Nuclear spins in the Earth’s magnetic field
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Details are given of a simple apparatus for the observation of nuclear precession in the Earth’s
magnetic field. Spin echos are generated using a pulse of oscillatory magnetic field resonant at the
Larmor frequency. Students can use the system to measure a nuclear magnetic moment, nuclear
relaxation times, and the local strength and orientation of the Earth’s magnetic field.

INTRODUCTION

The study of nuclear magnetism is one of those areas of
physics which seems to endure beyond all expectations.
Indeed few techniques have yielded so rich a harvest in
physics, chemistry, and biology as the observations of nu-
clear spin dynamics. Nuclear spin manipulation is even re-
sponsible for the lowest laboratory temperature to date!
This remarkable versatility of application results from the
wide range of magnitudes manifest in the interaction of
nuclear spin and environmental electromagnetic proper-
ties. An appreciation of nuclear magnetism is well within
the grasp of an undergraduate physics student and an inex-
pensive apparatus which illustrates some of the fundamen-
tals of the subject can be easily constructed. We describe
here some simple equipment which can be used as the basis
for a nuclear magnetism experiment in the teaching labora-
tory. Variations of this technique have been used in geo-
magnetic field measurements for many years but in our
experiment the student not only measures precisely the
magnitude of the Earth’s local magnetic field but can also
obtain the nuclear dipole moment of *°F and the relaxation
times of either 'H and '°F nuclei in different chemical envi-
ronments. A novel aspect of our system is that it enables the
observation of spin echos in the Earth’s magnetic field. The
spin echo is generated by a pulse of magnetic field oscillat-
ing at the Larmor frequency and is an audio frequency
analog of the 180° rf pulse used in the traditional NMR spin
echo sequence.

DETECTING NUCLEAR MAGNETISM

Whenever the polarization axis of a nuclear dipole en-
semble is momentarily displaced from the polarizing mag-
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netic field direction an oscillatory emf can be subsequently
detected in a receiver coil oriented perpendicular to the
field.! This decaying emf, known as the free induction de-
cay (FID), results from the Larmor precession about the
static magnetic field of the nuclear spin angular momen-
tum vectors. The decay rate is governed by the nuclear
spin—spin interaction which cause a relentless loss of phase
coherence in the nuclear ensemble. For an ensemble of si-
mi;ar spin-§ nuclei, the FID signal is accurately described
by

S(t) =S, exp( — t /T,)cos(yByt + a), (N

where T, is the transverse or spin—spin relaxation time and
¥B, is the Larmor precession frequency, proportional both
to the static environmental magnetic field B, and to the
nuclear gyromagnetic ratio y. ¥ is a constant relating the
nuclear magnetic dipole moment u to the spin angular mo-
mentum quantum number j via the equation

K= (2)

Where the static magnetic field in which the nuclei are to
precess is the local field of the Earth, a simple means of
reorienting the nuclear spin magnetization is to momentar-
ily apply a much larger laboratory magnetic field in a trans-
verse direction. This method was first suggested by Pack-
ard and Varian® who demonstrated that a simple but
precise magnetometer could be constructed using the coil
configuration shown in Fig. 1 with a water sample abun-
dant in 'H spins. The transverse polarizing field B,,, if ap-
plied for longer than a few spin-lattice relaxation times 7',
induces a larger transverse proton magnetization which
subsequently precesses about the Earth’s magnetic field on
removing the polarizing field. B, thus had a dual purpose
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