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INTRODUCTION

Magnetic Resonance

NMR, or Nuclear Magnetic Resonance, is a common term for a wide range of phenomena used for imaging diagnostics in medicine, for spectroscopic investigations of materials and compounds in chemistry, and for absolute measurement of weak magnetic fields.

As explained in the following, a coherent ac-magnetic NMR signal can be picked up by a coil surrounding a sample of atomic nuclei after suitable excitation. The various signal decay times in a constant large magnetic field are used for imaging diagnostics of different types of biological tissue, and the enhancements of specific ac-frequencies, while the sample is exposed to a changing magnetic field, is used for chemical spectroscopy. 

For precise measurement of the magnitude of a weak magnetic field, the ac-frequency emitted by a suitably excited and well defined sample of atomic nuclei is determined in the nuclear resonance magnetometers. The resonance frequency is proportional to the magnetic field, and of all the stable nuclei the proton has the largest proportionality constant or gyromagnetic ratio. The magnetic resonance of protons (in an aqueous sample of spherical shape) constitutes an atomic reference for the SI units of current (Ampère – [A]) and magnetic field (Tesla – [T]).

ESR, or Electron Spin Resonance, is the analogous phenomenon for electrons. This also finds wide application in medicine, material sciences and chemistry, and the much higher spin frequency (about 600 times that of protons) offers the possibility of constructing highly sensitive and fast responding scalar magnetometers. Where the classical proton magnetometer is excited by a dc-magnetic field followed by measurement of the frequency of the decaying nuclear spin signal, then the optically “pumped” electron spin magnetometers use light in resonance with an optical spectral line of the sample, and they produce a continuous electron spin resonance signal.

The Overhauser effect proton magnetometer combines the two phenomena. It uses an rf-magnetic signal for ESR-excitation of the electrons, who then by collisions transfer their excitation to the protons. Continuous excitation of the protons is thereby established, and this allows for a continuous proton resonance signal.

Historical Overview

The use of NMR was initiated by the publication of the now classical paper by F. Block [1946]. Between 1948 and 1954 the proton free precession principle was developed by the Varian Associates Research Laboratory [Varian, 1948] into an instrument offering up to one measurement per second of the scalar value of a weak magnetic field. (See Alldredge and Saldukas [1966]). 

Soon thereafter the proton magnetometer was introduced at Geomagnetic Observatories for precise measurement of the Earth’s scalar magnetic field, as a very welcome absolute standard replacing the older methods using induction coils, balanced magnetic needles and calibrated permanent magnets [Varian, 1948; Packard and Varian, 1954; Waters and Phillips, 1956; Serson, 1962a, b]. 

Very early, proton magnetometers were carried to about 33 km altitude by a balloon [Cahill and Van Allen, 1956], and later launched into the Earth’s ionosphere onboard a “Rockoon”, a small sounding rocket fired from a high altitude balloon [Cahill, 1959]. Other sounding rocket experiments carrying proton magnetometers abounded spanning from Burrows [1959] to Olesen [1976]. The popularity of the proton magnetometer for space experiments was, for a large part, due to the fact that no attitude information was needed to interpret the data, because only the scalar value (the magnitude) of the field was measured. 

Soon after the first Soviet “Sputnik” in 1957, Sputnik-3 launched on 15 May 1958 placed the first (fluxgate) magnetometer into space, and the US Vanguard III satellite in 1961 carried a proton scalar magnetometer. Later many U.S. and Russian satellites used proton magnetometers and cesium magnetometers for Earth’s field monitoring (Cosmos-26/49/321 and OGO-2/4/6) [Dolginov, 1998].

In 1953 A.W. Overhauser published his discovery of the proton spin alignment effect by coupled rf electron spin  resonance polarisation (see Overhauser [1966]). For geophysical prospecting and at Magnetic Observatories the continuously oscillating and less power consuming Overhauser proton magnetometer was extensively used (The author had the opportunity to see an operating Overhauser magnetometer for airborne survey at the Geological Survey of Canada in 1966), and the development of a field instrument [Hrvoic, 1990] for prospectors made this scalar magnetometer even more popular. 

An Overhauser magnetometer made by LETI, France [Duret et al., 1995] was launched on the Danish Geomagnetic Mapping Satellite “Ørsted” in February 1999, and a second LETI Overhauser instrument will be launched in 2000 on the German “CHAMP” Fields and Potentials Satellite.

Following A. Kastler’s [1954] description of using optical techniques to produce magnetic polarisation of the electrons in a vaporous sample, the development of optically pumped scalar magnetometers progressed from 1957. Where protons have the largest nuclear gyromagnetic ratio converting field to signal frequency of about 42.5 MHz/T, then the optical magnetometers using electron spin resonance have much larger conversion constants of between 3.5 and 7.0 GHz/T for the Alkali metals, and up to 28 GHz/T for the metastable He4 optical magnetometer. 

Besides being continuously oscillating, the optical magnetometers thus have the advantages of a higher frequency response and less sensitivity to platform rotation compared to the proton magnetometers. [Alexandrov and Primdahl, 1993]. 

Optically pumped scalar magnetometers are used for land, sea and airborne surveys for prospecting, and to some extent at Geomagnetic Observatories for measuring the field magnitude. They have also flown on many satellites. The absolute magnetic field standard onboard the NASA Magsat Earth’s field mapping satellite (1979-1980) was a Cs133 optically pumped scalar magnetometer from Varian Associates [Langel et al., 1982], and a scalar metastable He4  magnetometer from Jet Propulsion Laboratory is planned to fly onboard the Argentine-US SAC-C Earth Observation Satellite in the year 2000 as part of the Danish MMP (Magnetic Mapping Payload).

Vector measurements using scalar magnetometers have been developed for Geomagnetic Observatories by sequentially adding stable bias fields to the background field in two or three orthogonal directions. Proton magnetometers have been used, but as the field biasing sequence must be completed in a short time (in order to confidently follow the changes of the Earth’s field), then the faster responding optical magnetometers seem to be preferred [Alldredge and Saldukas, 1966; De Vuyst et al., 1971].

Rocket launches of optical vector magnetometers with bias coils have been extensively used by the Rice University Group for observing magnetic field-aligned electric currents in the Earth’s ionosphere [Park, and Cloutier, 1971; Sesiano and Cloutier, 1976]. A metastable He4 vector magnetometer from the Jet Propulsion Laboratory is one of the two magnetometers onboard the Ulysses Mission in polar orbit about the Sun at 1AU. (See: Balogh et al., [1992]). In deep space the magnetic fields are too low to be measured directly using a resonance magnetometer, but the addition of bias fields brings the combined magnitude into the instrument’s measuring range.

Absolute Reproducibility of Magnetic Field Measurements

The Système International d’Unités (SI) is the internationally adopted unit system for measurements based on the equations of physics, and on an international agreement on actual basic physical samples (like the Kilogram) and on adopted exact values of specific constants of nature (such as the velocity of light). 

It is an interesting and at times intriguing experience to study the development and follow the discussions in this field of physics and technology. At the turn of the last century an abundance of “practical” units existed, based on reference values (e.g., the Weston cell voltage, now replaced by the Josephson effect), and agreed upon at large international conferences. However, these reference values proved to be in slight conflict with other internationally agreed reference values and constants, when applying the laws of physics [Giacomo, 1987]. 

The need is evident for universally and reliably reproducible experiments providing time-invariant sample values (e.g., a definite voltage for calibration of voltmeters), and being maintained at nationally accessible laboratories. But as technology advances and the measurement accuracies in all branches of physics progresses, and then the industrial and scientific communities have to accept slight changes of the reproducible reference values at irregular time intervals in order to keep the SI, and avoid a confusion like the one existing about a hundred years ago.

Such a “reference value” for establishing the proper SI measure of magnetic field [Tesla], and also used for establishing the SI unit for electrical current [Ampere], is the proton gyromagnetic ratio, (p’, because by this atomic constant a measurement of the magnitude of a magnetic field is converted to the much easier and very precise determination of the frequency of an induced ac-signal. 

The prime (’) is there to remind you that (p’ is the proton gyromagnetic ratio in pure water and in a spherical container, because the chemical liquid has a slight influence on the frequency, and so has the shape of the vessel [Belorisky et al., 1991 and 1990]. This is why (p’ is different from the single-proton (p. 

The presently accepted value is:

(p’ = 2.675 152 55 ( 108 [radians/(s(T)]

as given in Cohen and Taylor [1987]. The published uncertainty of this value is 81 [radians/(s(T)], or about 3(10-7 corresponding to 15 pT in the Earth’s field of 50 000 nT. 

For curiosity, the accepted value in 1960 was 2.675 13(108  and before that, 2.675 23(108  was widely used [Driscol and Bender, 1958]. At some time, different values for (p’ in high fields (1 T) and low fields (< 1 mT) were in use, but this has been suggested reconciled by a slight change of the reference for the Ampere [Schlesok and Forkert, 1985].

One thing is the accuracy of the reference value of (p’, a different thing is the final measurement accuracy of a carefully constructed proton precession magnetometer. Primarily, the time standard for the frequency determination has to be sufficiently reliable and accurate, but that is fairly inexpensive to establish. Other sources of errors exist. If Kerosene or Hexane is used as the proton rich liquid sample, then the deviant chemical shifts of these liquids will change the instrument calibration (the difference between (p’ and (p amounts to about 1.3 nT in the Earth’s field). If the sample shape is non-spherical then another shift at the 0.1 nT level may be introduced. If magnetic impurities (e.g., from the machining tools) are accidentally enclosed in the construction elements of the sensing head, then a head orientation dependent error may be introduced similar to the effect of a non-spherical shape. The important conclusion of this is that even a supposedly absolute instrument should be verified against a standard instrument or field.  

PROTON PRECESSION MAGNETOMETERS

The Mechanical Gyroscope

In order to understand the basic principle of the nuclear resonance magnetometers (and of the electron spin resonance magnetometers) let us briefly consider the mechanical gyroscope, which many of us, - I’m sure -, have played with and wondered about. Figure 1 shows a toy gyroscope consisting of a fast spinning wheel with the axle supported at one end by a bearing, free to rotate about the support. When the spinning wheel (spin rate (s) is let loose, it starts to revolve about the vertical support in a slow counter clockwise precession with the rate (.
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Figure 1. The Mechanical Gyroscope. The force of gravitation and the reaction from the support (not shown) constitute a mechanical torque, which makes the spinning wheel revolve slowly about the support. 

The key to understanding this motion is the inertial force acting on all parts of the spinning wheel. A differential volume at the edge of the wheel is kept in a circular orbit about the axis by the stress in the material, which delivers the centripetal force, just as the gravity of the Sun keeps a planet in orbit. The volume will continue revolving as long as the breakdown limit of the material is not exceeded. If this happens a catastrophic explosion of the wheel may result, demonstrating that we are dealing with real and very strong forces. 
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Figure 2. A spinning wheel in perfect balance while rotating about the body symmetry axis. The centrifugal forces C pass through the body centre-of-gravity, and the parts of the wheel are forced to revolve about the axis by the stress forces in the material.

From the point of view of the wheel (i.e. in a coordinate system rotating with the wheel) it “feels” the inertial force called the “centrifugal force” tending to pull the wheel apart in all directions perpendicular to the axis of rotation. (Throw a stone, and your hand will feel an inertial force: The stone’s reaction against being accelerated). Figure 2 shows the situation when the wheel rotates about the body axis, and perfect balance exists. The centrifugal forces are directed symmetrically outward at right angles to the axis, and all the parts of the wheel are kept in place by internal stresses in the material.
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Figure 3. Rotation about a skew axis. The centrifugal forces miss the centre-of-gravity and combine to form a mechanical torque on the wheel.

A quite different situation exists if the wheel rotates about a skew axis not aligned with the body symmetry axis. Then the centrifugal forces no longer pass through the centre-of-gravity and the balance of forces is upset. Figure 3 shows this situation, and clearly the centrifugal forces tend to rotate the wheel into a position symmetrical about the axis of rotation. The inertial centrifugal forces result in a mechanical torque on the wheel trying to twist the body axis parallel to the rotation axis. 

If the spinning wheel is rigidly mounted on a skew axle, then this will result in severe vibrations, which ultimately may destroy the system. This underlines the importance of balancing a high-speed revolving machine element in order to prevent destruction. However, a symmetrically mounted spinning wheel can be made to perform a stable rotation about an axis slightly different from the body axis. This follows from the fact that rotation vectors may be added vectorially to form a resultant instantaneous rotation vector. Figure 4 shows how this is acting on the toy gyroscope introduced in the beginning of this section.

[image: image4.png]CENTRI FUGAL.
FokReL

GRARVITRTION

)

RESULTANI
RoTRTIONAL

/-/ RXIS.

seIN"



 

Figure 4. The spinning ((s) and coning (() gyroscope supported at one end of the axle (free to spin and rotate in all directions), and acted upon by the mechanical torque from gravity (Mg) and the reaction of the support. The resulting rotation vector ( deviates from the symmetry axis, and creates a balancing torque by the centrifugal forces C

The wheel is spinning at the rate (s, and at the same time it is slowly revolving about the vertical axis of the support with the coning rate ( (here shown displaced to the centre-of-gravity). The combination of these two rotations is a resulting instantaneous rotation vector (, which is twisted upwards a small angle relative to the symmetry axis of the wheel. The tangent to this small angle is:

(((s

The coning rate ( adjusts to a magnitude so that the centrifugal forces exactly balance the torque from the gravitation. 

A formal description uses the moment of inertia, I, about the axis:

I = ((Mr2.

Here (M is the mass of a differential volume of the wheel, r is the perpendicular distance of the volume from the axis, and the summing is extended over the total mass of the wheel. The angular momentum, L, is then given by:

L = I ( (s
The mechanical torque, T, acting on the wheel from the force of gravity is:

T = l ( Mg
Where l is the vector from the supporting point to the centre-of-gravity and Mg is the gravitational force on the wheel (M is the total mass and g is the acceleration of gravity). From Newton II follows the equation the motion:
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stating that the time change of the angular momentum equals the mechanical torque vector. Thus, as an example, if we know the angular momentum (or  “spin”), L, of the wheel and observe the rate of precession (or coning), (, then (knowing the total mass, M, and the length, l, of the axle) the acceleration of gravity, g, can be calculated.

The Classical Proton Free Precession Magnetometer

The simplest and first of the nuclear precession magnetometers exploits the fact that protons possess a magnetic moment as well as an angular momentum (spin). Quantum mechanics tells us that the spin, L, and the magnetic dipole moment, (p, of the proton are atomic constants, they are parallel and related by a fixed scalar constant called the proton gyromagnetic ratio, (p :

(p = (p( L
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Figure 5. Protons have angular momentum or spin, L, and magnetic moment, (p=ml, much like a gyroscope with a bar magnet as axle.  An external field, B, gives a torque, T, on the moment.

Apart from that, nothing is said about the internal structure of the spinning proton, but a mental picture illustrating the collective behaviour in the classical limit of a large sample of protons may be the one shown in Figure 5. The proton behaves like a small mechanical gyroscope with the axle made of a bar magnet having North and South poles of magnitude ( m separated by the vector l. If the proton is placed in an external field, B, then the poles feel the forces F = ( m(B constituting a mechanical torque T = ml(B = (p(B. 

The proton magnetic moment is ml = (p, and from a table of quantum mechanical constants we have:

(p ( 1.41 ( 10 –26 [Am2].

Using the value of (p ( 2.675 ( 10 8 [rad/s(T], then the proton angular momentum (or spin) is calculated to be:

L ( 5.27 ( 10 –35 [kg(m2/s]  

Which is equal to ½(, as the proton spin should be. (From the table, Planck’s constant ( ( 1.0546 ( 10 –34 [J(s]). 

In the coordinate system of Figure 5, the angular momentum, L, is precessing about the 
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Using 
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, we get  (L = (pLB,  and  ( = (pB.

The proton magnetic moment rotates clockwise about the magnetic field B with the frequency:

f = ((p’/2() B

In a spherical sample of water the value (p’ = 2.67515255 ( 10 8 should be used, as explained above ((p’/2( = 42.576375 [MHz/T]). The modification of the proportionality constant is not caused by any real change of the proton gyromagnetic ratio, but it is because the external magnetic field B is slightly modified by the diamagnetism of water combined with the demagnetising factor of the spherical shape of the sample. However, rather than computing the internal field Bi in the water sample, and then correcting for shape and diamagnetism, then the external field is obtained directly by using the modified gyromagnetic ratio (p’.

When a volume of a proton rich liquid is exposed to a strong dc-polarising magnetic field Bp, then the proton magnetic moments tend to be aligned along Bp (Figure 6). This is, however, counteracted by thermal agitation resulting in the net alignment of only a small fraction of the protons. The fraction of aligned (or polarised) protons equals the ratio of magnetic energy to the average thermal energy:
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Figure 6. A sample of water is exposed to a strong polarising dc-magnetic field Bp. The field tends to align the magnetic moments of the protons.

Fraction of aligned protons 
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In a polarising field Bp = 14.4 [mT] (see later) the magnetic energy of a proton is (pBp ( 2.03(10-28 [J]. The average thermal energy is kT = 4.14(10-21[J], where k ( 1.381(10-23 [J/K] is Boltzmann’s constant, and T=300[K] is the absolute temperature. The magnetic energy is much smaller than the thermal energy, and so the fraction of aligned protons is :
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We may now calculate the magnetisation of water exposed to a polarisation field of 14.4 [mT]. 

One cubic metre of water weighs 1000 kg, and one H2O molecule weighs 18 AMU (Atomic Mass Units) or 18(1.67(10-27 [kg] = 3.01(10-26  [kg]. Each water molecule has two protons, and so the density of protons in water is:

n ( 2(103/3.01(10-26 ( 6.64(1028  [protons/m3]

The resulting magnetisation (or the magnetic moment per unit volume) for a polarisation field of Bp = 14.4 [mT] is then:

M0 = n ( ((n/n) ( (p = 6.64(1028 ( 4.83(10-8 ( 1.41(10–26 = 4.52(10–5 [A/m].

M0 is the saturation magnetisation approached exponentially with a time constant of a few seconds in pure water after application of the polarisation field Bp. Suddenly removing the polarisation (see later) leaves the magnetisation of the water M (approximately) in the direction of Bp, and M then starts to rotate clockwise about the external field B with the frequency f = ((p’/2()B. The changing magnetic field from the rotating magnetisation will then induce an ac-signal in a pickup coil wound around the water sample. The magnetisation of the water decreases exponentially with time, and so the decaying signal can only be picked up for a couple of seconds (Figure 7).
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Figure 7. A decaying proton precession signal of about 2 kHz in the Earth’s field. Vertical scale: 1(V/div, horizontal scale: 1 s/div.

The largest signal is obtained if the pickup coil axis is oriented at right angles to the external B-field because M rotates about B. The polarisation field should also be applied at right angles to the external field B, because this leaves the largest component of M perpendicular to B. The same coil may be used for polarisation and for signal pickup, but if the coil is a cylindrical solenoid, then a dead zone for B will exist close to the coil axis. Firstly, because M will be left mostly along B with a very small component rotating about B, and secondly, as M is rotating about an axis close to the coil axis, then the induced signal will be still smaller and disappear in noise. 

Serson [1962a] introduced the omnidirectional Toroid sensor, and the author used this shape (see Figure 8) for sounding rocket experiments in the 1970’ies [Olesen, et al., 1976].
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Figure 8. Omnidirectional Toroid proton magnetometer sensor. A hollow Acrylic ring with Kerosene and 1000 turns of 1 mm diameter Al-wire. An external electrostatic screen improves the noise immunity of the Toroid. 16 cm overall dimension.

Regardless of the orientation, some parts of the coil will always be perpendicular to the external B-field. The largest signal is obtained when the field is along the symmetry axis, with a factor-of-two decrease in signal amplitude, when the field is in the plane of the ring. (The signal strength goes as (2 - sin2(), where ( is the angle between the Toroid axis and the external B-field [Acker, 1971]). 

Because of its symmetry, the Toroid sensor will attenuate homogeneous ac-noise fields from the environment, but still very strong noise signals may impair the proper functioning of the sensor. During a 1977 sounding rocket launch into the ionospheric E-region (95-120 km altitude) from Andenes, Norway,the author experienced a high level of Auroral hiss completely wiping out the proton signal from a Toroid sensor. This phenomenon has been observed frequently onboard sounding rockets. In particular, when the sensor is made of a single solenoid (L.J. Cahill, Jr., private communication, 1977). Sensors made of two anti-parallel solenoids are also relatively noise immune, but in contrast to the Toroid sensor they still exhibit a null-zone close to the common axis.
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Figure 9. Cross-sectional view of a Toroid sensor after polarisation by the field BP. The magnetisation M rotates about the direction of the Earth’s field BE with the angular velocity (. 

Immediately after the polarisation field BP is removed from the Toroid proton rich liquid sample by rapidly switching off the polarisation current IP, and then the sample magnetisation M0 starts to precess about the Earth’s field BP. The magnetisation along the centre circle of the ring is:

Maxis = M0 cos(t

The magnetic field from this magnetisation follows concentric circles along the ring, and the magnitude is given by:

BM = (0 (1-D) Maxis
where the demagnetising factor is D ( 0 along the ring. We then have:

BM ( (0 M0 cos(t

The induced voltage in the Toroid coil immediately after polarisation is:

A = ((r2 = 2.0(10 -3 

n = 1000

e(t) = nA (0 ( M sin((t) = 1.3 [(V]

The signal-to-noise ratio depends on the Toroid coil and on the amplifier input circuit. A representative example of the circuit is shown in Figure 10.
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Figure 10. Example of an (old) coil impedance matching input stage for the Toroid sensor coil.  The angular frequency ( corresponds the average field to be measured.

The Toroid coil inductance is series tuned to a frequency corresponding to the average value of the expected B-field magnitudes. The coil losses are for most applications sufficient to give a suitable bandwidth for the range of fields to be measured. Assuming a total bandwidth of (f = 500 Hz (corresponding to about (6 [(T]) the noise in the Rcoil = 6.1 [(] resistor is:

enoise  =  (4 k T (f Rcoil )½  =  7.1 [nVrms]

Where k is Boltzmann’s constant and T is the absolute temperature in [Kelvin]. The input transistor increases the noise by about 4 dB (the noise factor for the old BC107) resulting in enoise  =  11.3 [nVrms]. The theoretical initial signal-to-noise ratio is then:

e/ enoise  =  1.3 [(V]/ 11.3 [nVrms] = 115

This number is clearly an overestimate, firstly because amplitude value is compared to root-mean-square  noise, and secondly, because the sample magnetisation decreases exponentially with time, and it might not even have reached the equilibrium value before switch-off of the polarisation current. Koehler [1999] gives the more realistic estimate of:

S/N = e/ enoise  (  40 - 50

The switching-off of the polarisation current requires some special attention. If the current is removes too slowly then the sample polarisation will rotate into alignment with the Earth’s field and no precession signal is observed. A too rapid switch-off (by just opening a relay contact) probably results in arching because a large inductor is involved, and the energy in the magnetic polarisation field has to be dissipated somewhere. For reliable operation a controlled removal of the field (and the current) must be established.

During polarisation the sample is exposed to the Bres the combination of the polarisation field BP and Earth’s field BE at right angles to each other, see Figure 11.
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Figure 11. The polarising field Bp decreases rapidly, and at some point in time the resultant field Bres starts to rotate the angle ( away from the polarising direction and toward the direction of the Earth’s field BE.

From BP(t)= BPmax to BP(t) = 0 the change of the direction ( of the resultant field Bres occurs with rapidly increasing speed. At first, the magnetisation M follows Bres, but at some point Bres starts to “run away” from the magnetisation. This happens when the rate of change of the angle ( becomes larger than the natural angular velocity ( of the protons, if precessing in the instantaneous field Bres.
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If BP(t) decreases linearly with time toward zero during the switching time TS, then dBP/dt = - BPmax/TS is constant. Counting time, t, from the beginning of the switch-off operation we have:
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Further we may write (using d(/dt = (P) :
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The time for switching off the polarising field follows from the switch circuit parameters, and a reasonable value is TS (1 ms (see the switching circuit description below). This means that at the point where Bres runs away from M, we have (see Figure 11 for the remaining numerical values):
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The magnitude of the polarising field is reduced from BPmax to:
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The time t0 from the beginning of the switching sequence until run-away starts is:
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And at run-away the rotation angle (0 of M away from being perpendicular to the Earth’s field BE is:
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Because of the cubic root in the expression for Bres then BP0 and (0 are relatively insensitive to changes in TS. A doubling of TS only means a factor of about 1.28 increase in the start-run-away angle to 23(.

An example of an electronic switching circuit is shown in Figure 12.
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Figure 12. Electronic polarising switch and equivalent circuit. See text for more details.

A large number of relay and/or electronic switching circuits and combinations of mechanical/electronic systems have been used over the years. The switch shown in Figure 12 has been successfully used for 6 sounding rocket launches of proton magnetometers into the polar ionosphere in 1974 to 1977. In addition to the circuit shown, a small space qualified relay disconnected the coil from the electronic switch and connected it to the amplifier input, when the polarising current was quenched, and the precession signal was available over the coil terminals. This, as a protection of the amplifier input, and as an extra security against having residual currents from the switch flowing in the coil during the measuring cycle. Such currents might perturb the external magnetic field.

At the start of the switching cycle about 3.6 [A] flows from the 22.4 [V] battery via the transistor switch through the coil. The 2.2 [k(] shunt resistor provides ground potential for the collectors of the switch transistors, and the diode in series with the 30 [V] Zener is reverse polarised and open (disconnected). Immediately after opening the transistor switch at t = 0, the coil voltage jumps from + 22.4 [V] to about – 30.7 [V], and the diode-Zener combination conducts providing an alternative return path for the coil current. Save for the voltage drop over the coil resistance, then the diode-Zener combination maintains a large but controlled voltage drop over the coil, preventing any damage to the switch transistors and ensuring a rapid dissipation of the coil magnetic energy into heat in the coil resistance and in the diode-Zener combination.

From the circuit parameters and using the equivalent circuit from Figure 12, the switching time t0 is calculated. The time-rate of change of the polarisation current IP(t) is not strictly constant, but because of RC it follows an exponential decrease from I0 = 3.6 [A] and approaching I = - EZ/RC = - 4.9 [A] for t(( (see the equation in Figure 12).

The zero crossing time t0 for I is calculated as follows:
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And this time is equal to the previously introduced switching time TS. This means that the assumption of a constant time rate of decrease of the polarisation current is only a fair approximation because of the coil Ohmic resistance, and the total switching time is for the same reason slightly less than the 1 [ms] used above. The time from the Bres vector starts to run away from the magnetisation M, and to the polarisation current is zero, is, of course, much smaller than TS. It takes less then 10 [(s]  from the run-away point until the polarising field has completely disappeared. 

The coil will have some self-capacitance and at the point in time where the polarising current reaches zero and the series resistance of the diode-Zener combination becomes very high, then the self-capacitance is charged to approximately the Zener voltage, and the self-resonance of the coil may be excited by the discharge of this voltage. This dampened oscillation may interfere with the proton precession signal if the coil Q is too large. The 2.2 [k(] shunt resistor (see Figure 12) also serves to lower the coil Q and increase the dampening of the self-resonance oscillation, which may easily be orders of magnitude larger than the precession signal.

The growth of the magnetisation of the proton rich liquid sample follows an exponential curve towards the saturation value after application of the constant polarisation field. Similarly, an exponential decay of the magnetisation towards the equilibrium value in the Earth’s field follows after the removal of the polarisation. M(t) grows as:
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Where T1 is the “spin-lattice” relaxation time constant. Figure 13 (from Faini et al., 1969) shows the growth of magnetisation in Oxygen-free water. Because of its diamagnetism, dissolved Oxygen in the water will lead to a rapid decay of the proton signal. Different proton rich chemical liquids will, as to be expected, have different relaxation time constants.
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Figure 13. Amplified precession signal strength dependence of the polarisation time. Growth of the magnetisation with polarisation time follows the same curve. (from Faini et al., 1969).

Distilled Water        T1 ( 2-3 [s]

Kerosene                  T1  ( 0.5 [s]

Oxygen-free Water  T1 ( 3.1 [s]

The decay of the magnetisation after switch-off of the polarisation goes exponentially toward the very small Earth’s field equilibrium value as:
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Where M1 is the start magnetisation, and T2 is the “spin-spin” relaxation time. In general T2 ( T1, and the time constants are selected according to the application of the proton magnetometer. For ground based use, the time constants are often chosen to be as long as possible on order to get as long time to measure the precession frequency as possible, whereas for sounding rocket use a short time constant is needed to increase the sampling rate to once per second or more.

A magnetic field gradient over the sensor will decrease the time constant of the precession signal decay. This because the proton precession frequency will vary over the sample, and the resulting interference will lead to a faster signal decay.

[image: image33.png]



Figure 14. The effect of a field gradient: Different fields will lead to different precession frequencies, and signal interference will shorten the signal decay time.

After the polarisation all the protons start rotating from the same direction, but because of the gradient the fields at the ends of the sample are different, and the precession frequencies are also different:
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After the time t, a phase difference between the protons at the two positions will evolve (they will have rotated trough slightly different angles):
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When (( = ( then the magnetisations at the two ends of the sensor are anti-parallel, and the signal is very much reduced. For ( = 10 [cm] and the gradient (B/(r = 400 [nT/m], then the time t0 for signal disappearance is:

t0 = ((((P’(((B((r)(() ( 0.3 [s],

which is much shorter than the relaxation time for Oxygen-free water. This effect may be used to measure weak field-gradients.

Magnetic material close to the sensor will expose it to a large field-gradient and destroy the signal. This may be used to verify that a precession signal is seen: It should disappear, when a magnet is approached to the sensor.

Previously, the proton precession frequency measurement was done by counting the number of pulses from an absolute reference frequency generator during a pre-determined number of precession periods, or by multiplying the precession frequency (using a phase-locked-loop) by a suitably high number N, and then determining the number of pulses of the N-times-precession frequency for 1 second or 0.1 second periods derived from an absolute frequency standard. Both methods are sensitive to time-jitter in the start and stop edges of the counting period determination, and to the (1 count truncation error in the number of received impulses. The system can, of course, be optimised rendering these error sources negligible, and, in particular, the filtering properties of the phase-locked-loop should be fully exploited.

However, with the availability of powerful digital signal processors (DSP) more efficient and better noise suppressing digital algorithms offer superior signal analysis methods compared to the classical frequency determination. Controlled by a stable and accurate time base crystal the decaying precession signal is digitised after suitable amplification to match the ADC’s (Analog-to-Digital Converter) input voltage range. The digital time-series representing the precession signal is then analysed in the DSP, most simply by fitting to the signal the initial amplitude a0, the angular frequency ( and the time decay constant ( in the following expression:
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this immediately provides the precession frequency and the measurement quality parameters a0 and the decay constant, as the result of an averaging process using all signal data (R.L. Snare, IGPP, UCLA, private communication). About 1000 points of the signal can be digitised in 100 [ms] and real-time analysed.

More advanced NMR spectral analysis routines also exist. They are based on FFT (Fast Fourier Transform) very well suited for DSP’s. A pre-determined number of spectral peaks come out as eigenvalues of an analysis matrix, and the algorithm may resolve double peaks caused by field gradients with pico-Tesla resolution [Pijnappel et al., 1992]. (Jan Henrik Ardenkjær-Larsen, private communication).

The classical proton magnetometer can be turned into a continuously oscillating instrument. Reimann [1968] and Sigurgeirsson [1970] have described a system whose basic principle is shown in Figure 15. The author had the opportunity to se the operating Icelandic instrument during a visit to Reykjavik in 1968.
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Figure 15. Continuously oscillating classical proton precession magnetometer. The polarisation is done by a permanent magnet, and the water is pumped to a signal pickup coil at a safe distance. The (-coil field rotates the magnetisation perpendicular to the Earth’s field.

Water is polarised in the strong field of a permanent magnet and the water is pumped to stream laminarly to a signal pick-up coil at a safe distance from the disturbance of the magnet. The polarisation is directed along the Earth’s field, and it can stay in that direction for a long enough time to reach the signal coil. The weak field from a socalled (-coil turns the polarisation perpendicular to the Earth’s field, and upon leaving that coil and entering the signal coil chamber, the protons start precessing about the Earth’s field with a continuous signal, because freshly polarised water is steadily supplied by the pump. The principle is neat, but because of the permanent magnet and the “plumbing”, the system is heavy and bulky, and suited for ground observatory use only.

Overhauser Effect Proton Magnetometers

In 1953 Alfred W. Overhauser (see Overhauser [1966]) suggested that the large polarisation of the electron magnetic moments would be transferred to the protons of the same sample by the various couplings between the electrons and the protons. This offers an alternative method for proton spin alignment [Hartman, 1972] requiring far less power than the classical Block method [Block, 1946] using large dc polarisation fields. The upper energy level of the free electrons in an external dc-magnetic field can be continuously saturated using an rf-signal in resonance with the corresponding ESR spectral line, which is determined by the environmental magnetic field. In some cases, the ESR peak is narrow, meaning that the rf-power needed for polarisation saturation of the electrons is modest, even if continuous rf-pumping of the electrons is maintained. This is the Dynamic Nuclear Polarisation (DNP), and the theoretical enhancement of the proton polarisation by DNP is about 330 times their natural polarisation in the same magnetic field [Hrvoic, 1990]. 

The trick is to have a proton-rich liquid sample, and at the same time to have some “free” electrons available for rf-ESR. In most stable chemical compounds the electrons are “paired” and unavailable for ESR, but in the “free radicals” a single unpaired electron exists. This, in passing, also makes the free radical somewhat aggressive and with a tendency to be chemically unstable. 
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Figure 16. Tempone( nitroxide free radical. The unpaired electron indicated by the dot near the nitrogen atom is available for ESR polarisation. After Kernevez et al. [1992].

The Tempone nitroxide free radical (see Figure 16) is basically a carbon ring including one oxidised nitrogen atom, and it is used almost universally in Overhauser effect magnetometers. The “free” electron is associated with the nitrogen atom, and Tempone is long-term chemically stable in a range of solvents and not excessively aggressive. The Tempone compound also has other important advantages for the use in scalar magnetometers. The rf-resonance frequency of electrons is 28 [GHz/T], which corresponds to a spectral peak at 1.4 [MHz] in the Earth’s field of about 50 000 [nT]. Generally, in order to maintain resonance the pumping signal frequency must (within the width of the spectral line) follow the large-scale changes of the field. However, the free electron of Tempone resides in the large nuclear magnetic field from the nitrogen atom, which moves the spectral line up to about 60 [MHz] corresponding to an effective average field of about 2.1 [mT]. This is the so called “zero field splitting” of the Tempone electron energy levels, and it is two-fold useful: 1) the changes of the Earth’s field are negligible compared to the large nuclear field, which means that the pumping frequency does not need to be tuned to follow the changes in the Earth’s field, and 2) the large nuclear magnetic field enhances the electron polarisation, resulting in an increase of the proton polarisation of more than 1000 times over the natural polarisation in the much weaker Earth’s field. [Hrvoic, 1990]. The various couplings between the electrons and the protons transfer the polarisation to the protons, leaving the magnetisation either parallel or anti-parallel to the environmental magnetic field and at a level of 1000 times or more over the natural polarisation in the same background field. 

The ESR line for nitroxide is fairly broad, up to about 100 [(T] in the Earth’s field. By using Perdeuterated Tempone, i.e. substituting deuterium for the hydrogen atoms, then the ESR line-width is reduced to 20 to 30 [(T] with a resulting substantial reduction of the rf-power needed to saturate the electron polarisation [Kernevez et al.,1992]. In contrast to this, the proton NMR spectral line can be less than 2 [nT] in solvents of reasonably long relaxation time constants, and the inaccuracies can be limited to a small fraction of a [nT] [Hrvoic, 1990]. 

The Overhauser scalar magnetometer sensor has the liquid proton sample (with an optimised amount of Tempone dissolved) inside a 60 [MHz] cavity resonator, and with the cavity connected to a continuously operating 60 [MHz] rf-oscillator via a coaxial cable. A sustained forced-precession oscillation of the protons at the precession frequency  f = (p’((BEarth( may then be obtained by letting the proton sample be the frequency determining part of a feedback circuit. Intermittent proton free precession can also be established by first rf-polarising the electrons of the sample for a (short) time long enough to establish the proton polarisation. After switching off the rf then a short dc-current impulse in the pickup coil turns the proton moments perpendicular to the Earth’s field, and the decaying proton precession signal can be observed just as in the classical proton magnetometer.

As for the dc-polarised free-precession magnetometer a null line exists for B-vector directions along the pickup coil axis, close to which the proton signal disappears into the noise. Due to the large dynamic proton polarisation by the Overhauser effect, the half opening angle of this theoretical “null cone” is quite small. For the commercial GEM-19 magnetometer [Hrvoic, 1990] the “null cone” is barely noticeable as a slight increase in the measurement noise from typically 0.1 [nT] for B perpendicular to the null line to about 1.0 [nT] for B closer than about 5°. It is of little concern for most applications, because the instrument still produces valid albeit slightly noisier measurements. The LETI Overhauser magnetometer sensor [Duret, et al, 1995] for the Oersted and CHAMP satellite missions was constructed to be omnidirectional by using highly inhomogeneous ac-excitation fields from the proton precession forcing coils. Regardless of the direction of the external field, some parts of the liquid always has the precession forcing field perpendicular to the external field and to the sensor coil axis. 

For low fields below about 15 000 [nT] the proton free precession rate becomes proportionally smaller and the amplitude of the induced signal correspondingly lower. However, the signal to noise ratio can be maintained by narrowing the frequency band pass of the analogue signal-handling circuits at the expense, of course, of a longer sampling time. At low fields the Overhauser effect based on Tempone presents a slight disadvantage because of a double positive/negative response of the DNP-factor as a function of the ESR rf-signal frequency. The double peak response is particular to Tempone and caused by a complicated ESR spectral line structure.
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Figure 17. The double positive/negative proton polarisation structure of the Tempone Nitroxide free radical. From Kernevez and Glenat [1991]. The Dynamic Nuclear Polarisation factor is shown against the ESR rf-pumping frequency for Tempone in two solvents: Methanol (MeOH) full line and Dimethoxyethane (DME) dashed line. The “Chemical Shift” in the two solvents is demonstrated by the frequency displacement of the two curves. 

Figure 17 shows the Tempone double structure in two different solvents. This is very elegantly used by LETI in their magnetometer in order to obtain proton polarisation along the environmental field in one cell and anti-parallel to the field in a second cell using the same rf-signal. However, the ESR frequency separation between the positive and the negative peaks depends on the external field, and at low fields (below about 16 000 [nT]) the peaks are so close together that a substantial reduction in the DNP-factor results. The consequence is that the signal-to-noise-ratio approaches zero more rapidly than does the proton precession frequency, when the B-field goes to zero. This effect is of little concern for Earth’s field measurements. However, for interplanetary applications the deep space low-fields performance of a scalar instrument is of importance.

For satellite instruments the weight and the power consumption are driving parameters, and for deep space missions away from the large planetary magnetic fields the low-field performance is an additional concern. The ESR rf-power decreases dramatically with a narrowing ESR line-width, and a free radical not having the double positive/negative peak structure of Tempone will present a superior low-field performance. An alternative free radical of the Trityl-group has a single ESR line of only 2.5 [(T] width [see Primdahl, 1998] compared to 20 [(T] or more for the nitroxide. The rf-saturation power of the ESR is proportional to (at least) the square of the line width, and so the power is milliWatts compared to Watts for the nitroxide free radical. Figure 18 shows a comparison between the nuclear polarisation degree against rf-power for the nitroxide and for Trityl .
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Figure 18. Polarisation saturation degree vs. ESP rf-power for Trityl and Tempone. Trityl reaches saturation polarisation for much less power than does Perdeuterated Tempone Nitroxide.

(Ardenkjaer-Larsen, Private Communication, 1997).

Trityl does not have the zero field splitting and so the free electron only sees the external field, no effective additional nuclear field exists as in the case of the nitroxide. Full ESR saturation is obtained at a modest rf-power level, and the free radical concentration can be optimised for maximum polarisation coupling between the electrons and the protons, because there is room for the consequential slight broadening of the line and associated increase in saturation power. Dynamic nuclear polarisation can either take place in the Earth’s field requiring the rf to track the field, or a homogeneous dc-field of about 10 [mT] may be applied thereby further enhancing the proton polarisation and reducing the need for rf tracking. A laboratory instrument with a 7 millilitre sample and using this dc and rf double polarisation yields a signal-to-noise ratio of 55 dB/Hz½ in 50 000 [nT] for an average dc and rf polarisation power of less than 700 [mW]. With 200 [ms] for polarisation and 150 [ms] for readout the instrument takes 3 samples per second. About 1000 points of the proton precession signal can be digitised in 100 [ms] and subsequently analysed in a digital signal processor retrieving the proton precession frequency and the signal decay time constant. The principle seems promising for the development of a low power space instrument, and particularly the low field performance is attractive for a deep space scalar magnetometer [Primdahl, 1998].  

OPTICALLY PUMPED MAGNETOMETERS

The Metastable He4 Magnetometer

The most common He4-isotope has two protons and two neutrons in the nucleus with no net nuclear magnetic moment, furthermore the two electrons fill up the first shell, also without any uncompensated electron spin or magnetic moment. For observing the electron Zeeman splitting in a gaseous sample of He4 the atom is lifted from the 11S0 ground state and into the 23S1 metastable level by a sustained hf glow discharge excitation. The He4 atom in this condition may then be regarded as the “ground state” of a new atom with both electrons available for ESR.

In passing, the He3 isotope (a decay product of Tritium) has a net nuclear magnetic moment with a gyromagnetic ratio of about 60 % of that of the Proton. The He3 nuclear magnetic moment can be polarised by interactions with optically pumped electrons in the rf-excited metastable state as for He4, and then a nuclear resonance magnetometer similar to the Overhauser effect proton magnetometer can be constructed.

A sealed glass vessel with He4 gas of suitable partial pressure is exposed to an electrodeless hf glow discharge producing the metastable  23S1 “ground state”. The external magnetic field Bo splits the energy into three Zeeman levels, designated m =  +1, m = -1 and m = 0, where (E = h(o (Planck’s constant h = 6.626075(10-34 [J(s]) is the energy difference between m =  0 and m = (1. From a macroscopic point of view the +1 level has the magnetic moment of the electrons anti-parallel to the external magnetic field and the –1 level has the moment parallel to the field. The transition from (1 to 0 can be induced by a resonance ac-magnetic field B(t) = B1cos(2((o), where (o is the electron Larmor frequency or the precession frequency of the electrons about the external field Bo. The two electrons in the metastable 23S1 state are decoupled almost entirely from the atom and behaves as if in vacuum, and then the energy difference (E equals twice the free electron magnetic moment ((e =  9.2847701(10-24 [J/T]) times the external field. The determination of the Larmor resonance frequency (o then yields the scalar magnitude of the external field according to:

(E = h(o = 2((e(Bo   or   (o = 2((e(Bo 

where the free electron gyromagnetic ratio (e = (2((e/h) = 28.0 [GHz/T], which is the largest conversion factor of any optically pumped magnetometer, larger than those of the alkali metal vapour instruments [Lokken, Table 1,1964; Alcouffe et al.,1999].

The determination of the frequency (o is established in the following way. The electrons in the triple metastable 23S1 state can be optically excited into the higher 23P0 energy level by infrared light of about 1083 [nm] wavelength, and of the three spectral lines D0, D1 and D2, corresponding to the transitions from the 23S1, m = 0, (1 levels to the 23P0 level, the D0-line is well separated from D1 and D2 and can be picked out with a suitably narrow bandwidth IR-light beam [Smith et al., 1993; McGregor, 1987]. The D0 (m = 0) transition is excited by unpolarised or circularly/linearly polarised light with the light propagating along (a component of) the external magnetic field B0, and this is termed the Mz-mode, because the z-axis is along B0. Originally, the three states m = 0, (1 are equally populated at normal temperatures, and light is absorbed as long as m = 0 electrons are available for transition into the 23P0 state. Relaxation will occur with equal probabilities into the three m = 0, (1 states, so after some time the m = 0 will have a much reduced population, and absorption of the light can not any longer take place. This is line saturation when (almost) all the m = 0 electrons are removed, and the cell then recovers the full transparency. However, by applying the ac-magnetic resonance field B1cos(2((o) at right angles to the external field, then electrons are induced to go from the m = (1 states into the m = 0 state, and m = 0 electrons again become available for light absorption [Alcouffe et al.,1999]. 

The general principle of an Mz-mode magnetometer is shown in Figure 19. For the He4 magnetometer the circular polariser shown may be replaced by a linear polarising filter, and the need for an interference filter depends on the actual light source used. A laser can be locked to the single D0 line, whereas a He-lamp will transmit the D1 and D2 lines as well, and requires some filtering in order to minimise absorption transitions at these lines [Slocum and McGregor, 1974].
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Figure 19. Mz-mode optically pumped magnetometer. The optical absorption is measured for a light transmission path along the external magnetic field B0, the z-axis. The cell becomes less transparent when the frequency of the ac-magnetic field BRF (or B1) perpendicular to B0 approaches the Larmor frequency (o =2((e (Bo of the electrons [Ness, 1970].
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Figure 20.  Absorption of the transmitted light through the cell against the RF frequency of the transverse ac-magnetic field. Sweeping the frequency periodically ((f about the centre frequency results in a pure sweep second harmonic output of the photo cell when the centre frequency equals the Larmor frequency (o [Ness, 1970].

Figure 20 shows the light absorption versus the ac-magnetic resonance field frequency. By frequency-modulating the resonance field rf-oscillator with a suitable lf-frequency ( and an rf-swing ((f, then, close to the Larmor frequency, the amplitude and phase of the 1( output signal from the photo cell is a direct measure of the deviation of the rf-oscillator centre frequency from the Larmor frequency  (o. This deviation signal can be used in a feedback loop to control and maintain the centre frequency at (o. In lock, the 1( signal goes to zero and the second harmonic 2( signal is maximum. The presence of a large 2( signal is a safe indication of proper rf-oscillator lock to the Larmor frequency (o [Slavin, 1984]. The rf-oscillator centre frequency is subsequently determined and transmitted as the measure of the external magnetic field B0.

The sweep frequency is 200-300 Hz, modulation sweep range is (1,400 Hz corresponding to (50 nT and the Larmor precession line width is larger than 1 kHz, so the system is relatively fast responding [Slocum and McGregor, 1974; Slavin, 1984]. He4 is a gas in the relevant temperature range, and so the He4-cell needs no heating nor any tight temperature control, and the magnetometer starts immediately after switch-on. The instrument operates for B0–field directions out to about 60° from the optical path [Smith et al., 1991], and combining two sensors at right angles reduces the null-zone to a single narrow cone, which is acceptable for most magnetic mapping missions (see Figure 21). The sensor has no heading error outside the null-cone, and because only one spectral line is involved (D0) the instrument is absolute in the sense that the conversion factor depends on an atomic constant. The overall sensitivity is relatively low, so a fairly intense light source is needed, and this introduces a small shift of the order of ( 0.5 [nT] depending on the light intensity. In order to obtain and maintain this low shift a very precise and stable alignment of the rf-coil and the optical system has to be established. An absolute comparison between the Jet Propulsion Laboratory (JPL) Scalar Helium Magnetometer and a proton magnetometer showed a scatter of  ( 0.5 [nT] including the errors from both instruments [Slavin, 1984]. 

[image: image43.png]



Figure 21. The Jet Propulsion Laboratory two cell He4 scalar sensors with the optical paths orthogonal to each other. The combined sensor only has one null-line along which the field can not be measured [Smith et al., 1991].

A highly stable and very low-noise vector-field-measuring version of the JPL Helium Magnetometer with added bias coils flies onboard the Ulysses solar polar mission [Balogh et al., 1992]. On the coming Cassini mission the Jet Propulsion Laboratory has a single cell vector/scalar Helium magnetometer [Dunlop et al., 1999]. In the scalar mode the magnetometer will measure fields of intensities between  256 [nT] and 16000 [nT] (upward limited by the rf-frequency range) and with directions less than 45° from the optical axis. The absolute accuracy is < 1 [nT]. In vector mode all field directions and intensities down to zero can be measured, but in the absolute scalar mode the angular dependence of the measurement capability presents a challenge to mission planning.

An omnidirectional scalar He4 magnetometer has recently been presented by LETI, CEA Advanced Technologies, Grenoble, France [Alcouffe et al., 1999]. As for the JPL Scalar Helium Magnetometer the He4 atoms are brought into the 23S1 metastable state. The rf-electron spin resonance coil and an optical linear polariser are mechanically coupled, and can be rotated simultaneously by a piezoelectric motor controlled by the 1( modulation signal output from the photo sensitive detector. For any orientation of the external Bo-field both the Eo light polarisation direction and the resonance ac-magnetic field B1 are maintained at right angles to the external Bo-field, as required for isotropic operation. Rotation of the sensor in two planes proved the isotropy to be better than 20 [pT]. The instrument resolution is 1 [pT/(Hz] in a bandwidth of (dc-) 300 [Hz] and the band noise is 17 [pTrms]. The linewidth of the rf-resonance corresponds to about 70 [nT] and this combined with the modest cell dimensions (4 by 6 [cm]) makes it tolerant to gradients up to 1 [(T/m].

Alkali Metal Vapour Self-Oscillating Magnetometers

A single electron exists in the outer shell of the alkali metal atoms with an unpaired spin and thus with a magnetic moment available for ESR. Small amounts of the solid metal is contained in a glass vessel with a buffer gas, and the cell is heated and maintained at a suitable temperature for obtaining the optimum alkali vapour partial pressure in a buffer gas minimising the effects of inter-atomic collisions. Coating the cell walls with a material having argon electron structure reduces the wall collision effects. The temperature for a vapour pressure of 10-6 [Torr] is 126 [C] for Na23, 63 [C] for K39, 34 [C] for both Rb isotopes and 23 [C] for Cs133, and of all the alkali atoms, cesium needs the least heating power [Lokken, 1964]. The spectral line structure of the alkali atoms is rather more complex than that of the metastable helium atom, and (except for potassium) the single lines cannot be resolved by ordinary laboratory techniques. An optically pumped/swept rf-oscillator Mz-mode magnetometer like the He4 light absorption instrument can be constructed, but the unresolved line structure means that the resultant rf-oscillator frequency is a weighed average over several lines. While the short term noise is low, of the order of 0.2 [nT] then the absolute level may change because of the spectral line averaging, up to 182 [nT] for Rb85, 82 [nT] for Rb87 and 6 [nT] for Cs135 [Ness, 1970; Alexandrov and Bonch-Bruevich, 1992]. The cesium magnetometer seems to be the preferred type of the common optical magnetometers because of the high accuracy and the low heating demands. In the alkali metals the outer electron is closely coupled to the atom and not quasi-“free” as for the He4 atom, and this means that the effective gyromagnetic ratios are smaller than that of He4. About 7.00 [Hz/nT] for Na23, K39 and Rb87, about 4.66 [Hz/nT] for Rb85 and 3.50 [Hz/nT] for Cs135 [Lokken, 1964]. The gyromagnetic ratio is still about a factor of 100 larger than that of the proton magnetometer, and the optically pumped magnetometers are thus proportionally less sensitive to the platform rotation [Alexandrov and Primdahl, 1993].

The Varian Associated developed the Larmor frequency self-oscillating optical magnetometer in great detail [Bloom, 1962]. Figure 22 shows the principle of the simplest type [Ness, 1970, Lokken, 1964]. 
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Figure 22. The principle of the Varian Associates’ self-oscillating optically pumped alkali metal vapour magnetometer [Ness, 1970].

The vhf-oscillator excites the alkali metal vapour in the lamp, and the light is collected by the collimating lens (CL) and sent through the absorption gas cell containing the same alkali vapour as the lamp. The interference filter (IF) attenuates the unwanted D2-line and permits the D1-line after circular polarisation (CP) to pass through the absorption cell and to be focussed by the field lens (FL) on the photo cell (PC) [Ness, 1970; Farthing and Folz, 1967]. The electrical photo cell output depends on the gas cell transmission coefficient. The optical pumping polarises the electrons, and the rf-coil B-field (oscillating at the Larmor frequency) cause the electrons to precess in-phase about the external Bo-field. Whenever the coherently rotating electron magnetic moments are closest to the propagation direction of the optical path, then the cell transmission increases, and half a Larmor period later when the electrons are most anti-parallel to the optical path then the transmission drops and the photo cell output decreases. A simple explanation is that when all the electron magnetic moments (and spins) are (most) parallel to the optical path, then very few electrons with spins in other directions are available for light absorption. And similarly, when the electron spins are rotated away from the direction of the optical path, then a large number of electrons are available for absorption of the light. This is an Mx-mode operation because light absorption with the optical path (having some component) across the Bo-field is observed.

When the system is running, the photo cell output is modulated at the Larmor frequency, and after 90° phase shift this signal is used to drive the rf-B coil in a self-oscillating system. This only operates when the external Bo-field is directed toward +135°/( 45° relative to the optical path. The angle can be changed to +45°/(135° if the feedback signal phase is inverted 180°. Depending on the feedback phase a practical system will operate when the external field is inside an angular range close to one of these two directions. The magnetometer does not operate when Bo is closer than 15° to the optical axis or closer than 10° to being perpendicular to the optical path. Within the operating angular ranges the magnetometer output shifts slightly in frequency when the Bo-aspect angle changes because of a shift in the weights of the multiple line average.

A symmetrical dual cell system vas developed by Varian Associates [Ruddock, 1961; Morris and Langan, 1961] that operates in both (45°/(135° sectors, and which has much reduced angular dependence of the photo cell output frequency. The Magsat scalar magnetometer was a Cs133 twin dual cell system mounted with the cell optical axes at 55° to each other reducing the null zones to two thin cones at right angles to the optical paths. The system measured fields in the range from 15,000 [nT] to 64,000[nT] with errors from 0.5 [nT] to 1.5 [nT]. Misalignment of the rf-feedback coil with the optical axis will cause large frequency shifts, particularly when the field is close to the null zones and the winding of the coil and the positioning of the optics must be tightly controlled [Mobley et al., 1980; Farthing and Folz, 1967]. For optimum operation, the cells have to be heated and maintained at a temperature between 25 [C] and 30 [C]. Modern dual cell Cs-magnetometers are available from the Scintrex company (0.25 [nT] heading error and  2 pTp-p noise in 0.01 –1 [Hz] bw) and from Geometrics Inc. (20 pT noise at 10 samples per second).

Potassium has a fully resolved optical spectrum throughout the entire range of the Earth’s magnetic field, and a very high resolution absolute accuracy has been developed based on a mixture of K41 and K39. Sensitivities of 1 [pT/(Hz] and no systematic errors exceeding 10 [pT] are reported [Alexandrov and Bunch-Bruevich, 1992]. The instrument development is ongoing in collaboration with GEM Systems Inc., Toronto, Canada.
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