EARLY HISTORY OF SPIN EXPERIMENTS

G. FIDECARO CERN European Organization for Nuclear Research, Geneva, Switzerland E-mail: fideg@mail.cern.ch

Discovered as an essential element of electromagnetic interactions, the spin is associated from the very beginning to nuclear forces and can play a selective role between different theories or models. The spin experiments have often required ingenuity and unconventional techniques. A few of them are recalled here from the early times.

1 Introduction

As it is, the history of spin experiments spans more than one hundred years. Modern time experiments, namely the experiments which in the past we had been discussing in the Spin Symposia series, were recollected and put in perspective by previous speakers, who even had an outlook on the future. Why not to complete the picture and give an overview of how did we arrive there? The acknowledgment of the roots may help in foggy days . . .

With this in mind, I shall sketch some facts of the very old days, which nowadays are mainly buried in text-books and often neglected. It was out of reach to be complete, and I apologize if I happen to forget events that others may judge worth recalling.

2 The spin of the electron

“. . . the word spin in an English dictionary, in addition to the meaning to rotate, it can mean twisting a fiber to form thread, and perhaps from there it can also mean to draw out something. Especially there is the idiom spinning a yarn, and this seems to describe an old sailor talking on and on about his youthful adventures.”

Sin-Itiro Tomonaga, The history of spin^1

The discovery of the spin in October 1925 by two graduate students, George Eugene Uhlenbeck and Samuel Abraham Goudsmit is indeed a long tale, the tale of the old quantum mechanics, with experiments calling for refined measurements of atomic spectra from hydrogen and hydrogen-like ions.

I should like to recall that the first hydrogen lines H_α H_β H_γ H_δ 6562.8 Å 4861.3 Å 4340.5 Å 4102.2 Å were observed by Ångström in 1853, and the Balmer formula was discovered in 1885^2. The picture started to change around 1890 thanks to the highresolution gratings designed by Rowland. Two lines of experiments (with and without magnetic field), say of thinking (Zeeman effect and fine structure of spectral lines respectively) developed in the first quarter of this century. In both cases the start was a broadening of spectral lines.

2.1 The fine structure of the spectral lines

Already in 1892 Michelson noticed that the intensity curve of the two lines H_α and H_γ of hydrogen looked as originating from a double source, thus giving the first indication of a fine structure for these lines^3. For a number of years, many people, even Bohr, thought to be in presence of an instrumental effect.

In 1911, based on a novel class of experiments (the scattering of α particles by gold) Rutherford introduced the idea of nucleus in his model of atom^4. Then, in 1913, Bohr stepped in to explain how hydrogen atoms could radiate^5. The Balmer formula came out naturally from his theory; it was the first triumph of quantum dynamics. Curiously enough, Bohr had no recollection of the Balmer’s formula until shortly before he worked out the implications of his model^6.

At the end of 1914 it was finally recognized that the lines H_α and H_γ were double, but there was disagreement as to the exact separation of the components. At the same time the existence of a small systematic deviation of the hydrogen lines from the position given by the Balmer law was admitted^7.

Bohr tried to work out a correction to the Balmer formula by using relativistic expressions for the electron energy and momentum, still retaining circular orbits^8. It was a step in the right direction but the correction, of the order of α^2, was not sufficient. It should be noticed that the symbol “α” does not appear in Bohr’s paper. The quantity α = 2πe^2/(hc), known as fine structure constant, was introduced by Sommerfeld nearly at the same time^9.

Contrary to other physicists, Sommerfeld took the atom of Bohr very seriously since the very early days. He considered the implications of elliptical orbits, namely the need for a postulate more general than the original one of Bohr and the quantization of the action integral for any pair of canonical variables^9. This led him to the introduction of an azimuthal quantum number n_ϕ = k beside the radial quantum number n_r. The azimuthal quantum number defined the orbital angular momentum of the electron ℓ in units of h/2π

(k = ℓ + 1). The energy levels were only depending on n = n_r + k, except for a slight dependence on k once the relativistic expressions were introduced^{10}: E_{n,k} = −R^′ [ Z^2 n + α^2Z^4 n^3 ( 1 k − 3 4n )] + O(α^4),

where n = 1, 2, 3 · · · and k = 1, 2 · · · , n. R^′ is the Rydberg constant. The first term in the square bracket gives the old Balmer formula, the second one the main correction. The formula is valid for hydrogen and hydrogen-like atoms with a nucleus of charge Ze.

It was immediately recognized that the Sommerfeld formula solved at the same time the problem of the fine structure and that of the correction to the Balmer formula. Paschen had investigated experimentally the fine structure^{11}, in particular that of the simply ionized helium He^+. The agreement of his precise measurements with the Sommerfeld formula could not be better.

There were some difficulties still left which, however, did not affect the validity of the Sommerfeld formula. A comparison with the fine structure of the line λ = 4686 Å of He^+ showed that most of the 12 components predicted for the transition (n = 4) → (n = 3) were seen in presence of a magnetic field, but their number dropped to one half when the field was removed.

Bohr^{12}, and independently A. Rubinowicz^{13}, a student of Sommerfeld, proposed the introduction of selection rules. The rule Δℓ = ±1 reduced the number of components from 12 to 5. Altogether, the situation appeared very satisfactory, and the discovery of the Sommerfeld formula was later considered as a turning point for the discovery of the spin. One dark point: the six lines observed at the predicted frequency included a component forbidden by the Δℓ rule. Seven more years had to pass by before the solution could be found!

2.2 The Zeeman effect

The Zeeman effect was discovered at the end of the nineteenth century. In 1896 Zeeman found a broadening of the sodium D-lines as an effect of magnetic field^{14}. The following year he reported for the first time a splitting of lines, and well in agreement with Lorentz calculations^{15}. But he was observing the blue line of cadmium (4800 Å), and the rare-earths do not behave like the alkalis in the same magnetic field. In the case of cadmium one observes the normal Zeeman effect: the lines are split into doublets or triplets, according to whether the light is emitted parallel or perpendicular to the magnetic field. In the case of sodium one has the anomalous Zeeman effect: had Zeeman resolved the D-line broadening, he would have seen not two, but ten lines (four for D_1 and six for D_2)! In 1912 Paschen and Back recognized that the normal Zeeman effect takes place in a strong magnetic field (the Paschen-Back effect)^{16}.

The normal Zeeman effect was explained in 1916, with the discovery of space quantization by Sommerfeld and Debye^{17}. The application of a constant magnetic field to a hydrogen-like atom induces a Larmor precession with a third frequency of the motion. Sommerfeld and Debye showed that the component of angular momentum in the field direction is also quantized, with values mh/2π and the “magnetic quantum number” m taking integral values from −ℓ to +ℓ: m = −ℓ, −ℓ + 1, · · · + ℓ. The existence of space quantization was confirmed by Stern and Gerlach in 1920, in Frankfurt, with a famous series of experiments^{18}.

Understanding the anomalous Zeeman effect on the contrary took several years, starting in 1919, when a pupil of Zeeman^{19} suggested that if in absence of magnetic field the frequency of the light emitted is given by hν = ΔE_2 − ΔE_1, in a magnetic field the frequency shift should be hΔν = ΔE_2 − ΔE_1. The latter expression provided a way to organize the experimental data, even if an equation for ΔE was missing.

In 1921 Alfred Landé^{20} introduced a factor g, the Landé factor, in the expression for the energy of a Bohr magneton μ in a magnetic field: ΔE = mgμH. He assumed in general g ≠ 1 (g = 1 in the case of the normal Zeeman effect) which implied a gyromagnetic ratio g×e/(2m_0c).

In the early twenties people used to describe the quantum state of the electrons in an atom with two quantum numbers j and ℓ. j was called the inner quantum number. The two numbers referred to the ensemble of electrons in an atom, not to a single electron in some orbit, and were always assumed to be integer. Landé proposed that the magnetic quantum m had to be half-integer in the case of the alkalis. The equality m = −j, −j + 1, · · · + j was still valid and this implied that j was half-integer when such was m.

In the same year 1921 Heisenberg published his first paper^{21}. He considered a model for the alkalis in which he distinguished between a valence electron and a core, or Atomrumpf, consisting of the ensemble of all the internal electrons. Valence electron and core, each had angular momentum 1/2. Apparently Heisenberg had the idea of half-integer quantum numbers before Landé, but he did not published it because Sommerfeld did not like it^6.

Inspired by Heisenberg’s paper Landé took the idea of a core angular momentum that he called R (from Rumpf!). He made R = 1/2 for the alkalis, proposing the vector relation ⃗ȷ = ⃗ℓ + ⃗R, with ⃗ℓ the orbital momentum of the valence electron and ⃗R the angular momentum of the core.

In some way he then worked out a formula:

g = 1 + j(j + 1) + R(R + 1) − ℓ(ℓ + 1) 2j(j + 1)

from which one gets g = 2 for the core (j = R, if ℓ = 0), and this formula, in some way, solved the problem of the anomalous Zeeman effect (the spin had not yet been invented!). Is this an example of how people worked in the days of the old quantum theory: gifted physicists were able to make important progress without knowing what they were doing. The formula looked peculiar, but it worked^6.

In December 1924 Pauli proved in his paper on the Zeeman effect^{23} that the idea of a core angular momentum did not make sense. Thus, he assigned zero angular momentum to all the closed shells (including the suspected Kshell). However, the Landé’s formula for g worked correctly, which implied that R had to be kept. The most natural thing for Pauli was to admit that R had something to do not with the core but with the valence electron. In Pauli’s own words the anomalous Zeeman effect was “due to a peculiar not classically describable two-valuedness [Zweideutigkeit] of the quantum properties of the valence electrons”.

Pauli could easily take the next obvious step and discover the spin, but his mind went in a different direction. He discovered instead the Pauli exclusion principle, taking over from Stoner’s rule. Stoner had just observed that the number of electrons in each completed shell was equal to twice the sum of the inner quantum numbers^{24}.

Pauli proposed^{25} to generalize his two-valuedness hypothesis and to extend it to all the atoms (not only to the alkalis). He set two postulates: the twovaluedness applies to every atomic electron; it is expressed by a new two-valued quantum number. The introduction of such a fourth quantum number doubles the number of possible states and explains the factor 2 found by Stone.

Pauli concluded that each set of the four quantum numbers defined a state and that a single state could be occupied only by one electron. However, he admitted that he was not able to justify this rule. His four quantum numbers were later re-defined by Goudsmit in a more clear way^{26}: n, ℓ, m_ℓ and a fourth quantum number m_R = ±1/2.

Clearly m_R was the quantum number of the spin, embedded in the exclusion principle, waiting to be taken out . . .

2.3 Goudsmit and Uhlenbeck, their first paper

Goudsmit and Uhlenbeck were graduate students at the University of Leiden, under Ehrenfest^{27}. Uhlenbeck, senior to Goudsmit by two years, had been for a while uncertain whether to move to humanities or to continue physics. Ehrenfest persuaded him to learn first what was happening in physics by working with him and learning from Goudsmit, who was already known in the field of optical spectroscopy.

In August 1925 Goudsmit and Uhlenbeck started regular meetings. In a very short time they were no more a teacher and a pupil but two people working together and, what’s more, tied by lasting friendship. Uhlenbeck, interested in physics, but still somewhat detached with his mind half turned towards history, went on raising problems and putting that type of simple questions that some time do not come to the mind of people conversant with the subject, a modern Socrates. In particular he could not understand why the model describing hydrogen-like atoms was not valid for hydrogen, which instead required the old Sommerfeld theory. Why not to apply the same model also to hydrogen? Uhlenbeck’s doubt contaminated Goudsmit.

A new level scheme was then worked out in analogy with the classification of the states for the alkalis, using half-integer numbers as it had been done successfully by Landé for the anomalous Zeeman effect. The relation k = ℓ + 1 (see section 2.1) was replaced by k = j + 1/2, with j obviously half-integer: j =^1_2 , 1^1_2 , 2^1_2 , · · · , (n − 1)^1_2 (the spin had not been invented yet!). In addition the selection rule Δℓ = ±1 was replaced by Δj = 0, ±1. Goudsmit and Uhlenbeck realized that the level splitting was the same as in the Sommerfeld theory, with different selection rules. With these assumptions the fine structure of the 4686 Å line in He^+ was explained. Ehrenfest was somewhat perplexed, but suggested that they wrote a little note, which they did – in Dutch – a note that did not attract any attention until much later. It was their first joint paper^{28} that Uhlenbeck called the August paper.

2.4 The discovery of the spin. – I

After explaining the Pauli scheme which assigned four quantum numbers to each electron, Goudsmit went on with the January 1925 paper where Pauli formulated the exclusion principle^{25}, and recalled his own re-definition of the Pauli quantum numbers^{26} (n, l, m_l, m_s) with m_s = ±1/2. Uhlenbeck was impressed.

Uhlenbeck found Pauli’s arguments purely formal. There was no connection with the Bohr’s atom: It was then that it occurred to me that since . . . each quantum number corresponds to a degree of freedom of the electron, the fourth quantum number must mean that the electron had an additional degree of freedom – in other words, the electron must be rotating!^{27}. As recalled by Uhlenbeck^{27}, Goudsmit had written that at that time he did not know what a degree of freedom was: Goudsmit had never passed his mechanics exam and had no right to teach mechanics in the Dutch high school, not even after getting his Ph.D., though he later was teaching the graduate course in mechanics at the University of Michigan.

Goudsmit immediately appreciated that if the angular momentum of the electron was h̄/2 one had rotation of the electron with two possible orientations of its axis respect to the orbital plane. Assuming for the gyromagnetic ratio of the electron twice its classical value e/(2mc), one got for the magnetic moment of the electron exactly one Bohr magneton. The hypothesis of the rotating electron also confirmed that the properties originally attributed by Landé to the core were in effect properties of the valence electron, in agreement with Pauli ideas. The existence of a rotating electron led also to the interpretation of j as the total angular momentum of the electron, namely j = ℓ + s.

Goudsmit and Uhlenbeck were in an excited state, but they thought that such a new concept, a rotating electron, that no physics VIP had ever developed, could not be published. For some reason it had to be non-sense. On the contrary Ehrenfest was immediately interested.

The fact that one had to take a gyromagnetic ratio twice its classical value, as originally proposed by Landé to get agreement with experiments, was still disturbing. However, following a suggestion from Ehrenfest, Uhlenbeck found in an old paper by Max Abraham that the gyromagnetic ratio of a spherical electron having only surface charge was twice the classical gyromagnetic ratio. Abraham’s calculations, non relativistic and old-style, clearly were only indicative, but they came as an encouragement. Ehrenfest thought that Goudsmit’s and Uhlenbeck’s idea was either very important or non-sense, and had to be published. He suggested that they wrote a short note for Naturwissenschaften and gave it to him: and we will ask Mr Lorentz. The note was prepared and, with Goudsmit’s agreement, Uhlenbeck signed it as first author.

Lorentz was particularly negative. The surface velocity of an electron with radius r_0 = e^2/(mc^2) rotating with angular momentum h̄/2 would be ten times that of light! the magnetic energy of an electron having one Bohr magneton magnetic moment would be so large as to require a radius ten times its classical value to keep its mass m. Uhlenbeck, convinced that their idea was really nonsense, rushed to see Ehrenfest. It was too late. Ehrenfest had already sent out the note^{29}: You are both young enough to be able to afford a stupidity! This is how Uhlenbeck and Goudsmit happened not to miss the discovery of the spin, but the story does not end here: they still had to convince the VIPs of Physics. The note was dated 17 October 1925. It appeared in the middle of November.

2.5 The discovery of the spin. – II

On 21 November 1925, about a week after the publication of the note^{29}, Goudsmit received a letter from Heisenberg. It was a letter of appreciation for their courageous idea which would remove all the difficulties of the Pauli theory. He noted that it led to the Landé-Sommerfeld formula for the alkali doublets except for a factor 2 and he wished to know how they got rid of this factor.

Uhlenbeck and Goudsmit did not know that early in the same year Ralph de Laer Kronig, aged 20, today known for the Kramers-Kronig dispersion relations, had also discovered the spin of the electron during a short visit to Landé in Tübingen. However his idea had been rejected by Pauli and shortly afterwards, in the course of a visit to Copenhagen, also by Heisenberg and Kramers^{30,31}. Heisenberg was now coming back with Kronig’s work!

Kronig had in fact calculated the energy levels of an electron having an intrinsic angular momentum s = 1/2 and a magnetic moment equal to one Bohr magneton. In its rest system the moving electron would be subject to the magnetic field resulting from a Lorentz transformation applied to the radial electric field, in addition to the electrostatic attraction from the (screened) nucleus. The rotation axis of the electron could then take two orientation, parallel or antiparallel to the magnetic field.

In order to get agreement with the experimental data on the fine structure of hydrogen-like atoms a compensation between the relativistic precession of the orbit in its plane and the precession of the spin axis induced by the magnetic field was necessary, in such a way to make levels with different ℓ but the same j coincide, giving the same number and pattern of energy levels as predicted by the Sommerfeld theory. Kronig found that both effects were proportional to the fourth power of the atomic number. This result was strongly encouraging at a time when the magnetic interaction between the orbit of the valence electron and a magnetic moment corresponding to an angular momentum of the electrons in the core gave a third power dependence on the effective nuclear charge, while the experimental data required fourth power dependence. However the spin-orbit coupling turned out a factor 2 too large.

Uhlenbeck and Goudsmit had never derived this formula, and knew nothing about this factor two: . . . they set forth the idea of an intrinsic angular momentum of the electron, accompanied by a magnetic moment of one Bohr magneton without, however, realizing the nature of the coupling of this moment to the orbital motion ldots^{30}. Pauli, who did not believe in models, talked of a peculiar not classically describable two-valuedness of the quantum theoretical properties of the valence electron. Bohr introduced a new force, the non-mechanical strain. For this reason the Letter to Naturwissenschaften^{29} had the curious title: Replacement of the Hypothesis of the Non-mechanical Strain by an Assumption about the Internal Behaviour of Every Single Electron.

Einstein came to Ulenbeck’s and Goudsmit’s aid. He happened to visit Leiden at the right time to explain them the relativistic nature of the coupling. This was sufficient. Uhlenbeck and Goudsmit computed the energy difference due to the two orientations of the spin by first order perturbation theory and got the Kronig formula including the mysterious factor two.

Shortly afterwards, at the beginning of December Bohr went to Leiden for the celebration of the fiftieth anniversary of the Lorentz doctorate. He knew the Letter to Naturwissenschaften^{29} but he still did not understand the origin of the spin-orbit coupling. When he heard of the Einstein approach he was immediately convinced and accepted the idea of a rotating electron. He was not impressed by the difficulties raised by Lorentz (they will disappear when the real quantum theory is found) but took more seriously the factor 2. However, also in this case he was convinced that better calculations would solve the problem. He did not know the paper to Physica^{28}. Goudsmit showed him that forgetting the factor 2 the combination of the Sommerfeld relativistic effect with the spin-orbit coupling gave also in that paper the (correct) answer for the spectrum of Hydrogen.

On the basis of their new experience Uhlenbeck and Goudsmit prepared a second letter, this time to Nature^{32}, with title Spinning Electrons and the Structure of Spectra. Dated December 1925 it appeared on 20 February 1926, with an approving postscript by Bohr. The word spin appeared for the first time in this Letter. However, still Bohr could not convince Pauli who kept talking of erroneous teaching.

Shortly afterwards also the problem of the factor 2 was solved, by Llewellyn H. Thomas^{33}. It was a subtle relativistic effect, which surprised even Einstein, today well known as Thomas precession. When Pauli heard of it he finally accepted the idea of a rotating spin, as he mentioned later in his Nobel prize lecture.

The last word belongs to theory. In 1927 Pauli introduced his matrices to describe the electron as a two-component wave, to account for the two possible directions of the spin. In 1928 Dirac worked out the relativistic theory of the electron, linear in time derivatives. He had no thought of spin in mind: . . . this equation gave the particle a spin of half a quantum. And gave it a magnetic moment. It gave just the properties that one needed for an electron. That was really an unexpected bonus for me, completely unexpected . . . .

In 1928 the spin had become a fundamental property of the electron, like charge and mass.

For the sake of completeness it should be recalled that already in 1900 G.F. FitzGerald raised the question whether magnetism is due to rotation of electrons, that in 1921 A.H. Compton considered a rotating electron in connection with ferromagnetism, and that in 1922 E.H. Kennard made calculations like those made by Abraham^6. Kronig was certainly the one who anticipated the main part of the spin idea^{27}; Pauli may deserve some criticism for discouraging him from publishing^{31}. Uhlenbeck’s and Goudsmit’s proposal came just at the right time . . . and they had the luck and the privilege to be students of Ehrenfest^{27}.

3 The spin of the elementary particles

3.1 The spin of the proton

Pauli proposed, already in August 1924, as an explanation of the hyperfine structure: The nucleus possesses in general a non vanishing angular momentum . . . . He later hinted that these words may have influenced Goudsmit and Uhlenbeck in their claim of an electron spin, but in 1961 Goudsmit wrote that they were not aware of Pauli’s paper until five years later.

The proton spin was determined for the first time in June 1927 by David M. Dennison in the course of a stay in Copenhagen^{34}. He interpreted a series of existing measurements of the specific heat of molecular hydrogen, from room temperature down to about 50^∘K, assuming that the transition between orthoand para-hydrogen was so slow as not to alter appreciably the equilibrium between the two components during the cooling down phase. He could interpret all data if the nuclear [ie proton] spin is taken equal to that of the electron and only the complete antisymmetric solution of the Schroedinger wave function allowed^6.

According to Tomonaga^1 Dennison got the idea of a very slow ortho-para hydrogen inspired by the work of Takeo Hori^{35}, a young Japanese who, also in Copenhagen, had just finished an experimental study of the band spectra of H_2, discovering the intensity alternation in the hydrogen rotational spectrum and determining the moment of inertia of the hydrogen molecule.

The theory of the molecular band spectra and specific heat had been worked out by Federick Hund^{36}, who finished it in February 1927, in Copenhagen. It is based on the relation between the statistics of a particle and its wave function.

The magnetic moment of the proton was determined in 1933 by R. Frisch and Otto Stern^{37}. They found a moment between 2 and 3 μ_P , the present value being ≃ 2.8 μ_P .

3.2 The spin of the photon

As the history goes^6 the spin of the photon was acknowledged to value 1 by Bose in 1924, namely before one even used the words spin and photon. When deriving the Planck distribution (and the Bose-Einstein statistics), Bose simply noticed^{38} the need for such a factor 2. As he explained later, he proposed that this factor came from the fact that the photon carried one unit of angular momentum and that this could only take two orientations. But Einstein removed the sentence from the paper and wrote to Bose that he did not see the need for introducing such a concept. He preferred to talk of two states of polarization of the light (at a time when the polarization of a particle did not make sense!). After the spin was discovered Bose did not bother to write to Einstein and claim priority: priorities did not matter to his eyes.

3.3 The spin of the neutrino

In his famous letter dated 4 December 1930 Dear Radioactive Ladies and Gentlemen to a group of physicists meeting in Tübingen (Hans Geiger, Lise Meitner et al.) Pauli^{39} informally proposed the existence of a new component of the nucleus, a light particle having spin^1_2 obeying the Fermi statistics. He was desperately trying to solve the problem of the energy-momentum conservation in β-decay raised by Bohr and the problem of the statistics of N^{14} and Li^6 (see section 3.4).

Very soon Pauli realized that the two problems had a different nature and in fact at the Pasadena meeting of the American Physical Society in June 1931 he presented only his ideas on the β-decay. Later, on the occasion of the Convegno Volta held in Rome on 11-18 October 1931, he discussed the same ideas with Fermi and Bohr. Fermi showed a positive interest in the new particle, Bohr insisted on his idea of energy non-conservation^{39}.

May I recall that it was at this time that Fermi jokingly suggested the name neutrino in the course of a conversation with other Rome physicists. The word neutron, more and more frequently used for the heavy component of the nucleus whose discovery was in the air, was creating confusion. Fermi was playing with the Italian endings one and ino used to differentiate big and small objects of the same kind, respectively^{40}.

The invention of new particles was not yet fashionable and Pauli’s attitude was extremely careful. The first published account of his three year old idea can be found in the Proceeding of the 7th Solvay Conference^{41} held in Brussels on 22-29 October 1933. Pauli presented his hypothesis of a new particle – M. Fermi a proposé le nom “neutrino” – in the course of the extensive discussion which followed Heisenberg’s “Considérations Théoriques Générales sur la

Structure du Noyau”: . . . Il me paraît admissible que les neutrinos possèdent un spin^1_2 et qu’ils obéissent à la statistique de Fermi, bien que les expériences ne nous fournissent aucune preuve directe de cette hypothèse. . . .

Pauli explained later that his change of attitude was determined by the general clarification which took place at the Solvay conference after the discovery of the β^+-decay and of the neutron, and after the work of Heisenberg, Iwanenko and Majorana on the structure of the nucleus^{39}.

Fermi attended the 7th Solvay conference but he did not take part in the discussion that followed Pauli’s intervention. It is possible that he had already developed his theory of β-decay. His first paper^{42} (preceded by the letter to Nature rejected by the Editor^{40}) was published in fact only two months after the Solvay Conference, in December 1933, and the full version of his theory^{43,44} early in 1934. (the German version was received by Zeitschrift für Physik on 16 January 1934).

Pauli assigned spin^1_2 to the neutrino tentatively. Fermi built his theory on the explicit assumption that electrons and neutrinos obeyed Pauli exclusion principle, in a world where conservation laws were valid. One could perhaps conclude that the spin^1_2 assignment, due to Pauli’s intuition, was put on solid ground by Fermi.

3.4 The spin of the neutron

The neutron was discovered in 1932 by Chadwick bombarding a Be^9 target with α-particles^{45} (see section 4.2). Its discovery solved a problem of statistics and gave at the same time a first indication of spin 1/2.

It was already known that the N^{14} nucleus had spin 1 and obeyed Bose statistics. This fact was in contradiction with the Wigner’s rule requiring halfinteger spin and Fermi statistics in the case of a nucleus made up of 14 protons and 7 electrons, namely of an odd number of spin 1/2 particles. Iwanenko^{46} pointed out that a nitrogen nucleus made up of 7 protons and 7 neutrons, namely of an even number of particles, satisfied the Wigner’s rule provided the neutron had spin 1/2.

Other indications came from work on deuterium nearly at the same time. Deuterium was discovered a few weeks before the neutron, but indications that the deuteron spin could be 1 were available only in 1933 from measurements of band spectra of molecular deuterium^{47}. This value was definitely confirmed one year later, in March 1934 by similar measurements^{48}. With a deuteron spin 1 the neutron spin could be either 3/2 or 1/2. The latter value was confirmed only in 1937, from the analysis of data on neutron scattering by ortho- and para-hydrogen^{49,50,51}. By that time the spin had already entered the domain of nuclear forces.

4 Spin and strong interaction

The forces binding together proton and neutron were first investigated in 1932 by Heisenberg^{52}. He postulated that as in the case of the hydrogen molecule, these forces were produced by exchange of charge and spin, and were central forces. (Later non-central forces had to be introduced to account for the electric quadrupole moment of the deuteron^{53}, and, in the late forties, for the spinorbit coupling^{54,55}.)

Five years after it was discovered through the study of atomic spectra and electromagnetic interactions, the spin appeared to have a role also in the domain of nuclear forces. But which nuclear forces ? For a while people thought that a single mechanism could be responsible for keeping together a nucleus, for large angle scattering off light nuclei, and for β-decay. As it has turned out, in all cases spin had to play a major role.

4.1 First nuclear models

Departure from the Coulomb Law was observed for the first time by Rutherford in 1919 in a scattering experiment of α-particles by hydrogen. Chadwick and Bieler found in 1921 that the force became very much stronger for distances between the α-particle and the proton < 4 × 10^{−13} cm. A similar behaviour was observed in magnesium and aluminium^{56}. For scattering by heavy nuclei no deviation form the Coulomb Law was seen, at least with the α-sources available at that time.

In 1927 Rutherford pointed out a difficulty. Scattering by heavy nuclei implied a radius < 3.2^{−12} cm. However, assuming that the slowest α-particles emitted by α-decay left the nucleus with nearly zero energy, the radius of the Uranium nucleus was expected to be > 6.5×10^{−12} cm. Under these conditions, unless the Coulomb Law broke down at this distance from the centre of the nucleus, α-particles could not go through the potential barrier around the nucleus and α-decay could not take place.

This difficulty was solved in 1928 by Gamow^{57}, and a bit later by Gurney and Condon^{58} independently. Quantum mechanical tunnelling allowed αparticles to penetrate potential barriers. It was the first application of quantum mechanics to nuclei.

From his study of heavy nuclei and comparison with light nuclei Gamow suggested a dependence of the type R ∝ A^{1/3} for the nuclear radius and ∝ A for the volume. From his estimate R = 7.35×10^{−13} cm for RaEm, and Bieler’s value R = 3.4 × 10^{−13} cm, he found the relation R = 1.2 A^{1/3} × 10^{−13} cm for the radius of nuclei.

Gamow^{59} imagined the nucleus made up of α-particles held together by strong forces rapidly decreasing with the distance and becoming strongly repulsive if they approached each other more closely than a critical distance. Weak Coulomb forces were also present. A nucleus looked similar to a drop of liquid where little hard spheres were kept together by surface tension. With such a model the volume is ∝ A, and the binding energy is also ∝ A, as observed. The forces are saturated. The relation nuclear volume ∝ A was generally accepted in 1932, when the neutron was discovered.

4.2 The discovery of the neutron

Search for a neutron consisting of an electron and an embedded proton started in the early twenties at the Cavendish laboratory, following a suggestion from Rutherford^6. In 1929 W. Bothe and H. Becker found in Berlin that a hard radiation was emitted when bombarding beryllium with α-particles^{60}. They assumed that this radiation consisted of γ-rays of nuclear origin. I. and F. Joliot observed emission of protons in a cloud chamber when the same radiation fell on hydrogenous substances^{61}. They concluded that protons were emitted by Compton effect, confirming the Bothe and Becker hypothesis. This conclusion was received with scepticism at the Cavendish where Chadwick after some work promptly, on February 1932, realized that the radiation seen by Bothe and Becker consisted of neutral particles having mass close to that of the proton coming from a Be^9(α, n)C^{12} reaction^{45}.

It took quite some time before the idea of a neutron made of a protons and an electron could be dropped down. D.D. Iwanenko^{62} was the first to propose that a neutron could be considered as an elementary particle like protons and electrons. Chadwick still believed a neutron embedded in an electron^{63}.

It is probably not widely known^{64} that at a time when the interpretation of the Joliots experiment was not yet clear Majorana immediately realized the truth: how silly! they have discovered the neutral proton and have not even realized it . . . . Majorana immediately started working out a nuclear model made of protons and neutral protons. Fermi realized immediately the importance of Majorana’s work and offered him to present it at the Paris conference in July 1932. Majorana declined Fermi’s offer in a rather curious way^{64}. Majorana’s work was published much later, when others independently had worked on similar ideas.

4.3 Nuclear forces

In March 1932, just after the discovery of the neutron, the Joliot-Curies report^{65} the first pictures, in a cloud chamber, of protons kicked off paraffin, and a few months later Heisenberg^{52} makes the first theory of nuclear structure for a nucleus composed of protons and neutrons (avoiding however any consideration on the β-decay and the true nature of the neutron). The nucleus is kept together by exchange forces, like Van der Wals forces keep a molecule together. These forces are assumed to be very weak between like particles. This will be shown to be wrong by studies of pp scattering^{66,67,68}, in 1936 (hinting to charge independence), as was wrong the conclusion that his force gave a saturated structure to α-particles (not to the deuteron as proven later by Majorana^{69}). Still Heisenberg work is important as he showed that quantum mechanics could be applied to systems of neutrons and protons, and that exchange forces were strong. Heisenberg introduced also the isotopic spin (it will be used by Fermi in his β-decay theory of 1934 and by Yukawa in his meson theory of nuclear forces of 1935) – a first spin-off of the spin!

Several types of exchange forces were then investigated as shown below.

• Heisenberg(1932) – spin and charge exchange, • Wigner(1932) – no exchange, • Majorana(1933) – only charge exchange, • Bartlett(1936) – only spin exchange.

Majorana force was the simplest one to explain saturation. For the rest one had to admit that experimental data only fixed the strength and the range of the nuclear potential but did not tell us anything about its shape. Eventually, ten years later, Wigner and Eisenbud^{70} wrote the most general potential consistent with the law of conservation of angular momentum and parity and the requirement of time reversal invariance. The most general potential which can act between identical nucleons and which does not involve the momentum to a power higher than the first is a linear combination of four basic types:

V (r) = V_1(r) + V_2(r) σ_1·σ_2 + V_T(r)S_{12} + V_{S0} L·S

a combination of a Wigner force, a spin-dependent central force, a tensor force and a spin-orbit force. In the neutron-proton interaction each of these four types could also be combined with a Majorana exchange operator giving eight possible types altogether. The shell structure of nuclei shows that, if the interaction of a single nucleon with a complex nucleus could be represented by an average potential, then this average potential must have a spin-orbit component. Unfortunately the tensor force can also give a spin-orbit coupling, and we cannot argue back from the shell model potential to estimate the strength of the nucleon-nucleon spin orbit interaction. The most unambiguous evidence for a spin-orbit force comes from the analysis of high energy experiments.

4.4 From photon exchange to meson exchange

Since early in the twenties it had been recognized that photons can be created or destroyed when they interact with matter. Dirac then showed that in the scattering of photons by electrons the incident photon is absorbed by the electron and the scattering photon is created. In 1932 Fermi^{71} showed that the Coulomb force between charged particles could be thought as an exchange interaction involving photons. From here in 1933-1934 he showed^{42,43,44} that electrons and neutrinos emitted in β-decay could well not exist in the nucleus before the decay, and be created at the instant of the decay, just as in the emission of photons. Tamm and Iwanenko^{72} then pointed out that the creation and subsequent annihilation of an electron and a neutrino in the field of a proton and a neutron would lead to an exchange interaction between the nucleons with an exchange potential U(r) ≈ g^2/h̄cr^5 where g was Fermi’s β-decay coupling constant. The latter however was too small to account for the binding energies of neutrons and protons in the nucleus.

Building up on these ideas Yukawa^{73} suggested in 1935 that the field of force responsible for the nuclear interaction is accompanied by a new quantum obeying Bose statistics and having a mass ≈ 200 times the mass of the electron. What about spin? for simplicity it is neglected. However, the spin of the deuteron is determined by the sign of the potential, U(r) = −g^2exp(−λr)/r. To obtain agreement with the experimental results one needed a value of λ between 10^{−11} and 10^{−12} cm^{−1}, and for g a few times that of the elementary charge e. In 1939 Bhabha^{74} named the new quanta mesons. And soon Kemmer^{75}, and Yukawa and Sakata^{76} noticed that exchange forces could be made charge independent by introducing neutral mesons with the same mass as the charged meson, U(r) = −g^2τ_1 ·τ_2 exp(−λr)/r, with one qualification: the force turns out to be attractive in T = 1 states, repulsive in T = 0 states and the deuteron would not be bound!

Next step was to consider the dependence of the interaction on the spin and parity of the mesons exchanged. Beside scalar mesons, the original ones with J^P = 0^+, one can have pseudoscalar mesons with J^P = 0^−, vector mesons with J^P = 1^− and pseudovector mesons with J^P = 1^+. In the last three cases the spin does play a role. For example, in the case of pseudoscalar mesons, a virtual meson in the field of a nucleon is in a P -state. This state is not spherically symmetric and its orientation in space is determined by the spin of the nucleon. The interaction between two nucleons depends on the relative orientation of their meson fields, hence it is spin dependent.

The interaction potential is

V (r) = 1/3(f^2/4π)h̄c τ_1 ·τ_2[σ_1 ·σ_2 + S_{12}(1 + 3/μr + 3/(μr)^2]exp(−μr)/r,

where S_{12} is the tensor force operator. This results in an attractive force in both singlet and triplet spin states as found from experiments^{77,78} and a sign consistent with a positive deuteron quadrupole moment^{53}. For convenience I summarize here the sequence of the experiments:

• (1934) np bound state (deuteron) has spin one (from d-d band spectra analysis^{48}).

• (1936) np unbound state (virtual) has J = 0 (from thermal neutron crosssection in hydrogen for n + p → γ + d – energy dependence indicate a magnetic dipole transition^{79}).

• (1937) thermal neutrons (Ra-Be source, cooled in liquid methane) scattering cross-section from ortho- and para-hydrogen (liquid hydrogen)^{50,51}.

• (1939) deuteron quadrupole magnetic moment^{53}.

By the end of the thirties the theory had gone far, and more experimental input was badly needed, but pressure of other work now makes that impossible for some time^{80}.

5 Postwar years

The prewar line of experiments of thermal neutrons was continued with new more powerful techniques:

• (1947) thermal neutrons (d from cyclotron on Be) scattering cross-section from ortho- and para-hydrogen (gaseous hydrogen)^{81}.

• (1948) thermal neutrons (reactor) scattering cross-section from hydrogen atoms coherently oriented in NaH crystals^{82}.

• (1950) scattering cross-section of neutrons from hydrogenous mirrors^{83}. • (1953) same as ref.^{81} but target mainly parahydrogen^{84}

Methods of polarizing beams^{85−90} and targets^{91} are considered, as well as double scattering experiments to detect polarization states^{92}. Wolfenstein attempts a theory of proposed reactions involving polarized protons^{93}. The study of spin effects moves from thermal neutrons to high-energy beams^{94,95}. At the Summer School of 1954 in Varenna Fermi lectures on experiments with polarized nucleons^{96}; another review is given by Wolfenstein^{97}. The formalism describing the collisions of particles with spin is formulated for any spin and in a relativistic way^{98}.

What about pions ? A particle had already been observed in 1937 by Anderson and Neddermayer^{99} which had about the mass proposed by Yukawa, but it scattered too little to agree with the coupling constant of the nuclear forces. A great deal of effort was put to explain this discrepancy. Only very slowly the idea of a second meson made its way. The experiment of Conversi, Pancini and Piccioni^{100} in the interpretation of Fermi et al^{101} proved conclusively in 1947 that the muon is not responsible of the nuclear forces.

In the same year 1947 a new candidate, the pion, was observed^{102}. Within a few months it was copiously produced by a new generation of accelerators^{103}: it had the right mass, it was pseudoscalar, it was neutral or charged. Following a suggestion by Kroll and Rudermann^{104} the pion-nucleon coupling constant was measured in a pion photoproduction experiment at threshold to be f^2/4π = 0.073 ± 0.07^{105}. It turned out to be the same as that obtained from pion-nucleon scattering experiment^{106}. A similar value f^2/4π = 0.080 ± 0.002 was obtained from a phase-shift analysis of pp and pn scattering experiments between 217 and 350 MeV^{107}. Measurements of f^2/4π are also needed to explain the deuteron quadrupole moment and binding energy. In all cases one tests the long range part of the interaction, i.e. the one-pion exchange.

By the end of the fifties there was sufficient experimental information and the theoretical tools were ready to test the nucleon interaction at shorter distances. One way was to exchange more than one pion, or heavier mesons. In 1959, Regge poles came on the stage^{108}: the spin acquired a key role. At about the same time one learned how to prepare polarized nucleon targets and polarized nucleon beams, clean and intense.

In 1956 spin proves to be a fundamental tool to understand weak interaction when it is discovered that this interaction does not conserve parity. Helicity and handness (or chirality) are introduced. Nuclei are concerned as well as leptons (electrons, and muons, and the corresponding neutrinos and antineutrinos) and photons. Nearly at the same time, as for strong interaction, it becomes important to consider statistical ‘ensembles’ of particles in a definite spin state, polarized beams and targets. Electron polarization methods (theory and experiments) are reviewed by Tolhoek^{109}.

6 Towards modern polarization experiments

6.1 Detection of the azimuthal polarization of the n-p interaction at 150 MeV

A double-scattering experiment carried out at the 184-inch synchro-cyclotron of Berkeley was reported in 1951 to measure the polarization due to non central n-p interaction at high energy^{94}. First scattering (pn) takes place inside the machine at variable angles and fixed energy. The neutrons are well collimated by the machine shielding. The protons of the second scattering at 30^∘ (np) are recorded by liquid-scintillator telescopes at four azimuthal angles. A left-right asymmetry of the order of 12% was expected. The overall electronic resolution is 5 ns. The effects observed by Wouters are only a few percent, and within the experimental uncertainties.

In Europe at that time high-energy meant cosmic rays, that do not show prominent spin effects, detected by Geiger counters with μs resolution, or emulsions or cloud chambers. The only attempt I know to measure polarization effects in cosmic rays was by the emulsion group in Rome at the time when parity non-conservation was under scrutiny: they determined the polarization of cosmic-ray muons in emulsions by measuring the angular distribution of the decay electrons with respect to the muon line of flight in the rest system of the pion^{110}.

6.2 The Rochester experiment – other experiments up to 400 MeV

The first really successful experiment in the 200 MeV region, is that of Oxley et al, who worked at Rochester with protons^{95,111}. Their experiment is typical of the methods used by later workers, aside from practical modifications rendered necessary by different geometrical conditions in different laboratories^{112−116}. Fermi, followed by other authors, gave a simple interpretation of these effects in terms of spin-orbit coupling^{117−120}.

As mentioned above, nucleon polarization was one of the two topics on which Fermi lectured in Varenna in 1954^{96}, the other was pion physics. For two more years an intense activity on polarization took place around different accelerators in the West, mainly Berkeley, Chicago and Harwell, and the possibilities of the field seemed soon exhausted.

6.3 Dubna polarized proton beam at 660 MeV

A jump ahead in the quality of the experimentation was taking place however in USSR where a polarized proton beam was scheduled as early as 1954 for the highest energy syncro-cyclotron in the world^{121}. Western physicists learned for the first time about this important progress (and the existence of this accelerator) at the first High Energy Conference organized in Geneva by CERN in 1956^{122}. The use of polarization data in pion physics was also discussed at this conference^{123,124}. First results were already available^{125}. Nurushev has recently recollected this glorious period^{126}.

On that July 1956 the magnet of the CERN 600 MeV synchro-cyclotron was on its way to the Meyrin site, and Giancarlo Wick was lecturing on pions and their pseudovector coupling to nucleons in Geneva. Berkeley physicists had just observed the antiprotons produced at the 6 GeV betatron, and were busy with the recently developed bubble chamber: little room was left on their side for spin effects.

The spin came back in a spectacular way by the end of the year with Co^{60} nuclei beautifully aligned in the target of Mrs. Wu, and for a while in weak interaction it was only a question of spin. In this context even the old equations describing the spin motion in a magnetic field and the Thomas precession were refreshed^{127}. For a few years the interest for spin effects in strong interaction remained in the shade: physics reasons, but also experimental limitations to do double and triple scattering experiments. Novel experimental methods were needed. They were new especially to conventional particle physicists as most of us were. One of the early experiments at the CERN synchro-cyclotron was a search for parity violation in pion production by polarized neutrons^{128}.

6.4 Forerunners of polarized targets

Around 1945 two groups working on the East Coast (Harward) and on the West Coast (Stanford) simultaneously detected the NMR (Nuclear Magnetic Resonance) response of protons, in paraffin and water respectively. The two groups used different language to describe their discoveries, and had different instrumentation. The former talked of absorption by nuclear magnetic moments of long wavelength photons, the latter of electromotive force induced in a coil by the forced precession of nuclear magnetization. The Harward group was lead by Edward Purcell, the Stanford one by Felix Bloch who became in 1954 the first Director General of CERN. He imported a heavy magnet from Stanford, to continue his experiment in Geneva, and even invited as a guest Anatole Abragam to help him. However, no attempt was made to use their expertise for the experiments being planned at that time with a view to the future CERN accelerators. Abragam was mostly known for his work on RPE (Resonance Paramagnetic Electronique) following his stage in Oxford.

6.5 The CERN project for a polarized proton beam at 600 MeV

Towards the end of the fifties W. Gentner and G. Bernardini were responsible for the research to be carried out at the CERN 600 MeV synchro-cyclotron while waiting for the 25 GeV Proton Synchrotron. Gentner brought to the lab flavours of physics from Germany: production of polarized protons for subsequent acceleration to the desired energy. No significant proton depolarization was expected when the atoms were ionized by electron collisions or by light, or during acceleration in a nearly constant magnetic field. Energy levels and Zeeman splitting of the hyperfine structure states of atomic hydrogen were already well known. The CERN project was based on work done at Bonn in the early fifties^{129,130} and at Erlangen in 1955^{131} adapted to the CERN synchro-cyclotron.

Robert Keller, back to CERN from Pittsburg in 1956 with polarized proton experience, was invited by Gentner to study polarized proton sources. He drafted in 1957 a proposal in one of the first CERN Yellow Reports^{132}. He was joined the following year, first by Maria Fidecaro, and then, a few months later, by Louis Dick and by Gregoire Kantardjan as technical assistant. There was a lot of enthusiasm but hardly any experience at all.

The polarized source consisted of a beam of atomic hydrogen and a long tapered magnetic quadrupole outside the synchro-cyclotron. Focusing took place in the initial high field region, separation of the hyperfine component in the weak field towards the far end. The emerging atomic beam was then sent along a radius to a Penning source at the centre of the machine where it was ionized providing polarized protons for acceleration.

Tests of a prototype polarized source were made using a small 5 MeV cyclotron specially built by the group for this purpose by equipping the model magnet of the 600 MeV synchro-cyclotron with Dees, RF generator and vacuum chamber. The polarization was measured by scattering 4.4 MeV protons on carbon and was found to be about 50%. The work progressed steadily until the time of the Basel Conference in 1960 where the results were presented^{133}. However, the long way to 600 MeV was never covered for different reasons.

It was not the last of these reasons the one that materialised one day in 1960, when Abragam entered the rooms near the SC where all the stuff was sitting - the huge permanent magnet quadrupoles, the 30 cm magnet, the home-made RF generator, the pumps and the Laval nozzle - announcing that he had in Saclay a few cm^2 target with a 6% nucleon polarization.

By the time of the 2nd Int. Symposium on polarization phenomena (Karlsruhe, 1965) the whole apparatus had been dismantled. By the end of the same year a high-energy polarized proton beam had been constructed at the

CERN synchro-cyclotron, by sending the extracted 600 MeV proton beam onto an external target. The scattered beam could be polarized vertically in both directions and had an intensity of 2 · 10^5 protons per second with a 40% polarization^{134}. At the Karlsruhe symposium a number of sources was reported to work at various low energy accelerators^{135}. Among these one from Aukland (New Zealand) was noted for its important yield^{136}. In the following year results on pion charge exchange came from a polarized target experiment at the CERN Proton Synchrotron, which contradicted expectations from the Regge theory^{137}.

6.6 The Saclay suggestion to separate hyperfine states

At the time the CERN project was started in 1957 the separation of the hyperfine component by magnetic fields looked by far the simplest solution. A method based on the Lamb shift of the 2S_{1/2} and 2P_{1/2} levels did not look promising because of intensity problems^{138,139}. The use of RF transitions was also suggested^{140}, but the solution proposed by Abragam and Winter came too late to be considered.

It consisted in the separation of the two electronic states m_j = ±1/2 in a strong Stern-Gerlach multipole field and the elimination by means of a diaphragm of all atoms in the states 3 and 4 (electron spin down). Thus the beam contained only atoms in states 1 and 2 polarized according to the electronic moment but unpolarized in the proton moment. Abragam and Winter^{141} proposed to transfer all atoms in state 2 into state 4 by means of a radiofrequency field H_1 cos ωt parallel to a constant field H_0 (adiabatic passage methods). Then the proton spin direction becomes the same for all the atoms. A field H_1 of 1 Gauss was required for a 240 MHz transition frequency. They expected at least a proton polarization of 50%.

6.7 The Basel Conference in 1960

The first conference specialized in polarization phenomena was held in Basel in summer 1960^{142}. W. Paul summarized the status of the polarized proton sources. Keller presented the results from the prototype polarized proton beam at CERN. Projects along the same principles were going on for low energy linear accelerators, at Erlangen (Fleishmann), at Minneapolis (Clausnitzer), at Harwell (Craddock), at Basel (Huber). The Saclay project of a polarized proton source was for a cyclotron and made use of a high frequency transition as suggested by Abragam and Winter^{141}. Results on polarized targets were also presented, mainly based on the solid effect or dynamic polarization (Abragam, Borghini, Proctor)^{143,144}. Physics was limited to low-energy reactions.

It should also be recalled that the well known agreement to define the positive polarization of spin^1_2 particles, the Basel Convention, was reached at this conference.

Acknowledgements

I should like to thank the CERN Interlibrary Loan Service which provided me with a number of original articles.

1. Sin-Itiro Tomonaga, The history of spin (The University of Chicago Press, Chicago, 1997).

2. J. Balmer, Verh. Naturf. Ges. Basel 7, 548 (1885). 3. A.A. Michelson, Phil. Mag. 34, 280 (1892). 4. E. Rutherford, Phil. Mag. 21, 669 (1913). 5. N. Bohr, Phil. Mag. 26, 1, 476, 857 (1913).

6. A. Pais, Inward Bound of Matter and Forces in the Physical World (Clarendon Press, Oxford, 1986).

7. W.E. Curtis, Proc. Roy. Soc A 90, 605 (1914). 8. N. Bohr, Phil. Mag. 29, 332 (1915).

9. A. Sommerfeld, Sitz. Ber. Bayer. Akad. Wiss., 459 (1915). 10. A. Sommerfeld, Ann. Phys. Lpz 51 1 (1916). 11. F. Paschen, Ann. der Phys. 50, 901 (1916). 12. N. Bohr, Dansk. Vid. Selsk. Skrifter, 4 1 (1918). 13. A. Rubinowicz, Naturw. 19, 441, 465 (1918).

14. P. Zeeman, Versl. Kon. Ak. v. Wetensch. Amsterdam 5 181 (1896). 15. P. Zeeman, Versl. Kon. Ak. v. Wetensch. Amsterdam 6 13, 99 (1897). 16. F. Paschen and E. Back, Ann. der Phys. 39, 897 (1912). 17. A. Sommerfeld, Phys. Zeitschr. 17 491 (1916); P. Debye, ibid., 507. 18. O. Stern, Zeitschr. f. Phys. 7, 249 (1921); W. Gerlach and O. Stern, Zeitschr. f. Phys. 8, 110 (1921); Zeitschr. f. Phys. 9, 349 (1922); Zeitschr. f. Phys. 9, 353 (1922).

19. T. van Lohuizen, Proc. Ak. v. Wet. Amsterdam 22 190 (1919). 20. A. Landé, Zeitschr. f. Phys. 5, 231 (1921). 21. W. Heisenberg, Zeitschr. f. Phys. 8, 273 (1921). 22. A. Landé, Zeitschr. f. Phys. 15, 189 (1923). 23. W. Pauli, Zeitschr. f. Phys. 31, 373 (1925). 24. E.C. Stoner, Phil. Mag. 48, 719 (1924). 25. W. Pauli, Zeitschr. f. Phys. 31, 765 (1925). 26. S. Goudsmit, Zeitschr. f. Phys. 32, 794 (1925). 27. G.E. Uhlenbeck, Physics Today 29 June 1976, p. 43. 28. S. Goudsmit and G.E. Uhlenbeck, Physica 5, 266 (1925).

29. G.E. Uhlenbeck and S. Goudsmit, Naturw. 13, 953 (1925). 30. R. de L. Kronig in Theoretical physics in the twentieth century, ed. M.

Fierz and V.F. Weisskopf, Interscience, New York, 1960.

31. B.L. Van der Waerden in Theoretical physics in the twentieth century, ed. M. Fierz and V.F. Weisskopf, Interscience, New York, 1960.

32. G.E. Uhlenbeck and S. Goudsmit, Nature 117, 264 (1926). 33. L.H. Thomas, Nature 117, 514 (1926).

34. D.M. Dennison, Proc. Roy. Soc. 115 483 (1927); Am. J. Phys. 42 1051 (1974).

35. T. Hori, Zeitschr. f. Phys. 44, 834 (1927).

36. F. Hund, Zeitschr. f. Phys. 40, 742 (1927); Zeitschr. f. Phys. 42, 93 (1927).

37. R. Frisch and O. Stern, Zeitschr. f. Phys. 85, 4 (1933). 38. S.N. Bose, Zeitschr. f. Phys. 26, 178 (1924).

39. W. Pauli, Zur älteren und neueren Geschichte des Neutrinos in W.

Pauli, Physik und Erkenntnistheorie, (Friedr, Vieweg, & Sohn, Braunschweig/Wiesbaden, 1984) p 156-180; in English: On the earlier and more recent history of the neutrino, transl. G. Zacek in Neutrino Physics, ed. K. Winter (Cambridge Univ. Press, Cambridge, 1991) p. 1-25.

40. F. Rasetti in Enrico Fermi, Note e Memorie (Collected Papers), Vol. I (Accademia Nazionale dei Lincei, Roma, and The University of Chicago Press, Chicago, 1962) p. 538.

41. W. Pauli, in Septième Conseil de Physique Solvay (Gauthier-Villars, Paris, 1984).

42. E. Fermi, Ric. Scientifica 4 (2) 491 (1933). 43. E. Fermi, Nuovo Cimento II 1 (1934). 44. E. Fermi, Zeitschr. f. Phys. 88, 161 (1934). 45. J. Chadwick, Nature 129, 312 (1932). 46. D.D. Iwanenko, Comptes Rendus 195, 439 (1932). 47. G.N. Lewis and M.F. Ashley, Phys. Rev. 43, 837 (1933). 48. G.M. Murphy and H. Johnston, Phys. Rev. 45, 550 and 761 (1934). 49. J. Schwinger, Phys. Rev. 52, 1250 (1937).

50. J. Halpern, I. Estermann, O.C. Simpson and O. Stern, Phys. Rev. 52, 142 (1937).

51. J. Schwinger and E. Teller, Phys. Rev. 52, 286 (1937). 52. W. Heisenberg, Zeitschr. f. Phys. 77, 1 (1932), translated in D.M.

Brink, Nuclear Forces (Pergamon Press, Oxford, 1965) p. 144 53. J. Kellogg, I. Rabi, N.F. Ramsey and J. Zacharias, Phys. Rev. 55, 318 (1939).

54. J.H.D. Jensen, Phys. Rev. 75, 1766 (1949).

55. M.G. Mayer, Phys. Rev. 75, 1969 (1949). 56. E.S. Bieler, Proc. Roy. Soc A 105, 434 (1924). 57. G. Gamow, Zeitschr. f. Phys. 51, 204 (1928).

58. R.W. Gurney and E.U. Condon, Nature 122, 439 (1928); Phys. Rev. 33, 127 (1929).

59. G. Gamow, Proc. Roy. Soc A 126, 632 (1928). 60. W. Bothe and H. Becker, Naturw. 18, 705 (1930). 61. I. Curie and F. Joliot, Comptes Rendus 194, 273 (1932). 62. D.D. Iwanenko, Nature 129, 798 (1932). 63. J. Chadwick, Proc. Roy. Soc A 136, 735 (1932).

64. E. Segré, Enrico Fermi Fisico (Zanichelli, Bologna, 1970); in Enrico Fermi, Note e Memorie (Collected Papers), Vol. I (Accademia Nazionale dei Lincei, Roma, and The University of Chicago Press, Chicago, 1962) p. 488.

65. I. Curie and F. Joliot, Comptes Rendus 194, 876 (1932). 66. M.G. White, Phys. Rev. 49, 309 (1936).

67. M.A. Tuve, N. Heidenberg and L.R. Hafstadt, Phys. Rev. 50, 806 (1936). 68. G. Breit, E.U. Condon and R.D. Present, Phys. Rev. 50, 825 (1936). 69. E. Majorana, Zeitschr. f. Phys. 82, 137 (1933).

70. E. Wigner and L. Eisenbud, Proc. nat. Acad. Sci. U.S. 27, 281 (1941). 71. E. Fermi, Rev. Mod. Phys. 4, 84 (1932). 72. J. Tamm and D. Iwanenko, Nature 133, 981 (1934). 73. H. Yukawa, Proc. Phys.-Math. Soc. Japan 17, 48 (1935). 74. H.J. Bhabha, Nature 143, 276 (1939).

75. N. Kemmer, Proc. Cambr. Phil. Soc. 34, 354 (1938). 76. H. Yukawa, S. Sakata and M. Taketani, Proc. Phys.-Math. Soc. Japan 20, 319 and 720 (1938).

77. F.G. Brickwedde et al, Phys. Rev. 54, 266 (1938). 78. J. Schwinger, Phys. Rev. 58, 1004 (1940). 79. E. Amaldi and E. Fermi, Phys. Rev. 50, 899 (1936). 80. L.W. Alvarez and K.S. Pitzer, Phys. Rev. 58, 1003 (1940). 81. R.B. Sutton et al, Phys. Rev. 72, 1147 (1947). 82. G.C. Shull et al, Phys. Rev. 73, 842 (1948).

83. D.J. Hugues, M.T. Burgy and G.R. Ringo, Phys. Rev. 77, 291 (1950);

G.R. Ringo, M.T. Burgy and D.J. Hugues, Phys. Rev. 84, 1160 (1951); W.C. Dickinson, L. Passell and O.Halpern,Phys. Rev. 126, 632 (1962).

84. G.L. Squires and A.T. Stewart, Phys. Rev. 90, 1125 (1953); Proc. Roy.

Soc A 230, 19 (1955).

85. M. Hamermesh and J. Phys. Rev. 69, 145 (1946). 86. J. Schwinger, Phys. Rev. 69, 681 (1946).

87. J. Schwinger, Phys. Rev. 73, 407 (1948). 88. L. Wolfenstein, Phys. Rev. 75, 342 (1949). 89. L. Wolfenstein, Phys. Rev. 76, 541 (1949). 90. O. Halpern, Phys. Rev. 75, 343 (1949). 91. M.E. Rose, Phys. Rev. 75, 213 (1949).

92. J. Schwinger and I. Rabi, Phys. Rev. 51, 1003 (1937). 93. L. Wolfenstein, Phys. Rev. 75, 1664 (1949). 94. L.F. Wouters, Phys. Rev. 84, 1069 (1951). 95. C.L. Oxley et al, Phys. Rev. 91, 419 (1953). 96. E. Fermi, Suppl. Nuovo Cimento 2, 84 (1955). 97. L. Wolfenstein, Ann. Rev. Nucl. Sci. 6, 43 (1956). 98. M. Jacob and G.C. Wick, Ann. Phys. 7, 404 (1959). 99. C.D. Anderson and S.H. Neddermeyer, Phys. Rev. 51, 884 (1937). 100. M. Conversi, E. Pancini, and O. Piccioni, Phys. Rev. 71, 209 (1947). 101. E. Fermi, E. Teller and V. Weisskopf, Phys. Rev. 71, 314 (1947). 102. G.P.S. Occhialini and C.F. Powell, Nature 159, 186 (1947). 103. E. Gardner and C.M.G. Lattes, Science 107, 270 (1948). 104. M. Kroll and M.A. Rudermann, Phys. Rev. 93, 233 (1954). 105. G. Bernardini and E.L. Goldwasser, Phys. Rev. 54, 436 (1955). 106. G.F. Chew and F.E. Low, Phys. Rev. 101, 1570 and 1579 (1956). 107. G. Breit, Phys. Rev. 120, 287 (1960). 108. T. Regge, Nuovo Cimento 14, 951 (1959). 109. H.A. Tolhoek, Rev. Mod. Phys. 28, 277 (1956).

110. C. Castagnoli, C. Franzinetti and A. Manfredini, Nuovo Cimento 5, 684 (1957).

111. C.L. Oxley, W.F. Cartwright and J. Rouvina, Phys. Rev. 93, 806 (1954).

112. E. Baskir, J. Tinlot and S. Spital, Phys. Rev. 99, 639(A) (1955); W.G.

Chestnut, E.M. Hafner and R. Harding, Phys. Rev. 99, 639(A) (1955). 113. O. Chamberlain, E.Segre, R. Tripp, C. Wiegand and T. Ypsilantis, Phys. Rev. 93, 1430 (1954); Phys. Rev. 94, 1104 (1954); Phys. Rev. 94, 1105 (1954); O. Chamberlain, R. Donaldson, E.Segre, R. Tripp, C. Wiegand, T. Ypsilantis, Phys. Rev. 95, 850 (1954); T. Ypsilantis, C. Wiegand, R. Tripp, E. Segre and O. Chamberlain, Phys. Rev. 98, 840 (1955); H. Bradner and R.E. Donaldson, Phys. Rev. 99, 890 (1955); Phys. Rev. 99, 892 (1955); D. Fischer and J. Baldwin, Phys. Rev. 100, 1445 (1955); O. Chamberlain, E.Segre, R. Tripp, C. Wiegand and T. Ypsilantis, Phys. Rev. 102, 1659 (1954).

114. J. Marshall, L. Marshall and H.G. de Carvalho, Phys. Rev. 93, 1431 (1954); H.G. de Carvalho, E. Heiberg, J. Marshall and L. Marshall, Phys.

Rev. 94, 1796 (1954); H.G. de Carvalho, J. Marshall and L. Marshall, Phys. Rev. 96, 1081 (1954); E. Heiberg, U. Kruse, J. Marshall, L. Marshall and F. Solmitz, Phys. Rev. 97, 250(L) (1955); L. Marshall and J. Marshall, Phys. Rev. 98, 1398 (1955).

115. J.A. Kane, R.A. Stallwood, R.B. Sutton, T.H. Field and J.G. Fox, Phys.

Rev. 95, 1694 (1954);

116. J.M. Dickson, B. Rose, and D.C. Salter, Proc. Phys. Soc A 68, 361 (1955); M.J. Brinkworth and B. Rose, Nuovo Cimento 3, 195 (1956); P. Hillman and G.H. Stafford, Nuovo Cimento 3, 631 (1956); P. Hillman, G.H. Stafford and C. Whitehead, Nuovo Cimento 4, 67 (1956); G.H. Stafford, C. Whitehead and P. Hillman, Nuovo Cimento 5, 1589 (1957).

117. E. Fermi, Nuovo Cimento 11, 407 (1954). 118. B.J. Malenka, Phys. Rev. 95522, 1954 (.)

119. G.A. Snow, R.M. Sternheimer and C.N. Yang, Phys. Rev. 94, 1073 (1954).

120. W. Heckrotte and J.V. Lepore, Phys. Rev. 95, 1109 (1954). 121. V.P. Dzhelepov, V.P. Dmitrievski, V.S. Katyshev, M.S. Kozodaev, M.G.

Meshcheriakov, B. Pontekorvo and A.Y. Chestnoi, in CERN Symposium on high energy accelerators and pion physics, ed. A. Citron et al, (CERN, Geneva, 1956) p. 504.

122. M.G. Meshcheriakov, S.B. Nurushev and G.D.Stoletov, in CERN Symposium on high energy accelerators and pion physics, ed. A. Citron et al, (CERN, Geneva, 1956) p. 134.

123. R.M. Ryndin and Ia. A. Smorodinski, in CERN Symposium on high energy accelerators and pion physics, ed. A. Citron et al, (CERN, Geneva, 1956) p. 146.

124. F. Mandl, in CERN Symposium on high energy accelerators and pion physics, ed. A. Citron et al, (CERN, Geneva, 1956) p. 243.

125. A.I. Mukhin et al, Abstract of papers presented at the All-Union conference on the physics of high-energy particles, Moscow, May 14-22, 1956, p. 75.

126. S.B. Nurushev, in Proc. of VII workshop on high energy spin physics, SPIN-97, ed. A.V. Efremov, O.V. Selyugin (Joint Institute for Nuclear Research, Dubna, 1997) p. 13.

127. V. Bargman, L. Michel and V.L. Telegdi, Phys. Rev. Lett. 2, 435 (1959).

128. D.G. Davis, R.C. Hanna, F.F. Heymann, C. Whitehead, Nuovo Cimento 15, 641 (1960).

129. H. Friedberg and W. Paul, Naturw. 38, 159 (1951). 130. H.G. Bennewitz and W. Paul, Zeitschr. f. Phys. 139, 489 (1954).

131. G. Clausnitzer, R. Fleischmann and H. Schopper, Zeitschr. f. Phys.

144, 336 (1956).

132. R. Keller, CERN Report 57-30, 1957 133. R. Keller, L. Dick and M. Fidecaro, in Proc. Int. Symposium on polarization phenomena of nucleons, Basel, 1960, ed. P. Huber and K.P. Meyer (Birkhauser, Basel, 1961) p. 48.

134. G. Coignet, D. Cronenberger, K. Kuroda, Y. Le Guen, A. Michalowicz and J.C. Olivier, L. Dick and L. di Lella, Nuovo Cimento A 43, 701 (1966); G. Coignet, D. Cronenberger, K. Kuroda, A. Michalowicz, J.C. Olivier, M. Poulet, J. Teillac (Orsay) and M. Borghini, C. Ryter (Saclay), Nuovo Cimento A 43, 708 (1966).

135. R. Fleischmann in Proc. 2nd Int. Symposium on polarization phenomena of nucleons, Karlsruhe,1965, ed. P. Huber and H. Schopper (Birkhauser, Basel, 1966) p. 21 – HPA Suppl. VI.

136. H.F. Glavish, E.R. Collins, B.A. MacKinnon and I.J. Walker, in Proc.

2nd Int. Symposium on polarization phenomena of nucleons, Karlsruhe, 1965 ed. P. Huber and H. Schopper (Birkhauser, Basel, 1966) p. xxx 137. P. Bonamy, P. Borgeaud, C. Bruneton, P. Falk-Vairant, O. Guisan, P. Sonderegger (Saclay), C. Caverzasio, J.P. Guillaud, J. Schneider, M. Yvert (Orsay), I. Mannelli, F. Sergiampietri, L. Vincelli (Pisa) Phys. Lett. B 23, 501 (1966); same authors and S. Brehin (Saclay), Nucl. Phys. 16, 335 (1970).

138. E. K. Zavoiskii, Soviet Phys. - JETP 5, 603 (1957). 139. L. Madanski and G.E. Owen, Phys. Rev. Lett. 2, 209 (1959). 140. R.L. Garwin, Bull. Am. Phys. Soc. II 1 61 (Jan. 1956). 141. A. Abragam and J. Winter, Phys. Rev. Lett. 1, 374 (1958). 142. Proc. Int. Symposium on polarization phenomena of nucleons, Basel, 1960, ed. P. Huber and K.P. Meyer (Birkhauser, Basel, 1961) – HPA Suppl. VI.

143. A. Abragam and W.G. Proctor, Comptes Rendus 246, 2253 (1958). 144. M. Borghini and A. Abragam, Comptes Rendus 248, 1803 (1959).