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HYPERFINE-STRUCTURE MEASUREMENTS
‘ ON RUBIDIUM-81 AND -82

John Daly Faust

Lawrence Radiation Laboratory
University of California,
- Berkeley, California

September 30, 1961

ABSTRACT

The atomic-beam magnetic-resonance method has been used to
measure the hyperfine-structure separation in two neutron-deficient

isotopes of rubidium, RbSY and RbS%

. “'In the 281/2 electronic state,
observation of AF = +1 lines at very low field values allows very

accurate determination of A v. The following values were obtained:

5111.589 % .040 Mc

i

A \)81

A Vg2 3094.084 + .006 Mc.

Details of construction of the apparatus are presented along with

a brief outline of the theory of the hyperfine interaction.

-



the atomlc-bearns mag'netic-reso_nance method. The biggest virtue of

the atomic-beams method derives from the fact that each atom traverses
the length of the resonant apparatus in complete 1solat10n frorn its 0
ne1ghbors. The perturblng 1nf1uence of crystallme f1e1ds and ne1ghbor-
neighbor interactions is absent. So data gathered by atomlc beams ¥
methods should be free of correct1ons from these effects '
o The theory will be descr1bed 1n greater deta1l in Sectlon III but

in brief, single atoms as they travel through various magnetlc and

_ radiofrequency elecﬂtromagnetm fields are separated spatially into their
electronic and nucl'ear rnagnetic substates. The displacernent_due to the
electronic ‘moment is very much larger than that due to the nuclear

| rnoment,_ and in fact, is large enough to cause a physlcal separatlon of
the beam into two parts. Each of these parts travels a separate path

| through the magnetic fieldso The 1n1t1a1 directions of the two paths are
8o d1rected by the f1elds and by a set of def1n1ng slits that both paths
occupy the same space when they arrive within the resonant reglon if
the comb1nat10n of the magnet1c field in the resonant reg1on and the fre-
quency of the electromagnetlc field there are correct, a tran81t1on from
one substate to another can occur; if the transition is from one electromc
state to the other, regardless of the magnetic nuclear substate transition,
the subsequent path of the atom is altered enough for the transition to be
detected. Observation of the‘beam at the detector as the radiofrequency
f1e1d is changed enables us to determ1ne the rf spectrum of the atom.

v From this we can determ1ne the hyperflne 1nteract10n constants.

. Sectlon II deals w1th the des1gn of the apparatus, incorporating
recent changes in des1gn Sectlons I, IV, and V ‘deal with the exper:-
ment itself: Section III develops the theory of the hyperf1ne interaction,

Section IV descr1bes the experimental techniques, and Section V outlines

e

the experimental results. "~



II. APPARATUS DESIGN

The apparatus consists of an oven for producing the beafn, a
series of magnets for deflecting it, a series of collimating slits, and a
detector. All these are contained within a large steel tank with various
pumps attached to produce a vacuum. Figure 1l is an over-all view of
the apparatus; Fig. 2 shows placement of the \}arious -part's. ~The
machine in its present stage is described in detail in the thesis of .
N. Braslau (BRA 60). Only minor changes to improve the vacuum system

hqve been incorporated since that time. However, a short description of

each major component will be included for completeness.

) " A, Over-all Design and Dimensions

The;machine: is designed symmetrically about the center of the
C-magnet because the A- and B-magnets are of equal length. ‘The beam
height at the detector is 1 cm. . With the length of the A- and B-magnets
as 44.45 cm, and the design equations from the thesis of R. J. Sunderland
(SUN 56), the total length of the apparatus from oven slit to buttoﬁ loadér
is 194.03 cm, with the exit-slit detector 7 cm in front of the ‘butt.on loader.

The outside length of the tank is about 85 in. (203 cm).

B. Ovens and Oven Loaders

One of the disadvantages to the type.of oven-loader system used

~ by Braslau (Fig. 5, BRA 60) was that the water lines were connected
from the stationary plate to the moveable oven loader inside the vacuum.

In 'or'd"er to adjust the position of the oven for maximﬁm transmission,

the water lines had to be made flexibie. This was done at first merely

by making the copper lines quite long and wrapping them around the body
# of the column, thus relying on the flexibility of the copper. As time went

on, it became ﬂecessary to replace the rubber O—ringé which maintained

N © the vacuum between the tank propef and atmospheric pres>sur‘e, In doing

so, the lines had to be stretched beyond their elastic limit, and in
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Fig. 2. A schematic of the atomic-beam apparatus.
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attempting tourealign them, some leaks developed which required re-
placing the flexible system. Sylphons were tried, but the vacuum
problems were' too great. Eventually a new design of oven loader which .
. would be compatible with the old plunger was 'd‘eveloped. External hoses
provided the required flexibility (Fig. 3). ) "

The final design of the oven was a combination of previous designs,
combining a long thin circular hole from the cavity of the block to the
slits, and slits which were 1/8 inch thick separated by 5 mils. This
arrangement gave slightly better collimation than that from an infinitely
high slit 125 mils deep by 5 mils wide. Figure 4 is a photograph of a
disassembled oven. Several designs with.gre‘ate'r collimation were tried,
but no further improvement in efficiency'was'/vnoted._ (A typical collimated
oven Consisted of three vertical slits, one above the other, separated by
a partition about 1 to 3 mils thick. Each slit ‘was 125 m11s deep, 20 mils
high, and from 1 to 15 mils w1de ) More experlmentatlon in cellimation
is in progress.

The ovens were heated by electron bombardment from a U-shaped
thoriated-tungsten filament which had béén coated Withx Aguadag, an
aqueous suspension of carbon. The carbon lowers the work function of
the wire by forming ThC and WC which ha.vemlg\i) w;)i'k functions. This
allows electron emission at a lower temperature, increasing filament
life, A small piece of nickel is spot welded to each end of the filament
and is in turn spot welded to each of two steel blocks., It is dif-
 ficult to get the tungsten wire to stick to the steel directly, and it
is expensive to have the blocks milled entirely frbm nickel. The
filament is extremely brittle once it has been heated, and consequently
is easily and often broken. |

The filament is heat_e& to about 1500°C by a power supply
prqviding about 11 amp. At this temperature electron emission occurs,
and the electrons can .b.e accelerated into the oven, which is. held at *
positive potential up to 300V. The oven heating can be controlled by
varying the potential difference between the filament and the oven.
Three-hundred volts seems to be a practical maximum before arcing

occurs at the usual pressures in the oven chamber.
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Fig. 3. The new oven loader without flexible couplings
in the vacuum.
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C. The Magnet System

The magnet system consists of two inhomogeneous magnets, the
A- and B-magnet's--used for deflecting the beam and separating it into
two groups of energy states--and an adjustable homogendus magnét for
maintaining the orientation of the states and placing them into an exactly
determined field in order to permit radiofrequency (rf) t‘ran_sitions from
one group of states to t'he>other. All three magnets are described in
great detail with pictures in Brasléu’ s thesis (BRA 60) and elsewhere
(SUN 56, BEM 53). The A- and B-magnets have cylindrical type pole
faces (Fig. 5); both are identical except for a vertical slot in the B-
ma_énet for the stopwire. The C-magnet has a pair of parallel surfaces
separated by, 1/4 in. , b‘etwéen which the rf hairpins can be placed.
The directions of the A- and B-fields are arranged in the 'flop-in'
manner first described by Zacharias (ZAC 42) so that no signal is
detected unless a transition occurs from one of the energy groups to the
other (see Section II C). The flop-in r‘nethod is absolutely ii'hperative in
radioactive work with short-lived isotopes because in this case a signal
repres\ents a large percentage change in counting rate.  The stopwire
design was improved slightly by adding another O-ring to the plunger.

Power for the A- and B-magnets is supplied by twelve 2v sub-
marine storage batteries connected in series parallel to give 4v at 350
amp. The current is turned on or off with a knife switch. The
inhomogeneities of the fields produced are about 5000 gaus s/cmr

The C-magnet current is supplied by two of the same kind of
submarine batteries connected in series with a bank of resistors and a
5-amp feedback system. The feedback is controlled by a rather
complicated electronic servomechanism capable of keeping the magnetic
field locked on a resonace of any stable isotope having an observable
transition at that field. A detailed description is beyond the scope of

this paper (See BRI 59).
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D. The Collimating Slits,Stopwire and Beam Flag

Immediately after the atoms leave the oven slits, they pass
through two pairs of slits that buffer the high pressure of the oven
chamber from the lower pressure of the main chamber containing the
magnets and the detection systems. These slits are about 1/4 in. wide
and 1/2 in. high, which allows the beam to pass.but permits a differential
pressure to be mairitaine*d._ In the buffer chamber, which is only about
2 in. long, is a beam flag--a metal plate that can be inserted into the
beam to shut it off. The cylindrical plunger that actuates the flag slides
on three O-ring seals to insure good vacuum isolation.

In the center of the C-magnet is the collimator slit (Fig. 6), which

’prbvides the central point of symmetry of the machine. It is placed at

the position in the C-magnet where the two paths of atoms eross. On
both sides of this collimator are placed the various rf hairpins, with
the Ramsey hairpin straddling the collimator.

" In the center of the B-magnet is the movable stopwire (Fig. 7)
which serves to cut down the number of fast atoms and molecules that
go through the apparatus without being deflected sufficiently to be thrown
out of the undeflected beam path(the beam path is the path the atoms
would traverse if the magnets were off and the only obstruction was the
collimator). The 56-mil width of the stopwire is just that of the unde-
flected beam after it has passed through the collimator.

The final slit that defines the beam is the exit slit. . This can be
moved back and forth until an opticalllight ray from a point source at
the oven position just going inside the collimator and just outside the
stopwire will be stopped on both sides. Actually, the light coming from
the oven filament is extended over the width of the buffer slits; the
exit slit is adjusted to make an equal amount ofn light pass on either side
of the stopwire. A window has been provided in one of the positions of

the button loader for this adjustment.
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E. The Detéctc)rs

There are two types of detectors for the two kinds of atoms we
must detect--hot-wire detectors for the intense (10-9-amp) beams of
stable material used for locking and calibration, and sulfur-coated

16 amp) beams of radioactive isotopes.

buttons for the very weak (10~
'The numbers of radioactive atoms are such a small percent of the total
beam that the hot wire is completely insensitive to the radioactive species,
and the method of detection of the radioactive beam makes it completely
insensitve to the numbers of stable atoms simﬁltaneously collected.

The hot-wire detectors are 10-mil potassium-free tungsten wires
, mounted vertically in two places in the' beam.  Closest to the oven, and
just behind the B-magnet is the monitor detector; just beyond that is
the exit or locking detector. Mounted near each hot wire is the collector,
a small copper plate 1 cm by 1 cm, which is held at ground potential.
The wire is heated until it glows dull red by éﬁ_automobile storage
battery supplying about 1 'amp through a controlling resistance. Alkali
atoms which impinge on the hot wire come off as positve ions because
the work function of tungsten is greater than the ionization potential of
thevalkali__»rne,talso,' .The positive ions thus formed are than.attracted to
the grounded plate. The hot wire is kept at a positive potential of 4 to
45 v. An electrometer such as the vibrating-reed, capacitor type,
Bveckman Model-5 micromicroammeter is used to measure the positive-
ion current. ‘ : ‘

The monitor detector is placed so that, when the A- and B-magnets
are turned on and the stopwire inserted, the filament of the detector is
at the place of maximum intensity of the "thrown-out' beam. It has been
found that the intensity of the thrown-out beam is directly proportional
to the full beam intensity, -

The monitor detector can also be moved to the center of the
machine to be u_séd as a calibration resonance . indicator. At this
position in the beam'path the two paths of refocused atoms have not

completely come together, and the best position of the filament is found



to be slightly to one side or the other of the machine center line. This
method of calibration was found superior to a method previously used

involving a third and much wider hot wire mounted on the button loader.

Flopped-out beam levels, of 3><10'11 amp as measured by the monitor

detector, were found to give marginally satisfactory intensities for
operating the locking detector. Levels of 10><10-11 were completely
satisfactory. ,

The locking detector is attached to the exit slit in such a way as
to be still in the "flopped-in'' beam, but not to be at the place of maximum
intensity. Since the locking detector is attached directly to the exit slit,
the detector is not used to position the slit, rather, the slit is lined up
optically as previously described. Figure 8 shows the cylindrical shield
surrounding the monitor detector, and Fig. 9 shows the exit slit and its
detector as seen looking toward the oven. ‘

Sulfur-coated buttons placed directly into the vacuum at the beam
focus are used to collect the radioactivity. The rubidium atoms--‘stable
and radioactive alike--stick to the sulfur. After exposure, the buttons
are removed from the vacuum and placed in a Nal scintillation counter.
The K X-rays from the resulting daughter krypton-81 and -82 strike
the thin Nal crystal, causing a burst of light which is amplified by a
photomultiplier tube. The bursts are counted by a binary counter.
Needless to say, the stable atoms have no effect on the counters. Full
beam intensities up to 1000 cpm are possible with corresponding res-

onance buttons of 10 to 20 cpm, although in this work one third of the

above counting rates were more usual.
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Fig. 8. The monitor detector.
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Fig. 9. The exit slit and its detector.



F. The Vacuum System

The vacuum system consists of several high-speed oil-diffusion
pumps pyramided above a single mechanical pump, itself capable of -
maintaining a vacuum of less than 300 microns. The mechanical pump
is fed from two 300-cfm oil pumps, one of which backs two 700-cfm
pumps which evacuate the main chamber, the other which backs another
700-cfm pumping the oven chamber and a smaller 260 cfm pumping the
buffer chamber. The three 700-cfm pumps and the 260-cfm pump have
liquid-nitrogen traps mounted between them. and the tank. The cold
surface provided by the nitfogen cooled jacketvcondenses oil vapor from
the trap before it reaches the interior of the can. The sides of the pumps
are cooled with running water; an interlocking system prevents the
pumps from running in case of water-pressure failure. A similar
system stops the diffusion pumps to prevent oxidation of the oil when= -
ever the pressure becomes greater than 200 microns. However, since
the pumps do keep running for some minutes after they are tﬁrned off,
it was found helpful to use a special silicone vacuum-pump oil, Dow
Corning 704, which does not oxidize as readily as petroleum—bésed oils,

_Withfh_g oven off, pressures of 2 t_o_}XlﬁQB?mm Hg were attained.
- With tfxle évén pouring out a beam of alkali atoms, the pressures were
usually about 10—6mm in the main chamber and five times that in the
oven chamber. The mean free path at 5X10_6mm is 60m, and so the beam
suffers little attenuation from gas scattering. -

G. The Radiofrequency System

According to the quantum theory, the amount of energy received
by an atom must exactly equal (within the uncertainty principle) the
energy required to cause the transition. The method of applying the
energy in atomic beams is by means of radicfrequency quanta. The
beam of atoms passes through a region, the hait¥pin, which has a high
density of quanta of the proper energy. The intensity is not critical

within a fairly wide range, although too great an intensity will cause
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some of the atoms that have accepted a quanta to re-emit, with a re-
sulting decrease in the number of atoms that have changed from one
state to another. Electromagnetié radiation of the required energy

is generated by a primary source that can produce frequencies from

20 to 40 Mc/sec and a multiplier that holds a stable frequency from
500 to 1000 Mc/sec locked to the signal from the primary source. This

intermediate frequency (500 to 1000 Mc/sec) is then multiplied into the

proper range, usually about 3 to 5 kMc/sec, and amplified to achieve
the necessary intensities. ' ' | -
Three frequencies are needed-one for locking the C-field, one’

for calibratiﬁg that field, and a third for the actﬁal search for the
transition energy. The second and third are not used simultaneously,
since the same hairpin is used inthe calibration as in the search. Thus,
except for times whén a simpler method to calibrate can be used, we
need at most two simultaneous frequéncY sources. |

- The frequency sources used in this éxpe_rim'ent are almost
identiéal to each other, the only slight difference being in the locking
system for a reason peculiar t_o_theA lockinvg method. ‘ (See BRI 59 for

a detailed description of the method of locking.) The basic frequency
sources are AM-1 interpolators made by Gertsch Products, Inc, Los
Angeles, California.

_ The AM-1 interpolator is a phase-locked bécill’ator in which a
very accurate 100-kc signal is multiplied to 1 and 10 Mc; the 1-Mc
signal is multiplied to 19 to 38 Mc in a variable multiplier. This signal

‘is then mixed with that fro'rn.a free-running l1-to 2-Mc bstillator, whose
frequency is read by a Hewlett-Packard frequency counter. The upper side
band of the mixer outﬂput is fed to a buffer amplifier, which locks a 20-
to 40-Mc oscillator to this frequency. The amplified signal is sent
through a crystal diode from which harmonics up to the kiioinegacycle
range are obtained.. This harmonic—rich'signal is fed to a Gertsch
FM-4 multiplier, and one of the harmonics is mixed with él_ signal from

the internal oscillator of the FM-4 multiplier to give a 10-Mc i.f. signal,
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whose phase is compared with the 10 Mc 51gna1 from the AM-1 1nter-
' polator A phase d1fference 1mpresses a dc voltage across a crystal
_ dlode in the plate cav1ty of the 500-to 1000 Mc osc111ator thus changmg
~ the effective capacity of the osc111ator tank The 10-Mc i. f. signal is
maintained exactly with respect.to the AM 1 harmomc by a closed -loop
adjustment of the osc111ator freque_ncy.,v Frequencies from 500 to I.000 Mc
are generated this way. |
The very accurate 100- kc S1gna1 is obtained frorn a JKFS 1100

1- Mc quartz-crystal oscillator (James Knight Co., Sandwick, Illinois)
Wlth a frequencY divider circuit. - The crystal is contained in a
temperature regulated double. oven and has a stab111ty of five parts in
1010 per day. This crystal is c,hecked regularly against a standard
| frequency signal from National Bnreau of Standards Station WWV and
weekly against an "Atorn_ic.ron!'_'winich is stable to one part in 1010 with
an accuracy of one part in 109. The extreme accuracy available was
not utilized in this experiment but in the next stage of data gathering,
when lines of a few kllocycles in width are encountered, the accuracy
will become mandatory , . :

. To produce the 81gnals in the 3- to 5~k Mc range needed for the
A \) search coax1ally mounted cr';s"tal diode harmonlc generators are
used followed by stub tuners and traveling-wave-tube amplifiers. Since
the power output of th._e amplifiers is proportional to the input signal
strengtn, and since the 51gnal strength of crystal diodes' falls off with
hlgher harmon1cs, it is sometlmes necessary to use two or more stages
of frequency mu1t1p11cat10n One of these traveling wave tubes is ; shown
with its power Supply in Fig. 10. At tirne sixteen individual pieces of
equlpment are in use amultaneously 1n generatlng and momtormg fre-
quenc1es In addltlon, there are four chassis devoted to the C-magnet
stabilization 3ystem Most of the electronic equipment as well as the

magnet- regulat1ng and beam- regulatlng equlpment can be seen in Figs.

11 and 12



The traveling-wave tubes seemed to generate harmonics, and
it became necessary to use tunable coaxial cavities with pass bands of
a few Mc as band-pass filters. Power is measured by a Wheatstone-
bridge system which has a thermistor as one of its arms. Frequency
is measured directly on a HP 524 frequency counter up to about 100 Mc,
and indirectly above this by beating a part of the signal with a harmonic
of a HP 540-B transfer oscillator. The oscillator runs from 100 to
200 Mc, and its frequency can be measured directly.

As an example, in one of the earlier runs a frequency of 5113.6 Mc
was required. In order to achieve this frequency, it was necessary to
multiply the fundamental frequency, 638.625 Mc, from the FM-4 inter-
polator eight times through two stages, with amplification after each
stage. The signal from the FM-4 was obtained from a 25.9450-Mc
signal from the AM-1 in the following way:

0 5113.6000 Mc, f1 = 638.62500 Mc,

25.945.000 Mc, and f3 = 1.945.000 Mec,

Let f

z

4
Then fO = 8>\f1 Mc (with crystal diode multipliers and traveling-wave-

tube amplifiers)

fl = Z5><f2 - 10 Mc (with the FM-4)
f‘2 = 24X1 Mc + f3 (with the AM-1)
f3 = 1.945 Mc (taken directly from the free-running oscillator).

The accurate value of fO was calculated from the frequency f3, which
was counted directly.

The signal passes from the FM-4 interpolator through the entire
system to the hairpin in the vacuum by means of RG-8/U coaxial cable,
with a special design of vacuum feedthrough invented by N. Braslau and
described in his thesis (BRA 60). The feedthrough has an insertion loss

less than 3db for frequencies under 8 k Mc (Fig. 13).
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Fig. 10. A traveling-wave tube.
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Fig. 11. Frequency generating and measuring
equipment.
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ZN-2383

Fig. 12. Magnet regulating, beam regulating, and
measuring equipment.
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Descriptions and theory of the hairpins can be found in the liter-
ature (RAM 50, RAM, 56, KUS 59, TOR 41); pictures of some of those
used in this and othér experiments are shown in Fig., 14. Because of
their simple unshielded design, it is difficult to estimate the con-
figuration or extent:cfithe oscillating field which gives rise to transitions,
making application of theory difficult.

‘ Theoretically the same hairpin could be used simultaneously
for both frequencies, but because of mutual-interaction problems this
is impractical, making two hairpins necessary. This means that the
magnetic fields are slightly different at the locking hairpin and at the
search -hairpin; it is necessary to use a calibrating frequency to de-
termine exactly the field at the search region. Experience has shown
that even though the fields do differ slightly in the two areas, both fields
are still highly proportionai to the same current pro.d.ucing‘ them, and
small changes in the frequency of the locking frequency are sufficient to
bring the calibraticon freciuency ( and consequently the magnetic field

at the search hairpin) to the required value. .
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Fig. 14. (a) Some simple strap hairpins.
(b) Early Ramsey hairpin designs.
(c) A later design of a Ramsey hairpin.
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III. THEORY

A general description of the interaction of a nucleus with external
electric or magnetic fields must have as its basis a description of its -
interaction with atomic and molecular fields. All measurements by |
various methods of nuclear resonance fit the following basic assumptions:

a. The nucleus contains a charge, +Ze, confined to a small
region at the center of the atom. ;

“.b. A nucleus whdse‘mass number A is:
1. odd obeys Fermi-Dirac statistics
2. even obeys Bose-Einstein statistics.

c. Anucleus has a spin angular momentum a related to the
spin Lby _
a = K a (I11.1)

~on

where a is also called the dipole coupling constant.

d. The spin I.is integral if A is even, and odd-half-integral
if A is odd. | | ' |

e. The nucleus has a magnetic moment, My related to the spin

by the-definition;- -~ —
. Pp= Yy hl= quOI s (I11. 2)

where is the Bohr mag neton, and ' and are called the nuclear

gyromagnetlc ratio and the nuclear g factor respectively, and are

defined by the- above equations.

f. The atomlc electrons have a magnetlc moment s related

to the electronic angular momentum vector, J by
Brevghi= el (.3

where Yy and gy are obviously defined.
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‘ The.magnetic vin‘ce'raction-fo;f ‘the r‘nucleusA» with:its surrounding
electrons can be described by .»co_nsiderin"g.\ the way the magnetic field at
the center of the atom (that due to the electrons) affects the nuclear
magnet. The nucleus is allowed certain discrete orientations in this
field,. each orientation having an eﬁérgy level as sociated with it, and
the transitions between these levels determine the hyperfine structure
of the atom. The energy of the dipole interaction of the nucleus with

its own and with external fi‘elcls ls

Hoo=-

. : : 1 .4

where ,[-IJ is the magnetic field due to the electrons, and HO is the-

external field either applied or due to other atoms or molecules.

A. Atomic Flelds .

Some information can be gained from a simpler case, e. g.

when the applied field is zero. In this case ¥q.(IIL.4) reduces to
H har- 7, . ’ (III-5) '

because the field HJ is proportlonal to J and HI 1s proportmnal to

I. The hfs splitting factor a, is defmed by

ha= L = ~ (I11.6)

Fermi (FER 30) calculated the f1e1d due ‘to the electrons at a point

nucleus to be

Ho= 8T g [\p(mlzg, B )

where 11;(0) 1s the electromc wave functlon at the p01nt nucleus This is

really:only an approx1mate relatlonsl'np Then it follows that

na=- 3 gen lq;(O)l . (I1L. 8)
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-Since the wave functions of electrons bound to a point nuclei are the
same for.two isotopes of the same element, the ratio -of their -hfs
constants is :

a, B - -

—_— ; BN (1119) .

a, g;

2 . . -
Wh1ch is ‘called the Fermi- Segre equatmn
The total angular momentum is the vector sum of the electromc

and nuclear momenta,

F=I1+J. o (ILL. 10)

This total vector f ‘'has a magnitude F eind can :ha\;e E:omponérits m
along the magnetic-field direction. Here F can take on values of
I4J,I+J-1, «-«, {I-7J ;m_. can have values of + F, £ F - 1,

£¥F - 2, -+ . For this set of quantum numbers, F and mp, only

the diagonal matrix elements of the energy Hamiltonian ‘are needed,

and the interaction energy becomes

W(Fm)—(Fm’H )Fm)=ha(Fm’ lFm)M

=ha [F(F+1) - I(I+1) - J(J+1) ] . | S (unal)

.The energy difference between the two adjacent states F and F 4+ 1 is

AW = W(F, m) - W(F-1,m) = _ %a— ~ [F(F+1) - (F-1)F ] =haF, (lIL.12)

the interval rule of hyperfine structure (RAM 53). For the alkali atoms
J=1/2, and F can be either I+ 1/2or I-1/2. Inthis case the

separation is

W =ha (I+1/2)=hAy, (111.13)

where Ay defined this way is called the h&pei‘ﬁne-stfucture s"eparation.
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B. External Fields

An external magnetic field causes the nuclear and electronic

moments to be coupled to it. We obtain for the energy
H=al-J q H  (uL14
Fr=al: -Kpc Hy -y Hy o (IL14)
=al- J- gl Hy - g5id + Hy -

There are two approximate solutions to the above equation--one for
‘very low fields and one for very high fields. At low fields, the nuclear
and electronic moments combine to give the appearance of a magnetic

moment, , and off-diagonal matrix elements can be neglected,

o)
giving 2F+1"lie‘3nergy levels separated‘ by approximately (2.8/21+1)H Mc.
At very high fields (the Paschen-Back region) I and J are completely
decoupled and ~precess individually about the magnetic field (E is no
longer a good quantum number). In high?fields solution of Eq. (IIL.14)
then gives rise to two sets of (2I+1) lines of equal separation.

The most interesting case, and the one most applicable to this
experiment, is the one for iﬁtermédiate fields. It is also the most
difficult to analyze, since the secular equation must be solved; Be-
cause of commutation relations, all of the matrix elements of the
Hamiltonian excei)t those diagonal in m:m’IJrrnJ will vanish, so the
resulting matrix is composed of 2x2 submatrices. A straightforward

solution gives the Breit-Rabi formula for the special case of J =1/2 .

1/2

4m
. hAv 2 F
H m_.x {l+x +——21+1 X.]

(II1.15)

where x has been substituted for_ (gI—gJ) (uOHO/hA'v). (111.16)
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BREIT - RABI DIAGRAM FOR .J=1'/2 I=3%

. Mu-tele7

Fig. 15. Energy-level diagram for I=3/2.
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The plus sign is to be used when the atom is in the state F = I+1/2

the minus sign for F=1-1/2, F1gure 151is a Breit-Rabi energy -level
d1agram, for the case I = 3/2 (Rb a‘ d. Rb87)., Since the quant1t1es
observed are. trans1t10n frequenc1es proportmnal to the energy dlfferences
b'between‘ the levels, the formula for the frequency between two levels
1and 2is ’ o
1/2

N i P, { " 2, Am)
Viee= TR mpmp) N ) e

R oy
|1+ x° 2 L (L17)
SR R ey ° °

Note that (%) 1 equa.ls=(:!:)2 when m, and m, belong to different F (the

usual case), and (:l:)1 equals (A:l:)2 when they belong to the same F.

C. The Force on the Atom

The force on an atom in an inhomogeneous magnetic field is
proportional to the 1nhomogene1ty of the field and to the. strength of the

'magnet1c moment along the field:
F=- VYW=- (3W/aH)VH = uef'fVH, (I11.18)

where Mo ff is the component of y along H. For-very{ large fields,
~when m, and m, are good quantum numbers, we have

Moff ¥ gy + 8™ (I11.19)

Since g; is much smaller than g3 for J = 1/2 the effective moment
~is essentlally either “0 or “Ujs regardless of the'nuclear substate.

The fields in the A and B focusing magnets are high enough-for this to
be true. Thus an atom in the inhomogeneous field of the A-magnet finds

itself in a state aligned either with or against the magnetic field. In
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this orientation it ekperiencés a force either""along :t'he direction or
against the direction of the field. The atdm ténd's to follow an _a_.i"c of a
parabola. The atoms emei‘ging from the oven in certain directions are
permitted to pass tarough the apparatus. The field in the C-magnet is
usually considerably smaller than that in the A- and B-.magn'ets, and it is
quite homogeneous. The fringe fields from the A- and B-rhagnet's some-
what extend in space toward the field of the C-magnet so that the atoms
never leave a magnetic field and therefore never have a chance to lose
their initial orientation. The three fields are arranged so taat their
polarities are tae same, otherwise there could be a small fieldless
region on each side of the C-field. In this region some of the atoms
would lose taeir orientation and would likely end up in a different sub-
state (MAJ 32). - s .

-There are two directions for the B field inhomogeneity, and both
of them have been used. Historically,.the first direction was opposite
to that in the A-magriet .field. This puts the force on a particular atom
in the opposite direction from that experienced in the A-magnet field.

Thus if nothing happened to the atom in the C-magnet field, it would be

—forced Back to the center line of the machine (1 e., would be refocused)
and would strike the detector. If the atom.could be induced to change its
~electronic substate so that its effective moment would then be in the
opposite direction, the force in the oppositély directed gradient of the
B-magnet field would be the same as in the A-magnet, and the atom
would be deflected out of the main beam path. - A resonance thus appears
as a decrease in beam intensity. For work on radioactive atoms this
is an unsatisfactory method because of the statistics involved in radio--
active counting. The second method overcomes this difficulty because

- the gradient is in the same direction as that of the A-magnet. In this case,
if nothing happens to an atom as it travels between the A-magnet and
the B-magnet, it will continue to the deflected in the same direction
and will be pushed away from the center line just as the 'flopped"

atoms in the first method were.  If the effective moment of the atom is
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changed, however, it will then be refocused. Thus nu signai is seen
~at the detector unless a change in effective moment occurs. Therefore
the small radioactive s1gna1 can now be seen above a relatively small
.background. This latter method, called the "flop-in'' method, is used

in this and all modern experiments on radioatoms.

D. Induced Transitions

The transitions between the different substates can be cons.idered‘.
~ as being induced by the oscillating magnetic part of the electromagnetic

fiéld., The field, H, cos AL \){: is .superimpc'>sed upon the static C-magnet
field, Hy , where H\l
_h\) is the energy of the quantum ThlS adds to the energy Hamlltoman,

is the magmtude of the osc111at1ng f1e1d and
Eq. (III.14) a/t1me.depenvdent term

V=g Hycos 2mvt + yog 1 H cos 2 myt.  (IIL.20)

’

Rabi in 1937 showed that the following selection rules result from the
above perturbation at low field RAB 37, KUS 59):

~for the component of . H; parallel to

AF =0, #1; Amg =0 : (I11.21B)
for the perpendicular component,
AF =0, £ =15 AmF: x1 - o _ (II1.21B)

In:high fields, where F is not a good quantum number, the rules are

= dmip = 0; Amg =0, S (IIL.22A)

for the parallel components and

AmJ =0, # 1; by =0, % 1 o . (1IL.22B)
for the parallel component. To be refocused, the atom must undergo
a AmJ= *] transition, since this causes a change in effective moment

in the deflective fields. A look at the Breit-Rabi diagram (Fig. 15)
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shows that there is only one transition at frequenc1es much less than
A v which satisfies the refocusing condition (F. =+ 1+ 1/2
mF--I+l/2 — F—I+1/2 mF—-I- 1/2) Equatlon (1111/)
shows the frequency of this tran81t10n to be ) ‘ ‘

NERX T /(2141 . . (urL23)

If two isotopes are together in the beam and the spin of one is

known, Eq. (III.23):can be used to find the other at very small fields:

vy = v, 20, + 1) /(2 +.1) . , (I11.24)

When the spin'is known, the HO field can be increased and the
transition followed so that the quadratlc field dependence of the transition
frequency can be observed. Denotlng the frequency in Eq. (IIL 23) as
' \) , the Zeeman frequency, and expandlng Eq. (III.I?) to include
quadrat1c terms in H 0’ we get for the frequency in megacycles per
second

2 21
= —_ .2
VE Y, + (v,) Ay (III.25)
which confirms the spin and places a lower limit on Ay .
" As A v becomee knc_>_wn more accurately, higher values of_v,HO _

must be used, and it becomes necessary to @mploy the exact solution

of Eq. (III.17):

( 8ot ) ( g5k ) o
vVi—g ) \"v" TR
Ay = - : _ (I11.26)
' ( 21 8ot 1 8yiotp
2I+1 T n 2I+1 h

where \, is the observed frequency, and g1 is the .only quantity that

is not eitherknewn or.observable.It canbe found' within aféw percentbyusing
the:Fermi-Segré formula, Eq. (HI1.9). However, without prior knowledge,
we have no way of knowing whether g1 is positive or negative, and we

must assume each in turn, Thus, as thefield increases, the uncertainty in
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A v becomes less and less, and fhe value of Ay will be consistent
for only one choice of sign.

» When Ay is known to within a few megacycles, thé field is
reduced to a very low value, and a search begins for the AF = %1
transitions that have frequencies approximately eqnal to Avy. ‘Since’
the hairpins used are capable of producing a strong H1 ﬁeld only in

the direction perpendicular to H ,vvonly' transitions satisfying

Al(‘nf + £ 1 are observed. There a(.)re -21-1 of these lines sepe.rated.by
twice the Zeeman frequency, v, All but the highest line are un-
resolved doublets; the highest is a singlet. When I is integral, as
in_RbSZ, the central doublet is very close to A v, there being only a few
kc correction vdue to second-order field terms in Eq.‘ (I1I.17). Ob-
servation of this field-independent line will g‘iv‘e Ay to an accuracy
limited only by the resonance half-width and the shape of the line. If -

I is Odd-half-integral, as in Rb81, this field-independent line can be

excited only by an I—I1 " parallel to H., and we are forced to ob‘s'erve ‘

field- dependent lines which have a 11r(x)ear dependence on the field. If

it is p0551ble to observe both tran31t10ns, one Zeeman frequency above
and below A v, the average of these frequencies will differ from A v |
by only a few kilocyclee In this case the accuracy of the line will be
detérmined by the half-widths of the resonances.

Any of the lines that lie below A vy must go through a minimum
frequency at a higher field where the line spread due to field broadening
will be small. If the width of the lines becomes small enough, it may
be pos'siblke' to resolve the doublet lines. Des1gnat1ng the hlgher line
- as \)+, and the lower as v, we f1nd that their separatlon,

-
v -V =

(ZuoHo/h) | '_ - (I 277:)

is proportional to gy and HO We can then determine g as accurately
~ as resolution of the apparatus permits, Accuracies as great as one part
in 10,000 are possible and one in 1000 has been achieved in this labor-

atory (BRA 60) .
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IV. EXPERIMENTAL TECHNIQUES
The neutron-deficient isotopes of rubidium are readily obtainable
at this laboratory. The half-lives of the two lightest,’ Rb8 and Rb82
are about 5 hr. This is not so short as to preclude reasonable chemistry
~and machine warm-up periods but short enough so that reasonable
numbers of atoms will be counted. . In conjunction with other work done
here, these isotopes will help to complete information on the chaln of

adjacent rubidium isotopes from Rb81 88

A. Chemistry

The isotopes are produced by bombardmg BaBr, with 48-Mev
alpha particles for about 4 hr. in the 60-in. cyclotron on the University
of California campus at Berkeley. Since the cyclotron is about 100 yd
from the caves Where the chemlstry was performed the targets are
brought from the cyclotron to the caves in mobile lead target carriers.

The chemistry was performed in a standard lead-shielded cave
box. The target was dlsassembled and the BaBrZ powder washed from
its holder_lnto a test tube in whlch about 75 mg of RbBr. was. placed.to
act as a carrier during the chemlstry as well as prov1de stable rubidium
in the beam for calibration and locking. Ammomum carbonate was added
to precipitate the barium until, after centr1fug1ng, no more barlum ‘
_came out. The clear solution containing stable and radloactlve rubidium
} ions, as well as bromlde, ammonium, and carbonate ions was then heated
gently to remove the excess carbonate ions in the form of CO . Upon
heating, the water evaporated, 1eav1ng ammonium bromide and rubldlum
bromide crystals. Further heatlng in an electric furnace sublimed the
ammonium bromide. The anhydrous crystals of rubidium bromide were
then scraped from the walis of the test tube and placed in the steel oven
along with fresh calcium filings. The oven cap was pressed into place,

and the oven -removed from the cave and placed in the oven loader of

the beam machine,
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: ‘ B. BEAM PRODUCTION o

One to 1-1/2 hr was required to obtain a satisfactory beam of
atoms. MAvbout half the time was spent in evacuating and loading the
oven into the oven-chamber, and the rest of the time in heating_ the oven
to allow the chemical reaction to proceed. After the oven filament
reached operating temperature, the electron power was increased to
a few watts, then slowly increased to about 10 or 15 w and held at this
level for some time. During this time, the pressure was observed to
rise gradually, level off, and then drop rather quickly to about the
region that existed during the previous run (usually about 5 to 8x107°
- mm Hg). Shortly after the pressure dropped, a beam was observed on the
- hot-wire detector. The rate at which it developed indicated whether it
would equilibrate at a high or low level, and the power was adjusted
accordingly to achieve the level desired for the particular run. When
the beam had reached a fairly stable level, a sulfur-coated button was
introduced for five minutes intc the beam path. The counting rate of the
"full-beam' button then gave an estimate of the expected counting rate
of the resonance buttons. The beam could be controlled by fncreasing
or decreasing the electron bombardment power. The full-beam button

was exposed with all magnets off and the stop wire removed.

C. BEAM DETECTION

The atoms that passed through the apparatus were collected on
sulfur buttonsp were then sent up three floors through a pneumatic tube
to a countlng room at the opp051te corner of the building.. The buttons
were placed in crystal counters Wthh detected their K-x-rays as
‘described in Section II Full-beam countlng rates of 200 to. 300 counts
per mlnute (cpm) were not uncommon, ‘with the resonance buttons
running from 3 to 5 cpm. The backgrounds of the counters are about 1
to 2 cpm; therefore the results were generally satlsfactory for 10-min
exposures. Since Rb81 nd Rb8 were the only isotopes produced in

sufficient numbers to register above the counter background, and since
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their A v values were so different, there was no identification

problem, alt‘nodgh pulse-height analyses of chemistry samples and

full-beam buttons were run in the later stages of the e‘xperiment for .
completeness, I o ' |

=

D, EXPERIMENTAL PROCEDURE

After the beam intensity had reached a stable level the oven
was éligned. The exit-slit detector was placed on the center line of the
machine and the oven rotated and moved laterally until the beam showed
a maximuin, usually about 2?&10‘-10 amp. The stopwire was then inserted
into the beam and the detector moved to each side in succession to de-~
termine the intensity of the part of the beam that was not shadowed by
the stopwire. Figure 16 is the profile of the beam with the stopwire in
and out., If there were éxny deviatiéns from this profile, the oven was
moved slightly until the beam shape became symmetric. The oven was
then considered aligned with the oven slit on the center line of.the
apparatus and with the direction of the beam down the center line, The
full beam could be measured (with stopwire out of the beam path) at tae
| bottgh loader by moving the exit detéctor laterally. - =~ - - .-

When the beam was properly aligned and the intensity of the beam
was stable, the full-beam sample was taken, as previously mentioned,
and the polwertavas adjusted further as necessary. The full beam was then
measured at thetexit slit and mohitor detectors, the A- and B-magnet
- current turned on, the stopwire put back in the beam, ‘the monitor de-
tector moved to the side until it was at the pbsition of the maximum
number of flopped-out atoms, and the reading of the monitor detector
recorded along with the full-beam readings. Figﬁre 17 shows the profile
of the monitor detector with the magnets off, and with them on with the
stopwire in and out. The relative intensity of the stable beam (and
therefore of the radioactive beam except for half-life decay) could be

determined merely by noting the monitor reading. -
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Fig. 16. Beam profile with stopwire in and out.
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Fig. 17. Beam profile with magnets off, and
with magnets on and the stopwire in and out.
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The C magnet was degaussed by alternately reversing the full
current through the magnet, gradually reducing the current until the
approximate desireld field and proper orientation of field were obtained.
The locking rf si*gnavl ‘was then sent into the hairp'iris' and the field ad-
justed manually until the resonance was seen. The locking device was
placed in operation to maintain the required field. Oécaéionally the
field changes were too great for the locking device té ‘handle, and some
manual control was necessary. The rf power was adjusted for optimum
operation of the locking system. The calibrating frequency was then
sent into the search hairpin and varied slightly until the calibrating
resonance was seen on top of the locking flop. The calibration fre-
quency was then measured, and the field at the site of the search hairpin
calculated. Small changes were made in the locking frequency to bring
the“field at the search hairpin to the proper value, and we were ready
to being'_the run,

To provide some idea of the sort of background from stray atoms
at the detector, an "apparatus background' (zero rf) button was used

as a reference. Next, a search signal of a particular frequency was

- introduced into the search hairpin, and a button placed in line with the

beam at the detector end. The time of exposure was varied to suit the
counting rate of the full-beam button, usually about 10 min. At the end
of the exposure, the button loader was rotated a quarter turn to take
the button out of the beam, and the frequency was changed. The exposed
button was then rotated to the rough pump-out region, while a new
button was introduced into the beam. The rough pump-out region was
raised to atmospheric pressure and the exposed button was removed and
sent to the counting room.

Periodically during the run the button loader hot-wire detector
was rotated into position and the field recalibrated. At the end of a run,

if the beam had not dropped too low, the monitor reading was compared

again with the full beam with magnets off and stopwire out. The readings

over a period indicated good consistency, even though one or the other

filaments were changed from time to time. The reading of the monitor



N

~44 .-

detector was observed several times during each exposure and recorded
in the run book to be used in normalizing the counting rates. -The
buttons were counted immediately after e>"<posure, and their counting
rates (with machine and counter background subtracted off)plotted
'against their frequencies. The reson.ances were then fitted by eye, and
by an IBM 650 routine OMNIBUS (SHU 57), to obtain the central fre-

- quency and the eistimated uncertainty.
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V. EXPERIMENTAL RESULTS

A. Measurement of A vy

The spin and rough value of Ay and the sign of the moment for

both Rb81 and Rb82 given by Hubbs et al. (HUB 57, SHU 57) are:

. 81

Rb I=3/2
Ay =5097 £13 Mc
g1 positive

rRp®* 1:-5

Av=3094.1 £ 2,4 Mc

gI positive,

The uncertainty in Ay for Rb81 was reduced by observing the

AF = 0 transition at a field of 591.4 gauss. In this case, the uncertainty
was reduced to 8 Mc, whereupon an attempt was made to see a

AF = £ 1 transition in the Zeeman region at 4 gauss. When a line is
seen, at first its identity is unknown. Some method must be used to
determine which of the many possible lines has been measured. In

,Rb81 there are three observable transitions in the Ay region. In

Rb82 there are ten} There are two ways to determine which line has
been observed. The first is to calculate the separation of the lines for
the particular field, expose a button at the proper frequencies above and
below the observed line, and see whether the counting rate is high or low,
A high rate indicates that a line should be found at that frequency; a rate
comparable to machine background indicates no:line. A difficulty in this
method is that the counting rates are already low, and it is sometimes
difficult to ascertain whether the rate for a button is truly high, or .
perhaps just a statistical fluctuation. A wrong assignment in the early
work was the result of such a statistically hig'h counting rate. After this
mistake, a better and surer method was used, namely shifting th¢ HOP
field a small amount and observing the corresponding shift in the center

frequency of the resonance. When the identification was positive in
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Rb81, the lines immediately above and below A v were examined at
the same field. The value of Ay was determined by averaging the
frequencies of these lines, since their average is only 5 kc above Ay
at the field in which these lines were observed. . Figure 18 shows these
two resonances. The value of the hfs separation as determined from

these two lines is
A Vg1 = 5111.589 + .040 Mc,

When the identification of the line for Rb"32 was clear,. buttons
were exposed in the region where Ay was expected to be'q A line 40
kc wide was observed, and when the field was shifted, the line remained
at the same frequency, confirming that it was indeed the field-independent
A v transition.  The value of the hfs separation for Rb8 was then de-
termined to be

A Vg = 3094.084 % .,006. .

- Figure 19 shows one of the Ay transitions. Tables I and II summarize

all the data for the 1mportant runs.

. 81
B. Preliminary Measurement of the Moment of Rb

In the last successful run of this experimén_t, the two lines of
the resolved doublet, in its field-independent regi‘oh of 488.5 gauss,
were observed, From Eq. (III.26), we have gr = -y )/(21.1o O/h)
and the expected (\; -v ) is within 1% of 1.0213 Mc. The observed
transitions were at 4936.90+.15 Mc and 4938.10+.,15 Mc, with a dif-
ference of 1.20+.22 Mc. This is somewhat higher than should be

. expected. Later experiments may improve this value.
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. 81
resonances in Rb .
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Table I. . Summary of data for Rb81
R . 81 87 ' , ,
. Run ~ViRb™T) Vv(Rb ™) Calculated m, eym,
(Mc/sec) (Mc/sec) ’ A \)a- _
(Mc/sec)
Fl = 2 to FZ = 2 transition
55 531.1(2)  456.95(3)P 5112(8) ley-2
F1 = 2to F2 = litransitions .
71 5113.6(5) 2.11(1) 5111.4(5) 1500r 061
73 5113.7(2) C2.11(1) 5111.7(2) 1e0or 01
140°€ 5113.680(25) 2.10(1) 5111.569(42) 1e&0o0r 061
143 5113.690(25)  2.09(1) . 5111.579(61) le0or 0ol
14544 5113.870(63) 2.30(8) 5111.548(53) -1 ©0 or 0 1
14585 5109.335(24) 2.30(8) 5111.632(24) 0&-1lor-1e0
168 4936.90(15)  3106.02(3)%'P o 0e-1
173 4938,10(15)~ 3106.04(3)% P -leo

a. The least-squares fit of all resonances gives Ay = 5111,589(40) Mc/sec.
b. The value of v given here is for Rb85. |
c. The weighted average of runs 140, 143, 145A, and 145B gives
A v =5111.566(30).
d. The average of runs 145A and 145B éorrected for second-order
field effects is Ay = 5111.597(40) Mc/sec.

e. The calibration transition in Rb85 is FFm=3,3- 2,2.




-50-

Table II. .Surﬁrriary of data for RbS%

87

Run v oo v(Rb~ ")  Calculated 11/2, m_ & 9/2, m
(Mc/sec) (Mc/sec) A V2 1 2
(Mc/sec)
67A 3098.6(3)  2.19(3)  3093.8(4) - 7/2 . - 5/2
67B 3100.3(3)  2.19(3)  3093.9(4) 9/2 7/2
81 3098.80(10) 2.14(2)  3094.0(1) 7/2 5/2
88A 3098.70(5) 2,10(2) 3094.10(6) 7/2 - B/2
88B 3099.03(10) 2.26(2)  3094.08(10) 7/2  5/2
gscP 3094.098(10) 2.26(2)  3094.086(10) 1/2 -1/2
96 3094.083(15) 2.26(2)  3094.071(15) 1/2 -1/2
109AP  3094.094(5) 2.045(5) 3094.084(5)  1/2 . -1/2
109B®  3094.097(10) 2

12(3)  3094.086(10) 1/2 -1/2

a. The least-squares fit of all resonances gives A v = 3094.084(6)
Mc/sec. o ,
~b.  Runs 88C, 109A, and 109B indicate_.A \). =.3094.085(6) Mc/sec. —-
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APPENDIX: 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
Fundamental Constants of Physics (Interscience Publishers, New
York, 1957):

| h = 6.62517(23) X 10"27 erg sec,

Mg = 9-2731(2) X 10741 erg/gauss;

, k = 1.38042(10) x 1010 erg/deg,
M /m, =Vl836.1h2(2), o . |
Uy = uo(me-/Mp) = 5,05038(18) X 10~~~ erg/gauss."
87

“The constants for the calibration isotope, Rb" ', are:
gy = - 2.00238(2) (KUS 49) |
Av=6834,7005(11)Mc  (BED 52)

gp = 9-95259 X 1074 (YAS 51)

S 1=13/2 (KOP 33)



REFERENCES
BED 52 B. Bedersonand V.Jaccarino, Phys. Rev. 87, 228 (1952).
BEM 53 G. Bemski, The Fluorine Resonance in Molecular Beams,

thesis, University of California, Sept. 1953

o unpublished. :

BRA 60 . Norman Braslau, The Rubidium 85-Rubidium 86
Hyperfine-Structure Anomaly, thesis, UCRL-9130,
June 1960. ‘

BRI 59 - G.O. Brink and N. Braslau, Rev. Sci. Instr. 30, 670
(1959).

FER 30 E. Fermi, Z. Physikf)_O_z 320 (1930).

HUB 57 J.C. Hubbs, W.A. Nierenberg, H. A, Shugart, H.B. Silsbee,

| and R.J.. Sunderland Phys. Rev. 107, 723 (1957).

KOP 33 H. Kopfermann, Naturwiss. 21, 24 (1933).

KUS 49 P. Kusch and H. Taub, Phys. Rev. 75, 1477 (1949).

KUS 59 P. Kusch and V. W. Hughes, Handbuch der Physik,

' Vol 37, No. 1 p. 1., Editor, E. Fliigge,
(Springer-Verlag, Berlin, 1959).
- MAJ 32 E. Majorana, Nuovo cimento 9, 43 (1932),

RAB 37 I.I. Rabi, Phys. Rev. 51, 652 (1951).

RAM 50 N. F. Ramsey, Phys. Rev. 78, 695 (1950).

RAM 53 N. F.. Ramsey, Nuclear Moments, (John Wiley and Sons,
New York, 1953).

RAM 56+ N. F. ‘Ramsey, Molecular Beams, (Clarendon Press,
Oxford, 1956).

SHU 57 Howard A. Shugart, The Nuclear Spins,. Hyperfine-
Structure Separations, and Magnetic Moments of
Cle7, Cslzg, Csl30, and Csl32, thesis,

_ UCRL-3770, June 1957.
SMI 59 . K. F. Smith, Molecular Beams (Methuen and Co., London,

1959).



SUN 56 :

TOR 41
YAS 51
ZAC 42

54 .

Robert J. Sunderland, The Nuclear Spins of rb5Z, RLS’

and Rb84, (thesis), University of California,

- June 1956 (unpublished).

~H.C. Torry, Phys. Rev. 59, 293 (1941).

E. Yasaitis and B. Smaller, Phys. Rev. 82, 750 (1951).
J.R. Zacharias, Phys. Rev. _63_1_, 270 (1942).

3

<~



a

"This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this-
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report. » ’

As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
- mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.

ks





