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In recent years, we have seen spectacular growth in the experimental and theoretical investigations of magnetic

properties of small subatomic particles: electrons, positrons, muons, and neutrinos. However, conventional methods for

establishing these properties for atomic nuclei are also in progress, due to new, more sophisticated theoretical

achievements and experimental results performed using modern spectroscopic devices. In this review, a brief outline of

the history of experiments with nuclear magnetic moments in magnetic fields of noble gases is provided. In particular,

nuclear magnetic resonance (NMR) and atomic beam magnetic resonance (ABMR) measurements are included in this

text. Various aspects of NMR methodology performed in the gas phase are discussed in detail. The basic achievements of

this research are reviewed, and the main features of the methods for the noble gas isotopes: 3He, 21Ne, 83Kr, 129Xe,

and 131Xe are clarified. A comprehensive description of short lived isotopes of argon (Ar) and radon (Rn) measurements

is included. Remarks on the theoretical calculations and future experimental intentions of nuclear magnetic moments of

noble gases are also provided.
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1. Introduction

The seven chemical elements known as noble (or rare gases) belong to the VIIIa (or 18th) group of the periodic table.

These are: helium ( He), neon ( Ne), argon ( Ar), krypton ( Kr), xenon ( Xe), radon ( Rn), and oganesson ( Og).

Their positions in the periodic table of elements are still the subject of some controversy . Noble gases at normal

conditions are colorless, odorless, and nonflammable monoatomic gases. The completed valence electron in the outer

shell leads to this species having very low chemical activity, and they are then termed as inert gases . However, several

covalent and additive species of xenon are known today, mainly with strongly reducing fluorine and oxygen atoms .

Noble gases can be found in the Earth’s atmosphere in trace amounts: 0.00052% of helium, 0.0018% of neon, 0.93% of

argon, 0.00011% of krypton, 0.0000087% of xenon, and 6 × 10  molar percent of radon.

Certain isotopes of noble gases possess intrinsic magnetic properties, such as a nuclear spin number (I) and as their

nuclear magnetic moments (NMMs). There is no reason to doubt the importance of these parameters for the broad field of

chemical and physical phenomena. The aim of this review is to show the developments of nuclear magnetic resonance

(NMR) spectroscopy in the field of precisely establishing nuclear dipole moments for nuclei that belong to the group of

noble gases. Experiments involving gas phase NMR achievements  are discussed in detail along with the new

developments of different methods leading to measurements and theoretical calculations of the magnetic properties of

noble gases.

It is clear that nuclear magnetic moments, along with the shape and size of nuclei and quadrupole moments, play an

important role in discussions regarding the structure and behavior of nuclear composition. The spectacular growth of

theoretical studies using different methods  needs more precise experimental values for the comparison and verification

of results. Since the early measurements in atom-molecular beam experiments performed by I.I. Rabi et al.  between

1930 and 1937, NMR has played a crucial role in establishing the first magnetic moments of nuclei. Particularly, more

accurate NMR results can be received when gas phase experiments are performed. The radiofrequency spectra for

isolated atoms or molecules can be relatively easily measured when new, advanced NMR spectrometers are used. The

calculations of diamagnetic effects, also known as shielding effects present in any atom or molecule, are crucial for

precise calculations. In this case, high-level theoretical computations can be performed for a single atom at room

conditions. If we join both these kinds of examinations, a full analysis of nuclear moments is possible .

It is well known that noble gas atoms have very long nuclear spin relaxation times . This leads to very narrow NMR

resonance lines and high digitalization of the spectra is possible. Very narrow lines are noticed even for quadrupolar

nuclei due to the spherical symmetry of the electron distribution in atoms. The effect of the surface-to-volume ratio and
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temperature can change the relaxation times only to an extent. It is very useful that gaseous signals for different density

samples can be measured with good precision.

2. Investigation of Nuclear Magnetic Moments (NMMs) by Experiment and
Theory

2.1. Definition of Nuclear Magnetic Moment

The nuclear system is a complex physical structure consisting of nucleons, i.e., protons and neutrons  . The nuclei in

atoms or molecules have several physical properties that define their behavior. These are the mass, electric charge,

shape and radius, and electromagnetic moments and spin. The magnetic moment of nucleus X is expressed in the

following form :

µ  = g × µ  × I (1)

where I  is the so-called spin, g  is the g nuclear factor of nucleus X, and the constant µ  = e ħ /2m  (where m  is the

proton mass) is known as the nuclear magneton μ  = 5.05078353(13) × 10  J/T . In an external magnetic field

oriented along the axis z, a magnetic vector of nucleus with spin I may receive 2I + 1 orientations with I  = m ħ, which are

characterized by the magnetic quantum numbers m where –I ≤ m  ≤ I.

In experiments performed in uniform magnetic fields, only one component of the NMM can be observed in direction z of

the applied field. This is often called the nuclear magnetic moment value itself. As the NMM is a vector, the full magnitude

is µ (/I . The magnetic properties of a given nuclei can also be emphasised as the gyromagnetic ratio (magnetogyric ratio)

γ . γ  is the ratio of its magnetic moment to its angular momentum: γ = gx × µ /ħ in rad s T  units. When divided by the

2π factor, the gyromagnetic ratio is often used in NMR spectroscopy because of its direct proportionality to the resonance

frequency of the nucleus under consideration. Several compilations of NMR frequencies in different magnetic fields

expressed in induction units (B ) are well known (see e.g., Bruker Almanach).

A few theoretical models can predict the value of the magnetic dipole moment, and there are several experimental

techniques aimed at carrying out measurements in nuclei within the nuclear chart. They will be presented for noble gas

nuclei in the next sections of this paper.

2.2. Nuclear Magnetic Resonance (NMR) Procedure for Accurate NMM Determination

NMR spectroscopy belongs to the methods that are often used for precisely measuring the nuclear magnetic moments of

different stable nuclei . As NMR spectroscopy relies on the photon absorption of quantum energy that corresponds to

the radio frequency region, the transition between the two states can be formulated as:

ΔE = h × Δν (2)

where h is Planck’s constant (h = 6.62607004 × 10  J s). In NMR and Magnetic resonance imaging (MRI), the quantity

Δν is called the resonance or the Larmor frequency. When the energy of the photon matches the energy difference

between the two spin states, an absorption of energy occurs. The resonance frequency v  for nucleus X in the isotropic

medium is proportional to the external magnetic field induction B :

(3)

where is the transition-related change of the projection of the magnetic moment on the z field axis, and σ is the shielding

parameter. An analogous equation can be written for the other nuclei placed in the same magnetic field:

(4)

A precise solution of Equations (3) and (4) is difficult as the measuring of magnetic fields is usually a complicated task.

Thus, it is convenient to divide both equations by pages, eliminating the external magnetic field induction B , and to use

the final formula crucial for establishing the NMM using NMR spectroscopy:
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This relationship is a rule for the measurements of many NMM also discussed in this paper.

2.3. Gas-Phase Measurements of NMR Frequencies

It is very profitable to perform experiments in the gas phase. Typically, gaseous samples are prepared in the glass

vacuum line equipped with a pump, cold traps, and a pressure gauge. Samples are filled with pure gases by condensation

in liquid nitrogen or liquid helium temperatures and sealed under a vacuum by a torch. These gas ampoules are fitted into

the thin-walled NMR tubes with liquid deuterated solvents in the annular space for use the lock system. In this way,

prepared test tubes, after checking its strength, can be measured in most NMR spectrometers, such as conventional

liquid samples.

Any given property of a gaseous state in equilibrium can be conveniently expressed as the virial expansion of a power

series of the density number . The virial coefficients characterize the isolated molecule ν ( X) and the intermolecular

interactions ν ( X) between gaseous ingredients at a given temperature. Frequencies extrapolated to the zero-pressure

limit are commonly used in this case:

ν( X) = ν ( X) + ν ( X)ρ  + ν ( X)ρ  + …. (6)

where ρ  and ρ  are the densities of A and B gaseous substances. The virial coefficients ν  and ν  depend on the bulk

susceptibility corrections and on the terms involving the intermolecular interactions, which take place during collisions.

The amount of A is usually maintained at very low concentrations, and the temperature is kept constant. The above

equation can therefore be formulated in a simpler fashion:

ν( X) = ν ( X) + ν ( X)ρ (7)

Analogously, the magnetic shielding parameter σ(X) can be written as a simple concentration (density) function; and the

equation is valid when chemical shifts δ (ppm) or nuclear magnetic shielding σ (ppm) are analyzed as pressure (density)

functions:

σ(X) = σ (X) + σ (X) ρ (8)

where σ (X) is the chemical shielding of the X nucleus in the isolated molecule or atom, and σ means the second virial

coefficient of chemical shielding. The σ  term is due to bimolecular collisions involving several specific interactions and

the bulk susceptibility effect of the gas. At moderate densities, the influence of three-body and high-order collisions can be

neglected. In gaseous phases, linear dependencies (7) and (8) are observed up to pressures of ~40 atm  where only

interactions of two bodies occur. Extrapolation of the shielding values to the zero density limit provides the s , parameter,

which is free from intermolecular interactions. It is important to use at least two different gaseous solvents to test the final

result of σ (X); within the limit of experimental error every solvent should give the same value. The σ (X) constants may

be directly compared with the results of quantum chemical calculations for a single molecule or atom in a vacuum (at the

temperature of the experiment).

2.4. Diamagnetic Corrections

In the NMR experiment, we can measure the NMM disturbed by the influence of the electron density in the given molecule

or atom. These systematic effects, often known as diamagnetic corrections, are expressed as shielding constants σ  (see

Equations (3)–(5)). They describe the magnetic polarization of the medium by an external field. The more accurate

corrections are, therefore, necessary to extract the NMM for the bare nuclei. The aforementioned factors should be

involved for the reference nucleus and given nucleus under study. Since the first magnetism theories, these correction

factors have been called diamagnetic factors. In our case, the diamagnetic factor is a multiplier in Equation (5) defined by

means of:
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where σ  are the shielding of nuclei X and Y, belonging to the reference nucleus and that under consideration. The

shielding factors should be expressed on the absolute scale in ppm units. In this case, the diamagnetic shielding factor

can appear as close to 1. The f  factors are shown in tables presented in the next paragraphs. In practice, the correction

factor of diamagnetic shielding can even be as large as ~14,000 ppm for Re and Re, which results in a dipole

magnetic moment correction of ~3 × 10  μ . On the other hand, these corrections in the proton case are of the order

3 × 10  ppm. We can suppose that correction factors for a particular noble gas will be of varying importance. The

numerical corrections are shown in Table 8, and a short discussion about this problem can be found in the Summary and

Prospect part of this paper.

2.5. Direct Measurements of Shielding Constants

A considerable effort has been made to establish the so-called absolute shielding scales for individual active nuclei (e.g.,

see ). Generally, good shielding scales are known for H  and a few light nuclei . The worse situations

concern heavy nuclei where strong relativistic effects are present. The theoretical calculations of these effects have only

been used in the last decade, and a relatively limited quantity of relativistic data has been known up to now. The validity of

the shielding corrections rises when atomic numbers increase for the given nuclei. This means that the NMM of heavy

isotopes are given with much less accuracy than for light nuclei.

2.6. Other Methods

Several physico-chemical techniques can serve as a source of NMM values: microwave spectroscopy, atomic and

molecular beam experiments, optical spectroscopy, optical double resonance and pumping techniques, Mössbauer

spectroscopy, nuclear orientation, specific heat measurements, and dynamic nuclear self-polarization. Among them, the

atomic and molecular beam resonance methods (ABMR) have played a main role when the NMM of stable nuclei are of

interest . ABMR is a method related to the well-known NMR spectroscopy technique. Several variations of this

approach exist. Atomic or molecular beams are generated in a vacuum line by heating samples to a high temperature.

The beams are then formatted in the high vacuum apparatus where two magnets create inhomogeneous magnetic fields

to influence the trajectories of particles before going to the detector. A strong magnetic oscillation field gradient was used

to flip the magnetic moment of particles. The selection of quantum states connected with spin magnetic moments through

space quantization can give a characteristic pattern of resonance lines. If the resonance condition is fulfilled:

ω  = γ/ħ × B (10)

the spin is now precessing around the B  direction with an angular frequency known as the Rabi frequency ω . The

precession rate is independent of the spatial distribution of the spins. The Rabi method was capable of detecting the

magnetic resonance absorption spectra and estimating nuclear magnetic moments of several nuclei, among them

protons, deuterium, and heavier nuclei . The concept of the ABMR method in the more sophisticated variations can

also be used for studying short-lived radioactive nuclei (isotopes with a half-life shorter than 1 min) and metastable states

(a life-time of at least a few milliseconds). It is very beneficial when the NMM of nucleus is known from ABMR and NMR

methods at the same time because of the possibility of comparing both results for different chemical species and verifying

shielding constants and magnetic moments together (see for example ).

Many NMMs of short lived nuclides were measured by Collinear Fast Beam Laser Spectroscopy (CFBLS, CLS), Optical

Pumping (OP) with Radiative Detection and β-NMR experiments. The CFBLS method is a kind of high resolution laser

spectroscopy for investigations of short-lived isotopes in their ground-states. This method was developed by Kaufman .

CLS can not only investigate nuclear magnetic moments but also different nuclear properties, such as nuclear charge radii

. β-NMR is a general method suited to many fields of research and can measure shifts in the Larmor frequency and

relaxation times. The spectroscopic NMR signal is observed as the anisotropic emission of β-particles. It can be prepared

for application to the short-lived β decaying nuclei that are delivered as a beam species. Because of the former nuclei

hyperpolarization, this method has a sensitivity of even five orders of magnitude more than that of a normal NMR

experiment . Several examples of these methods of research will be presented in relation to Ne˗ Ne, Ar˗ Ar,

and Rn˗ Rn nuclei in the following sections.
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The experimental results of NMM measurements for stable isotopes of noble gases performed so far by ABMR and NMR

methods were collected in the series of tables. The original results of individual measurements were recalculated using

the new, best quality physical quantities and then included in the data charts.The final results are not identical to the

author’s primary, original findings.
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