva‘en = —6— [— —_— } ,

9 g,

oo, 8 eff,

»asn'_é_[ll -3 In/g )}’
which give the values 1.22, - 2.05, -0.905, and 2.72 respectively.
Model 2(a) .
‘ With the fractional contributions calculated with this model, €
is calculated by.ueihg Eq. (III. 4) with the parameter values as given
under Model 1(a). ‘
Model 2(b)

Egs. (IIL. 1) and (IIL: 5) are used, as was done with Model 1(b).

The parameters for the uniform charge distribution are unehangeci.
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Model 2(c)
A surface charge d1str1but10n is assumed and the b
coefficients appropriate to it are used as listed under Model l(c).

‘Results are shown in Table' IX.

Table IX

hfs Ahoma_liés - Camparison with Thcory (percent)

85, 86

, . e(Rb°%)  ° ¢(Rb°) A
Experiment ; . ce 0.17(9)
Model la 0.066 | 70.331 - 0.40
I'\/IodelAlb - £0.030 | -0.293 - 0.32
Model lc R 0.037 ' -0.219 0.26
| Madel 2a | 0.177 -1.46 1.64
Model 2b E 0.024 . -1.11 ‘1.13

Model 2¢ . 0.102 ' -1.00 " 1.10
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VIII.. CONCLUSIONS

An apparatus cdnstructed fo measure the hyperfine'-‘st'i‘ucture
anome.hes of radioactive alkali isotopes was used to measure the hfs
:separatlons and nuclear moments of Rb85. and Rb86 and the hfs anomaly 2
was calculated from these results.

Comparison of the A(exp) with predictions of the several stages
of the Bohr-Weisskopf theory show that a modification of gy to get
g(exp) gives very poor agreement because of the large intrinsic "free"
‘neutron- spm g factor'that is assunred.” Howcver, Model 1(c)”

(Table IX) for a surface charge d1str1butlon w1th g modified gives the
best agreement with the experlmental result. It is interesting to note
the effect ‘of the extcnsmns of the theory to include terms, in (R/RO)
and the use ‘of the later value of the nuclear radius; both for the uniform
and surface charge distributions the agreement with exper1ment is
bettér than the original formulation predicts. With three sets of

- anomalies involving three adjacent isotopes (potassium-39, -40, and
~41; rubidium-85, 5_86, and -87; and cesium-133, -134, and -135) now
measured, it is worth while to try toiextend the theory te include the
configuration mixing and collective models of odd-odd nuclei.

I'he apparatus aud lechiique .dcocribed for measuring the nuclear
g factor are not capable of giving the ultimate accuracy desired for a
measurement of the anomaly. A new etomic-beam appdaratus now under
construction in this Laboratory will permit g factors to be measured
withrabout 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 represents

-the energy levels ef the hyperfine interaction for atoms in the IZSI/Z

electronic state.

W
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' APPENDIX A: CONSTANTS USED IN THIS WORK

The values of the physical 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 (Intervscience Publishers,

New York, 1957): -

h = 6.62517(23) X 10_27 erg sec,
by = 0.92731(2) X 10720 erg/gauss,
k = 1,38042(10) X lU_]'() erg'ideg-l,
Mp/_me = 1836.,1;(2),
|J.Nl=l |J,O(u1e/'Mp) = 0.505038(18) x 10723 erg/gauss.

The following measured constants are used in this work-and are

summarized here for convenience:

g ;(Rb) = -2.00238(2)  (KUS 49)
Av(Rb82)= 3035.735(2) Mc  (BED 52)
Av(Rb87)¥ 6834.7005(11) Mc (BED 52 !

g ®Rb%I= 2.93704x107%  (vas 51)
g (Rb°")= 9.95359x107%  (vAS 51)
1RL®%)= 5/2 " (KOP 33)

1re®Ny=3/2 (KOP 33)
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APPENDIX B: DETAILS OF TRANSITION CALCULATIONS
A11 transitions of 1nterest are of the type AF = 1. From Eq.
(IL. 20), the general equatlon of a transition.is

_ Ay 4my 2,1/2
v—ngOHQ(m+—m)+ —2—-[(1+.21+1x+x) .

4m ' .
- 2,1/2 :
+ (1 + ST xfx ) :‘ (B.1)

A Transitions in. Rb85(1 = 5/2)

‘The doublet of interest for measuring g; has the m values

m = -1, m_ = -2, and m, = -2, m_' = -1. From Eq. (B 1) the mean

frequency of this doublet is

‘and the separation of the two lines is’

. ] H. | ‘
v+-v '-'331 ‘OhO : (TB‘3)

The value of x for which vy is a minimum is found by differentiating

v with respect to x and setting the derivative equal to zero,

2x - 2/3 2x. - 4/3

: a‘; =0 = +
R e A
Solving for x,
% = H%_ N10 - 0,519 493 84.

On. the basis of Eq: .(II..'J'.9b) and the constants for Rb85 given in
Appendix A, this value of x corresponds to a field of. 562.61(3) gauss.
Substituting this value of x in Eq. (B.2) gives
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v g-’% [(.923 544 623}/ %4 (. 577 215 397)" 1/2,
=S¥ [.961.012 291 +..759 746 930]

A ‘ )
.860 379 61 Ay

2611.8845(20) Mc | (B. 4)

Since the term (m, - m_) in Eq. (B. 1) has the value *1 for these

+ .
transitions, the two lines are symmetrically above and below vy by
--'nMOHO | | . S L
gI h: ,- and have the values

2611.6532(20) Mc,
A2612. 115,_8(20) Mc.

When the resonance frequencies have been observed, as
summarized.in Table III, gy can be calculated from Eq.-(B. 3) and

Av from Eq. (B. 4) by using the minimum observed value of v.

'B Tran51t1ons in Rb (I = 2)

For the doublet used to measure gp the values of m are

m, 1/2 m_=3/2 and m+ 3/2, m_=1/2. “From Eq. (B. 1),
- _ Ay 6 1/2 21/2
su that - L

a;_o_ 2x.- 6/5 2x - 2/5 ...
—_ - UF 3 172t Y 1/2’

ox (1 -=x+x") (1 -=x+

5% 5
1446 406204903 0 - ’

.:IO .

then
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v = BY[(672 326 564)1/2 1 (1.008 489 847)/2]
= 2Y[.819 955 221 + 1.004 235 951]

=.912°095 585 Ay. ... . . 4B.B)

Using the value of Ay 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) Mc. Again, the separation of the doublet.is

ZgI o 0/h with the lines symmetrlcally above and below the mean

value so that the transitions were expected at

3599.553(5) Mc,

3600'.31'7(5) Mc.
Whe.n the tr‘ansitions have been found, Av can be calculated from
Eq. (B. 5) by using the observed minimum value of v

For x << 1 (Zeeman. reglon), where Ay is first deterrnmed

: before the search for the doublet above is undertaken, the gI term in

. Eq. (B 1) can be neglected, and an expansion. of the equatlon to second

order in x yields

(B. 6)

The AF = %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_ =¥ 1/2. Substituting these values in Eq. (B. 6),
12

=av (1+ 3E <y (8 7)

Now, to sufficient accuracy, from Eq. (II. 19b), one has

2.8 HO

v
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and the low-field calibrating resonance is g’i»v{en by Eq. (II. 23) as

2.8 HO
Veal ™ 2T+ 1
cal
Subs'tituting these relations in B. 7) and solving for Ay gives

2 2
1_2 “VYeal (Zlca1+l).'

Ay

Using Rb8_7 (L=3/2) as the calibrating isotope, one obtains

Ay =y - .00194(y 87)2 Mc.

Rb

™

o

N



-142-

APPENDIX C

Reprinted from THE Review or Scientiric InstrRuments, Vol. 30, No. 8, 670-674, August, 1959
Printed in U. S, A.

Atomic-Beam Magnet-Stabilization System

GiLBerT O, BRINK AND N. BrasrLav
Lawrence Radiation Laboratory and Department of Physics, University of California, Berkeley, California

(Received March 5, 1959; and in final form, April 15, 1959)

A system is described which allows the magnetic field of t

he “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

NE of the greatest difficulties associated with the use
of an atomic-beam apparatus for the measurement
of atomic properties of radioactive nuclides is the drift of
the magnetic fields with time. 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 anomalies
of cesium and rubidium isotopes. Since the measurements
must be made to a high accuracy, it is necessary for the
machine to be stable for long intervals of time. In order to
achieve this, it was decided to develop a system by which
the magnets could be locked to a resonance in the carrier
beam. This has the added advantage that the locking and
experimental 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 peak of an atomic-beam reso-
nance' is shown in Fig. 1 In order to lock the magnet
system to this resonance, it is necessary to develop an
error signal that is capable of deciding which side of the
resonance the machine is observing at a given time. To do
this the radio frequency that is being used to examine the
resonance is frequency-modulated by an amount that is
small compared with the resonance width. As can be seen
from Fig. 1, the output signal then contains an ac compo-
nent at the modulation frequency, the phase of which,

NS 2T T200CPS AT RESONANCE

O0IERE NS N
BELOW 2 “X/~t- aBove
RESONANCE |- N_ 7o~~~ RESONANCE
1
=0 HF MODULATED
BY 100 CPS

Fi1G. 1. Production of error signal.

1 For a discussion of general atomic-beam technique see N. F.
R,am)sey, Molecular Beams (Oxford University Press, New York,
1955).

2 Permission to use this figure through the courtesy ol the National

Company.

Reproduced with permission of BiS

The Review of Scientific
Instruments - 4pril 1960

.when compared with the modulating signal, depends upon
which side of the resonance is being examined. At the exact
resonance frequency, this component has a null. This ac
signal is detected with a phase detector whose reference is
supplied by the modulation signal. The dc output of the
phase detector then depends upon which portion of the
resonance is being examined. This dc 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 is shown in Fig. 2. The
primary frequency source is a Gertsch model AM-1 fre-
quency generator,® which was modified to 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 Mc and
100 Mc, or is used to lock the high-frequency oscillator,
which supplies signals from 20 to 40 Mc, plus harmonics.
For frequency below 200 Mc, the signals are fed to a pair
of distributed amplifiers and then to the transition
hairpins.

NODULATION
OSCILLATOR

CRYSTAL
MODULATOR

LF FREQUENCY
OSCILLATOR MULTIPLIER

F»—f—'rb

[ ;
0SCILLATOR |}
TRAVELING-
wAVE
AMPLIFIER | |

0 MAGNET

KP
4604

1)

1
|
!
'
1
1
|
|
i 500
i

]

NAGKET-
CURRENT
REGULATOR

= 1 4B
PHASE 100-CPS HOT- WIRE
AMPLIFIER |— TWIN -TEE [o{PREAMPLIFIER
UETEcTOR ANPLIFIER -W!“"

200-CPS
EE
ANPLIFIER

DUAL - BEAM
SCOPE
Fic. 2. Block diagram of system.

3 Gertsch Products, Inc., 11846 Mississippi Avenue, Los Angeles 25,
California.
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671 MAGNET-STABILIZATION SYSTEM

In this system no provision is made to generate signals
in the range between 40 and 500 Mc, except at 100 Mc.
Frequencies from 500 to 1000 Mc are generated with the
Gertsch model FM-4, which is locked to the output of the
AM-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 Mec.

The beam is detected by means of a hot-wire surface-
ionization detector? The output of the delector goes
directly to a preamplifier which, in turn, feeds the “lock-
in amplifier,” consisting of two twin-tee amplifiers, one of
which feeds a monitoring oscilloscope while the other
feeds a phase detector. The output of the phase detector
goes directly to the magnet current regnlator thal supplies
current to the “C”” 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
capable of generating fundamental frequencies between 1
and 2 Mc and 20 to 40 Mc, plus harmonics up to 1000 Mec.
It consists of two oscillators that can be phase-locked
together. The low-frequency oscillator is used as a free-

MODULATION IN 8:30uuf
]

= " 27k o
Fic. 3. Modification 1 “3ps OSCILLATOR
of AM-1 T0OT  IRC TANK CIRCUIT
K

running oscillator and tunes from 1 to 2 Mc. For use in
this application, it was modified as shown in Fig. 3. The
low-frequency uvscillator is frequency-modulated by means
of a crystal diode which is capacitance-coupled to the os-
cillator tank circuit. The diode is driven from the modula-
tion vscillator (which is described 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 Mc 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 Mc and 100 Mc. The output of the multiplier goes to a

L]

¢ See reference 1, p. 379.

3. +300v

15
0a2
2,47
TO PHASE
DETECTOR

0074

.0074==

SCOPE

SWEEP
(840
TO CRYSTAL

'] LATOR
500K 56:? HORhIIR

F1G. 4. Modulation oscillator.

Hewlett-Packard model 460A distributed amplifier and
then to an Instruments for Industry model 500 distributed
power amplifier which drives the hairpin. The 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 [rom 1 to 40 and at 100 Mc.

The Gertsch model FM-4 is used to generate frequencies
from 500 to 1000 Mc. It consists of an oscillator which
tunes from 500 to 1000 Mc and which can be phase-locked
to a harmonic of the AM-1. 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-term stability of about 1 part in 107, and the gen-
crated frequencies are quite adequate for most atomic-
beam experiments. The frequency deviation in the region
of 1 Mc is somewhat low, but this probably could be im-
proved with the above-mentioned substitution for the
crystal diode.

MODULATION OSCILLATOR

The modulation oscillator is shown in kig. 4. Tt is an
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
B
TO LOCK-IN
AMPLIFIER
HOT-WIRE !
POWER SUPPL i
HOT WIRE :
L |
asv= fasvi
: J
e

Frc. 5. Preamplifier.

5 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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200-CPS
TWIN TEE 005 $470K 3 1M
i ,'; 200-CPS
AUB, A0 I SIGNAL
0 MAGNET HEgeN
+150V M3 oo L0 100-CPS URRENT
IGNAL REGULATOR 75K
L% o L 100 + 20
120K '5K-l- 2L
Fi16. 6. Lock-in amplifier.

weur @]

FROM
PREAMP j2Mm b

220K T, is a United Transtormer
Company A-19 Interstage.

e

REFERENCE FROM

MONLILATION
OSCILLATOR

220K

0079 ‘ :00;‘;-‘ 0 I l 2
] Y 0015
75K =r.0154 |'

220K

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 dc 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.® 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

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 much of it

LOCK-IN AMPLIFIER

The lock-in amplifier is shown in Fig. 6. The first half of
the 6AWBSA is used as an input amplifier which drives two
twin-tee amplifiers. One of these, which uses the second
half of the 6AWS8A, 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.

pifl A 5879 5879 12AT7-
10,200MV #200%
a3y SCALED 10K L3M 470K
60 CPS l—@-1 20;[_—‘ 470K 002
(VAT X
STEVENS HUNT &5 t
ARNOLD L E 4 . R
A1232 05 M § 51m RS —_— —
! -r - T R K Fic. 7. Magnet-current
: 2 T 108 (5M3  FAIKeE2S 10K 510 K regulator. T is Triad G-10
- — Geoformer; T; is Chicago
T . Standard Transformer Com-
3 pany  A-4774  Univer-
2M3 150K 62K 20 ALL CAPACITIES IN fLt sal Interstage.

15
o sooaf [RlzR [ TooK 2002
i
LOOKIN L.k RO LBM 3 58K | sk iim
15V fooa: ¥ | 3K =3
{G-TURN POT 6AWS

2N277 2N277
5V

Z FIG.8

8 This ribbon was obtained from A. D. Mackay, Inc., 198 Broadway, New York 38, New York.
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MAGNET-STABILIZATION

SYSTEM

TasLE 1. Representative performance of the lock-in system: Frequencies as a function of time, Rb* resonance (in Mc).

Run Number 6: System locked on AF =0 resonance of Rb% at 100.0 Me.

Time
1315 1410 1505 1600 1700 1825

First reading 136.960 136.986 136.972 136.986 136.984 136.948

Second reading 136.981 136.986 136.982 136.981 136.985 136.953

Third reading 136.968 136.964 137.011 136.998 e 136.974

Average 136.970 136.979 136.988 136.988 136.985 136.958

W e Wl Runf\'umhr-rilrl):75;9:milork1r71 nnT\}" :()r:s?m;mce of R;" ;;(E.S !;lc, g T ™y
Time
1505 1555 1043 1730 1815 1915

First reading 537.408 537417 537.360 537.348 537.351 537.324

Second reading 537.336 537.408 337.411 537.357 537.354 537.324

Third reading 337414 537.444 537.420 537.321 537.357 537.342

Average 337.386 537.423 537.397 537.342 537.354 537.330

S g ) Ru:\ N}xnlhﬂr 15: S\Ts;;ﬁx;wl ;;_AF=()7n-sm\:\nce of R’l;" .':l‘l 0 ME. T T e

Time

1510 1610 1705 1745 1805 1830 1907

" First reading T 2848 2.846 1845 2.844 2.816 2817 2 R4

Second reading 2.849 2.836 2.845 2.845 2.842 2.844 2.845

Third reading 2.849 2.834 2.846 2.848 2.845 2.847 2.843

Average 2.849 2.839 2.845 2.846 2.844 2.846 2844

The output of the first twin-tee amplifier drives the PERFORMANCE

phase detector, which is similar to that used in the Na-
tional Company Atomichron. It has the advantage that
both the input and output signals are single-ended, while
the reference signal is introduced 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 REGULATOR

The magnet-current regulator is a current-regulated
power supply which uses power transistors as the series
clement. The regulator consists of a chopper amplifier
followed by a synchronous detector, the output of which
drives the transistors. Since the output of the phase de-
tector is at zero volts, it is necessary to use a bucking
battery in order to match it to the input of the regulator.
The regulator supplies 0 to 5 amp to the “C" magnet.

When it is necessary to 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 resistor
allows the current to be varied in 5-amp steps, and the
regulator provides the fine control. In this manner, the
magnet can be locked at any field desired.

400 AMP
50Mv

R ]I'Q'MAGNET

4.voLT
"+ SUBMARINE

. JBATTERIES

R:0007105

F16. 8. Magnet storage-hattery circuit.

The locking 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 dependent upon the line width of the carrier resonance
and on its field dependence. Representative performance
of the system is indicated by observing the peak frequency
of the calibrating resonance at various times during a run.
Table I gives data from Rb™ investigations at three differ-
ent values of the magnetic field. The system is operated
with maximum loop gain, with the frequency deviation
adjusted to give best operation. Both Rb* and Rb% are
present as carrier isotopes and either may be used to lock
the field. For isolation of the oscillators, separate closely
spaced hairpins were used, one for locking the field and
the other for calibiation and scarch.

In run Number 6, the field was locked to the
(3, =3 > 3, —2) line of Rb™ at a frequency of 100 Mec.
The frequency-modulated signal was obtained from the
LF oscillator of the AM-1, having been multiplied by a
factor of 60. The calibrating frequency was obtained from
a Hewlett-Packard 608A signal generator, its frequency
being monitored by a Hewlett-Packard 3525 frequency
counter. The calibrating line was the (2, —2¢52, —1)
line of Rb™, having a line width in this instance of about
150 ke.

In run Number 10, the system was locked to the same
Rb* line at a frequency of 303.5 Mc, with the AM-1,
FM-4 combination. The line in this instance was 400-kc
wide (due to field inhomogeneities), and since the fre-
quency deviation of the signal was limited so as not to
pull the FM-4 off its phase-locked condition, the oscillator
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could not be swept very far down the sides of the reso-
nance lines. Some decrease in performance was expected
owing to the reduced strength of the error signal; however,
- the Rb* resonance obtained in this run was quite satis-
factory. The calibrating frequency was obtained from
another AM-1, FM-4 combination with its frequency
monitored by a Hewlett-Packard 5407 transfer oscillator,
In run Number 13, the system was locked to the same
Rb#® line at 1.9 Mc with the LF oscillator of the ANM-1,
the line width being about 130 ke, The Rb* calibrating

AND N. BRASLAL o T 674

frequency was obtained from a Tektronix Type 190A
signal generator.
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