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Through the last two decades of his life 1. 1. Rabi had insisted that 
nothing remained of the apparatus employed in his molecular beam 
researches prior to the Second World War: 'It's all gone.'J When, 
however, following his death in January, 1988, Rabi's papers and effects 
were removed from his office at Columbia University, three pieces of 
'hardware' came to light and were donated to the Smithsonian 
Institution's National Museum of American History (Figure 1). 

All three of these objects are molecular beam deflecting magnets 
employed in measurements of angular momenta and magnetic moments 
of atomic nuclei, measurements carried out under Rabi's direction at 
Columbia over the five years 1933-37. The technique employed in those 
measurements, devised by Rabi and Gregory Breit in 1930/31,2 was an 
ingenious modification of that first introduced by Otto Stern in 1921 
(Figure 2). 

In a lengthy paper being published in sequential parts in AnnaLs of 
Science, I report an investigation-in which the assistance of Roger 
Sherman, Museum Specialist in the Electricity and Modern Physics 
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Figure 1. Three 
molecular beam 
deflecting magnets as 
receivedfrom the estate 
of1. 1. Rabi early in 
1989 (National 
Museum ofAmerican 
History accession no. 
1996. 0331). The two 
bars, oflength two feet 
andfive feet, precisely, 
are ofnon-magnetic 
aluminum alloy. Each 
carries, embedded in one 
side, a pair ofthin 
copper tubes. The object 
at lower right is a C
shaped (annular), ferric 
magnet, firmed oftwo 
opposed halves, here 
hinged together and 
partially opened. These 
three magnets will be 
denominated, respec
tively, the 'Millman' 
magnet, the 'Manley' 
magnet, and the 
'indium'magnet. In use, 
the bars were rotated 
180 0 from their 
orientations in this 
photograph (see Figure 
3). The hinge on the 
'indium' magnet is 
attached at the 'bottom' 
ofthe magnet, whose 
gap, in use, was vertical 
at top (see Figure 4). 



Sf S2 

Er~~~~ I I ~ ~A
o .-.·c:-~ ~~-=.-- ------ -- ----._. . . 1_ .... -...-~~~ I;;~.:., l?iPg~r.&?ff};J. 

(a) 

Figure 2. Schematic drawings ofthe Stern-Gerlach experiment. At left (Figure 2a) the substance to be 
investigated is vaporized in the oven, 0. Evaporated atoms (or molecules) emerge into an evacuated 
chamber at 0: and are formed into a ribbon-like beam by the slits, 51' 52' whose long dimensions are 
perpendicular to the paper. The beam so formed is then deflected by the action ofan inhomogeneous 
magnetic field, between the pole pieces PP, upon the magnetic moments (electronic and/or nuclear) ofthe 
atoms. Finally, the atoms strike and adhere to the arrester plate, A. The separations between the traces left in 
the presence and in the absence ofthe inhomogeneous magnetic field are a measure ofthe strength ofthe 
magnetic moments borne by the atoms. At right (Figure 2b) is a transverse section through the pole pieces, 
showing the configuration Stern and Gerlach employed to maximize the magnetic field and its g~qdient
and hence to maximize the deflection ofthe atoms. Figures reproducedfrom: Walther Gerlach, 'Uber die 
Richtungsquantelung im Magnetftld II. Experimentelle Untersuchungen aber das Verhalten normaler 
Atome unter magnetischer Kraftwirkung, 'Annalen der Physik 76 (1925), Figure 1 on p. 164; Gerlach, 
Ver experimentelle Nachweis der Richtungsquantelung im Magnetftld und das magnetische Moment des 
Silberatoms, ' Physica 2 (1922), Figure 2 on p. 123. 

Collections, has been essential-aiming to describe and identifY those 
three objects and to explicate them as historical artefacts within Rabi's 
developing program of research. 3 

Making use of the documentary resources available, especially Rabi's 
manuscripts, correspondence, and projection slides deposited at the 
Library of Congress, I provide in that longer paper a detailed, critical 
account of Rabi's route into molecular beam research, and of the first 
decade of his work with that technique. I point out Rabi's early commit
ment to the field of magnetism, highlight the extent of his indebtedness 
to Otto Stern's pioneering efforts toward molecular beam measurements 
of nuclear moments, and, especially, make evident the coherence of the 
research program for determination of nuclear moments by the 'Breit
Rabi method' that Rabi pursued from 1930 to 1937, i.e., prior to his 
implementation of the justly famous magnetic resonance method. Here 
in this brief paper I scant biographical and institutional circumstances 
and offer a very condensed account of that research program and the 
roles of these objects within it. 

Born Israel Isaac in 1898 in a small town in Galicia-born to poor, 
little educated, deeply religious parents in this proverbially impoverished 
Polish province of the Austro-Hungarian Empire-Isidor Isaac Rabi 
spent his childhood and youth in immigrant neighborhoods of New York 
City. A voracious reader, exceptionally bright and broadly gifted intellec
tually, Rabi was long uncertain of his vocation, but found his way by age 
30 into 'the purest kind of pure science.'4 Such, for Rabi, was the tech
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nique of molecular beams, as he found it practiced by Stern at Hamburg 
University. From 1928 Rabi took this as his own field of research, apply
ing it more and more exclusively to the measurement of the spins and 
magnetic moments of atomic nuclei. A decade of significant conceptual 
and instrumental advances, advances with which the artefacts here in 
question are closely associated, was then quite overshadowed by that 
further improvement in the technique-the magnetic resonance 
method-that Rabi and Co. began to employ late in 1937. And 'mag
netic resonance' so increased the sensitivity and precision of the molecu
lar beam method as largely to obliterate all earlier advances from 
scientific memory.5 But for Rabi himself those earlier researches-and 
the magnets he had designed for them-remained an important part of 
his own sense of accomplishment and of his place in the history of 
science.6 

Rabi was not wrong so to regard himself and these artefacts. In the late 
1920s nuclear physics was becoming Widely recognized as the 'new fron
tier' of physical research, and in the early 1930s American physicists, 
more than those of any other nation, began turning their research efforts 
in this direction. Over the six years 1932-1937, in which Rabi's pre
magnetic-resonance researches were appearing in the Physical Review, 
nuclear physics was springing from under 10% to over 30% of the papers 
published in that journal,7 Thus Rabi, a bit of a Rutherford, was on the 
crest of a wave that he himself was helping to create. Moreover, what he 
contributed to the making of that nuclear physics wave was in some 
respects unique. Nuclear moments-i.e., a nucleus's 'spin' (angular 
momentum) and its magnetic moment-were among the very few para
meters then regarded as necessary to define a nucleus as a quantum-phys
ical system. While optical spectroscopists, through their analyses of 
hyperfine structure, provided most of the experimental data on nuclear 
moments, Rabi and only Rabi was providing confirmation and supple
mentation of that data by an independent technique, the Breit-Rabi 
method.8 Those pre-magnetic resonance experiments were imaginatively 
conceived, skillfully performed, knowledgably analyzed-and technically 
demanding. Experimentalists so able and successful as Ernest Lawrence 
listened 'almost with reverence' to Rabi's account of them.9 

Measuring nuclear magnetic moments was a desideratum that Rabi's 
principal mentors had earlier emphasized: Ralph Kronig, with whom 
Rabi studied and collaborated at Columbia University, January 1926 to 
June 1927; Wolfgang Pauli and Otto Stern, at Hamburg University, 
October 1927 to December 1928. 10 The question took on great impor
tance through the acceptance early in 1926 of the concept of electron 
spin-the attribution to every electron of an intrinsic angular momen
tum of magnitude exactly half that possessed by an electron circulating in 
the lowest orbit of a Bohr atom, and, along with that 'spin', the attribu
tion of an intrinsic magnetic moment exactly equal to that which an 
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electron circulating in a lowest Bohr orbit would produce electrodynami
cally: JLB=eh/4'TTmec, the 'Bohr magneton'. (Here e is the electron's charge, 
me its mass, h/4'TT its intrinsic angular momentum, and c the velocity of 
light.) Since, until neutrons came to the rescue in 1932, atomic nuclei 
were thought to be composed of protons and electrons, the attribution to 
electrons of this atomic size magnetic moment, roughly a thousand times 
greater than that which atomic nuclei had been thought to possess, pre
sented atomic physicists with a perplexing problem. 11 

This issue was further sharpened with Dirac's publication early in 1928 
of an equation that, applied to a particle of the electron's charge and 
mass, 'produced' exactly the previously attributed intrinsic angular 
momentum and magnetic moment. With the success of Dirac's equation, 
it came to be widely accepted in the early 1930s that the proton was 
describable by the same equation, with appropriate charge and mass
leading to the conclusion that the magnitude of the proton's intrinsic 
magnetic moment, the 'nuclear magneton', must be exactly JLB(mel mp), 

where me and mp are the masses of the electron and the proton, standing 
in the ratio of 1 to 1850. 12 

Measurement of the magnetic moment of a nucleus was Stern's cyno
sure, the particular goal towards which his refinements of the molecular 
beam technique had pointed from the early 1920s to the early 1930s.13 

The implication of an atom-size nuclear magnetic moment, however per
plexing, was enticing to the experimenter. When Rabi, itinerant postdoc 
in Europe, committed himself to a year's work in Stern's laboratory late 
in 1927, he was paired with Stern's other American postdoctoral fellow, 
John B. Taylor. This very skilled experimentalist, to whose example and 
instruction Rabi would be greatly beholden, was then, at Stern's behest, 
searching for the large nuclear magnetic moment implied by the spinning 
electron. 14 

Through the strong support of George B. Pegram, the perpetual head 
of Columbia's physics department and occupant of various higher admin
istrative positions in the university, in the autumn of 1929 Rabi came 
back to Columbia as faculty member. Although research funds at 
Columbia were not especially ample, Pegram ensured that Rabi always 
had an exceptionally large share of them, as well as an exceptionally large 
share of the time of the Physics Department's exceptionally well
equipped machine shop. Moreover, in the enormous, 14-storey, physics 
building that Columbia had completed as Rabi was completing his doc
toral research in 1926, there was ample space through the 1930s for 
Rabi's ever-expanding research group. IS 

Rabi's return to Columbia in the summer of 1929 coincided with 
Gregory Breit's arrival in New York to begin teaching at New York 
University-indeed, to take, at twice Rabi's salary, intellectual leadership 
of physics at NYU. Breit was Rabi's age, but was his senior in every pro
fessional sense, having been precocious rather than backward in finding 
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his way into theoretical physics. Industrious and learned, he already had a 
huge record of publication, and he did much of his work in close collab
oration with experimentalists. His particular concern at this time and on 
through the early 1930s was the calculation of nuclear magnetic 
moments and of hyperfine splittings, and comparison of the results with 
spectroscopic observations. 16 

Soon after their simultaneous arrivals, Rabi and Breit initiated a joint 
Columbia-NYU seminar in theoretical physics. Thus it was inevitable 
that Breit and Rabi would come to discuss the problem of atomic beam 
measurement of nuclear magnetic moments. Rabi was well aware of the 
difficulties of such measurements after his year in Stern's laboratory: they 
required a precise 'mapping' of the magnetic field and its gradient in that 
extremely narrow channel through which the beam passed between the 
poles of the magnet (Figure 2), while the very smallness of nuclear mag
netic moments required the highest possible gradients, and hence the 
narrowest possible channels. The prospects for such measurements, and 
especially for such as could compete with those by optical spectroscopists 
studying hyperfine structures, would not have looked good to Rabi-and 
all the less good as he well knew that his own strength lay in conceptual 
tricks, not in refined, precise experimental technique. 

Though it was presumably here, with magnetic moments, that Breit 
and Rabi's cogitations over molecular beam measurements of nuclear 
moments began, it was to mechanical moments that they led. Contrary to 

what is usually stated, the remarkable conceptual trick upon which they 
came was not a method for measuring nuclear magnetic moments. 
Rather, the essence of the Breit-Rabi method, clearly stated in the title of 
their paper, 17 was to ignore the extremely difficult task of quantitatively 
measuring nuclear magnetic moment, and concentrate rather upon the 
far less demanding, merely semi-quantitative task of evaluating the 
integer, or half-integer, quantum number determining the angular 
momentum (mechanical moment, 'spin') of a nucleus. 

Breit and Rabi pointed out that under certain experimental conditions 
the relatively large electronic magnetic moment of an atom could serve as 
a 'handle' on the angular momentum vector of the nucleus. The condi
tion therefor was that the magnetic fields used to deflect the atoms must 
remain so weak as not to disrupt the coupling between the angular 
momentum of the nucleus and the angular momentum of the extranu
clear electron cloud. 

The criterion developed by Breit and Rabi for the maintenance of this 
coupling was that the ratio gJLBH/D.W be much less than 1. Here H is the 
applied magnetic field; JLB is, as before, the Bohr magneton; g is a known 
number, generally between one and twO, characterizing the way in which 
the angular momenta of the extra-nuclear electrons are themselves 
coupled together in the particular atomic state considered; and D.W is the 
width of the hyperfine structure in the optical spectrum of the atom 
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(expressed in energy units, hav). Physically, this denominator aW is the 
energy of the (undetermined) nuclear magnetic moment, ILl> in the mag
netic field produced by the extranuclear electron cloud, Rj> while the 
numerator gILBR is the energy of that cloud in the applied magnetic field 
H And the requirement that the former be much greater than the latter 
is equivalent to requiring that the torque exerted by the external mag
netic field on the electron cloud be much less than that exerted by the 
electron cloud on the nucleus, i.e., that the mechanical coupling between 
the angular momentum of the nucleus and that of the electron cloud not 
be disrupted by the applied magnetic field. 

Breit and Rabi pointed out that the preservation of this coupling 
results in the splitting of the atomic beam into a multiplicity of beamlets 
whose intensities and separations are not greatly different and whose 
number, (2J + 1)(21 + 1), yields the number of quantum units of nuclear 
angular momentum. (Here J is the known angular momentum quantum 
number of the extra-nuclear electrons, and lis the unknown number of 
quantum units of angular momentum of the nucleus.) When the condi
tion for maintenance of this coupling was fulfilled, evaluating nuclear 
spin would merely require determining with certainty the number of 
'beamlets' into which the primary beam was split in the magnetic field. 
No precise knowledge of the strength or gradient of the field and no 
quantitative measurement of the deflection of the 'beamlets' was 
required. 

This concept, and with it the limitation to the determination of 
nuclear spin, had obvious appeal, but its implementation was by no 
means unproblematic. In particular, the condition for the application of 
the Breit-Rabi method was abandonment of the strong magnetic fields 
(and field gradients) that had always been employed in magnetic 
deflection experiments, for the greater the field and gradient, the greater 
the beam deflection, and hence the greater the sensitivity and precision of 
the experiment. Now, weak fields had to suffice. 

Early in 1931 Rabi began to build up a molecular beam apparatus 'on 
an American scale' (as Rabi wrote Stern) to demonstrate the practicability 
of the Breit-Rabi method. In order to achieve perceptible separations of 
the 'beamlets' with the weak magnetic fields and field gradients required 
by the Breit-Rabi method, Rabi's design provided a beam path of almost 
40 cm, twice the lengths Stern had used. Otherwise, however, the appara
tus was a rather crude replica of John Taylor's Hamburg apparatus. The 
results that Rabi reported at the end of 1931 could be construed as evi
dence for the existence of nuclear spin only with some good will. For an 
evaluation of that spin his results were entirely insufficient. 18 

Rabi's only hope for doing better was to find collaborators gifted for 
experimental work. Late in 1931 he got one in graduate student Victor 
William ('Bill') Cohen, and in the autumn of 1932 he was able to hire a 
postdoctoral research assistant, Carl Frische-for one year only. 
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Thereafter the number of skilled experimental collaborators-students 
and, especially, postdocs-grew steadily: Sidney Millman, Jerome 
Kellogg, Jerrold Zacharias, John Manley, ... 19 

Meanwhile, back in Hamburg, through 1932 and during the first half 
of 1933-until forced to emigrate in summer 1933-Stern used his 
high-gradient technique in several very difficult experiments on hydrogen 
molecules and deuterium molecules in order to measure the intrinsic 
magnetic moment of the proton to within 10% and make a rough esti
mate of the magnetic moment of the neutron. He found that I-tp was not 
the the nuclear magneton, I-tB(mel mp), that physicists, following Dirac's 
1928 theory of the electron, confidently expected it to be, but some 21h 
times this value. 20 

Stern's result being, without question, the most important relating to 
nuclear moments that had yet come to light, it cried out for confirmation 
by a different method. The Breit-Rabi 'indirect' method was an alterna
tive-the only alternative-but only if Rabi could extend it from deter
mination of nuclear spin to measurement of nuclear magnetic moment. 
This was indeed possible in the case of hydrogen atoms, because for one
electron atoms, and only those, it was possible to calculate numerically, 
exactly, the magnetic field H.J produced at the nucleus by the 'electron 
cloud'. To take advantage of this possibility, however, more was required 
from a Breit-Rabi experiment, namely, just what was required in a tradi
tional Stern-Gerlach experiment: precise knowledge of the deflections 
produced and of the strength and the gradient of the magnetic field pro
ducing them. 

Rabi's whole prior career was based on circumventing field gradient 
measurements, and he was not disposed to accept the necessity of such 
now-especially now, where the weak fields employed in the Breit-Rabi 
method tended rather to increase the significance of measurement uncer
tainties. The alternative to measuring was calculating: to produce a mag
netic field by a means that permitted an accurate and precise calculation 
of its strength and gradient. Such were the fields produced by electric 
currents in the absence of ferromagnetic materials. Fields so produced 
could never be very strong, and therefore had not previously been 
employed in atomic beam magnetic deflection experiments. But the very 
point of the Breit-Rabi method was to remain in a regime of weak fields. 

Rabi found that two parallel 'wires' (in practice, copper tubes) with 
electric current flowing in them in opposite directions (and water as 
coolant flowing through them) produced a magnetic field that was nearly 
constant in planes parallel to the plane through the two wires (center 
lines of the copper tubes). And as the magnetic field was constant in such 
planes, so also was its gradient. In these planes the ribbon-like atomic 
beam would lie, and all atoms within the beam thus would be subject to 
the same deflecting field. This allowed still broader ribbons, and conse
quently higher beam intensities, than had ever been possible with the 
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wedge-and-groove Stern Gerlach magnets. With such a deflecting 
magnet-this first was only 15 cm long-Rabi and collaborators deter
mined the proton magnetic moment in the spring of 1934, confirming 
the anomaly, and indeed finding it even larger than had Stern.21 

Late in 1933 Rabi designed and had Columbia's skilled machinists 
construct for doctoral student Sidney Millman-who was gearing up to 
follow up Cohen's wedge-and-groove measurements on alkalis-a 
61.5 cm long version of the '2-wire' magnet (Figure 3). This, with great 
certainty, is the 2-foot magnet here denominated the 'Millman' magnet. 

Having found that the 2-wire scheme worked so well, Rabi naturally 
wanted to see whether the uniformity of the magnetic field and the 
strength of its gradient could be improved by more complicated 
configurations of parallel wires. The most obvious refinement was the 
addition of a second pair of parallel wires, their centers forming a square 
with those of the first pair, but powered independently. This indeed is 
the design of our 2-foot magnet (the 'Millman' magnet). Occasionally, 
but only occasionally, employing the second pair of wires, Millman was 
able to gain some advantage in his experiments on potassium-39.22 

Millman's magnet continued in service in Rabi's laboratory, first in 
experiments by Marvin Fox, Millman's understudy, on the nuclear 

Figure 3. The 'Millman' and the 'Manley' magnets as d~icted in publications from Rabi's laborato;y.· 
Figs 3a and 3b, 'Millman' magnet in 1935 and in 1937, 2,23 Figure 3c, 'Manley' magnet in 1936.2 

In Figure 3a the 'Millman' magnet, marked 'E: ayears at the center ofthe apparatus. The four 
copper tubes ('FIELD WIRES'), separated only by thin sheet oj micas, lie against each other, embedded in the 
fice ofthe aluminum alloy bar (field block'). Here, as also in Figs 3b and 3c, as indeed was then standard 
in magnetic deflection experiments, the ribbon-like beam is vertical (stands on edge), andpasses from oven 
~' to detector 'G'just 'in front' ofthe field wires. That there were originally two sets offield wires is clearly 
indicated by the two pairs oflines diverging from the right end ofthe field block to either side ofthe 
collimating slit V: 

In Figure 3b the 'Millman' magnet, marked 'B: has been reused by TOrrey in a rather more 
complicated experiment. 23 Here the orientation ofthe magnet is unchanged, but the oven and detector 
positions are switched. Thus the collimator slit V: with its brass frame bolted to the duralumin field block, 
is now at the 'trailing: not the 'leading' end ofthe magnet. Here only two field wires are shown at the right 
end ofthe magnet, indicating the desuetude, ifnot already the removal, ofthe second pair oftubes by 1937. 

Figure 3c shows the apparatus, essentially similar to that ofFigure 3a, in which the lengthy 
'Manley'magnet, marked V: was first used. Here the two pairs oftubes fieding into the field block at its 
center are clearly indicated as tubes rather than schematically as wires. 

All three drawings depict, in progressively increasing detail, a contact ionization detector 'G: 
Developed by John B. Taylor in 1928, the year Rabi shared his Hamburg laboratory, this was the first 
electronic detector ofmolecular or atomic beams, as also the first highly sensitive and truely quantitative 
detector. It was indispensable for all ofRabi's experiments at Columbia employing alkali atoms, i.e., the 
overwhelming majority ofhis experiments. At its center is a fine tungsten wire parallel to the plane ofthe 
beam and translatable perpendicular to that plane. The tungsten wire is held at a high temperature and at 
a moderate positive potential, and is surrounf1ed by a cylindrical cage connected through a s~nsitive gal
vanometer to a negative potential. Alkali atoms, on striking the hot tungsten, surrender thezr one, loosely 
bound, valence electron to it, and are then repelled to the surrounding cage. T.h~ current th~ough the 
galvanameter so produced is thus a precise measure ofthe atom flux at the posztron ofthe wzre. 
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moments of potassium-41, and then by graduate student Henry Torrey, 
1936-37, in an experiment to determine the sign of the potassium-39 
nuclear magnetic moment, i.e. whether the magnetic moment is directed 
parallel or anti-parallel to the nuclear spin. It appears that the form in 
which the 'Millman' magnet has come down to us is that in which it was 
left by Torrey, with his brass frame bearing an adjustable-slit attached to 
its right end.23 

John Manley, with a doctorate from the University of Michigan, 
arrived at Columbia late in the summer of 1934 to take up a sub-faculty 
position as Instructor. Looking about to see who had interesting research 
in progress, he came to Rabi, who really had little competition in that 
regard. Manley's background included a B.S. in 'engineering physics', and 
perhaps for that reason Rabi set him to work on an atomic beam appara
tus (Figure 3) that made Rabi's original 'American scale' Breit-Rabi appa
ratus appear Lilliputian. The nucleus in question was, once again, 
potassium 41, which because of its very small nuclear magnetic moment 
and low abundance, had resisted Millman's and Fox's (and Rabi's) efforts 
to determine its spin with certainty. And when Manley had succeeded 
well there, Rabi had him proceed to lithium 6 and 7 with the same 
apparatus. 24 

The apparatus (Figure 3c), more than two meters long, contained a 
deflecting magnet of length 153 em, that is, again with considerable cer
tainty, our 5-foot 'Manley' magnet. Although constructed so that the 
tubes in each half of the bar are fed separately at its center, it was oper
ated integrally-two feeds being provided only to reduce electrical resis
tance and facilitate cooling. Further, although the published schematic 
drawing of the apparatus shows it to have been constructed as a '4-wire' 
magnet, as indeed ours is, neither Manley, nor John Gorham who used it 
after him, reported having used it otherwise than as a 2-wire magnet. 

The Breit-Rabi method was a brilliantly direct method for the determi
nation of nuclear spin, but it was an only indirect, and in most cases 
insufficient, method for measurement of nuclear magnetic moment. 
Stern took hydrogen molecules with zero electronic angular momentum 
and zero electronic magnetic moment, and operated directly upon their 
very small nuclear magnetic moment, J.Lp' by means of highly inhomoge
neous magnetic fields. Consequently, the deflections that he measured 
were (with appropriate corrections) direct measures of J.Lr Rabi, on the 
contrary, required atoms with non-zero electronic magnetic moment, for 
it was that thousand-times larger electronic magnetic moment upon 
which the Breit-Rabi method relied to get observable deflections with 
weak magnetic fields. And he could put a number on the nuclear mag
netic moment, J.LI, only when theory could provide him with an estimate 
of HJ, the magnetic field at the nucleus due to the electron cloud.25 

. 

Only for hydrogen (j.e., one-electron atoms) could theory prOVide a 
precise Hi' and only for the alkalis (i.e., atoms with only one valence 

170 Paul Forman Researching Rabi's Relics 



electron) could it provide even an approximate value. Such a situation is 
never entirely congenial to the experimentalist, and it was especially 
uncomfortable in the mid-1930s as optical hyperfine spectroscopy was 
producing very different values of JLb depending upon which hyperfine 
structure-i.e., which electronic state-was used to evaluate JLJ.26 Since 
Rabi was limited to the evaluation of JLJ in just one state-the ground 
state-and that only where theory had an ~ to give him, he was hard 
pressed to make any very strong claim for his number. 

It was thus the 'logical conclusion' of the Breit-Rabi method to extend 
it in such a way as to wrest from it a direct measurement of JLJ. Indeed, 
the possibility had been implicit in the Breit-Rabi calculation all along, 
had it not treated JLJ as negligibly small compared with JLB (i.e., com
pared with JL;, the electronic magnetic moment). In 1936 Rabi reconsid
ered the calculation from that point of view, and found that carrying JLJ 
through implied a more complicated beam splitting. In the mode of 
Breit-Rabi measurement introduced in 1934-the so-called 'zero 
moment' method-treating JLJJL; as small but non-negligible implied 
that the peaks in detector current were actually narrow doublets. (In the 
'zero moment' method, rather than mapping the pattern of beamlets at a 
fixed magnetic field, the detector was fixed at the position of the 
undeflected beam, and the 'pattern' was swept over the detector by grad
ually increasing the current through the magnet.) The small difference in 
magnetic field D.H separating these two maxima in detector current is 
proportional to Hand to JLJILl' 

If the Breit-Rabi technique could be made sensitive enough to make 
this fine structure perceptible, ILl would be obtained free of that factor 
for which Rabi was dependant upon theoretical calculation, as also free of 
the assumptions about the physical nature of the interaction between the 
magnetic moment of the nucleus and the extranuclear electrons on which 
the hyperfine structure determinations depended. With such a measure
ment Rabi would have obtained the 'absolute nuclear moment.'27 To 
carry this through, Rabi needed a nucleus with a large magnetic moment 
in an atom with small (but non-zero) JL; and a readily detachable valence 
electron (so as to behave like an alkali atom in a contact-ionization 
detector). 

Rabi fixed on indium. Its large nuclear magnetic moment assured the 
satisfaction of the Breit-Rabi coupling condition at relatively high mag
netic fields-10,OOO gauss. Such fields, however, were larger than could 
be obtained without the aid of iron. Rabi therefore designed ari iron-core 
magnet with pole faces that would reproduce the field of a 2-wire 
magnet. The requisite geometry of the pole cross-section proved excep
tionally simple: semicircles. A magnet one meter long of Armco iron, 
accurately milled with poles of approximately 3 mm (1/8 inch) radius of 
curvature (corresponding to two parallel wires 1/4 inch apart), wound 
with four turns of copper tubing, was fabricated under hand and eye of 
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Figure 4. The 
'indium' magnet. Figure 
4a is 'Cross section of 
magnet and windings' as 
depicted in Rabi and 
collaborators' report on 
their 1931 
experiments. 27 The iron 
portion ofthe magnet is 
shown hatched. The 
copper windings take 
the form ofthick-walled 
tubes, running the fUll 
meter length ofthe 
magnet.from end to end 
within the central hole, 
and outside the magnet 
body have the form of 
segments ofhollow 
copper cylinders (with 
cooling water carried in 
thin-walled copper tubes 
soldered to them). As 
Rabi et al. state the 
drawing to be '2/3 fUll 
size, ' the 11 mm 
diameter ofthe central 
hole as there depicted 
corresponds closely to the 
1 inch measured 
diameter ofthe central 
hole ofour 'indium' 
magnet. (Thus Rabi's 
drawing is here 
rep'roduced '1 112 
fUll size:) 

the Department's chief mechanician, Sam Cooey. The apparatus was oth
erwise essentially similar to that in Fig. 3c. 

It is my surmise that the third of our artefacts, the iron magnet with 
central hole of I-inch diameter, and of ,length' I-inch, was sliced off that 
original I-meter long magnet as souvenir paperweight-the hinge being 
then added to hold the two halves together while displaying the finely 
machined pole faces. 28 

In a series of very difficult experiments, together with Sidney Millman 
and Jerrold Zacharias, in the summer of 1937 ('the indium summer' 
Zacharias punned) Rabi carried through this 'absolute' measurement. It 
was indeed a tour de force, the capstone of the Breit-Rabi research 
program. Further in this direction it was hardly possible to proceed. In 
September Cornelius Gorter visited Columbia and urged Rabi to try 
magnetic resonance.29 Rabi was ready. 
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