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This article describes a proton precession magnetometer (PPM) for monitoring the Earth’s magnetic
field.  The project PPM has sub nano Tesla resolution.  To put nano Tesla sensitivity in perspective,
changes of 1 nanotesla (nT) can be caused by a safety pin at less than 3 feet, a car at 125 feet, a bus
at 250 feet, and a train at just over a half mile (~1 km)2.  These numbers are only rough
approximations, because the influence of any particular object depends largely on the ferrous metal
content of the object. 

By measuring very small changes in the Earth’s magnetic field, one can also observe the diurnal
variation of the geomagnetic field, typically on the order of tens of nano Tesla.  Larger changes in
the geomagnetic field are often related to solar activity.  The Sun can send out massive amounts of
charged particles as a Coronal Mass Ejection (CME).  As shown in the SOHO (ESA & NASA)
illustration of figure 1, when an Earth-directed CME impacts our planet, there can be large swings in
the geomagnetic field, sometimes rising to the level of a geomagnetic storm.  Such geomagnetic
disturbances can include very large swings in the geomagnetic field.  The magnitude and shape of
waveforms of the total field (“F” scalar) can vary widely over geographic location on the Earth.

Figure 1: A Coronal Mass Ejection (CME) [Courtesy SOHO (ESA & NASA)]
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Geomagnetic storms will occur with increasing frequency as we approach the peak in the 11 year
solar cycle.  Most geomagnetic events, including minor storms, go relatively unnoticed.  As the
severity of a geomagnetic storm increases, the Aurora Borealis (the “northern lights”) show in the
night sky, and can become visible at lower latitudes with stronger storms. 

Radio propagation can also be affected, for example long distance high frequency communications
can be completely disrupted.  More severe geomagnetic storms can cause geomagnetically induced
currents (GIC) in the power grid.  GICs can become large enough to literally burn out high voltage
distribution transformers and take down an entire power grid as happened in Quebec Province,
Canada in 1989. 

The most severe geomagnetic storm in recorded geomagnetic history was the Carrington event of
1859.  It is believed that a Carrington type event today could damage many, if not most of the power
grids in North America and Europe.  Since the remanufacture of hundreds of high voltage
distribution transformers is a long term prospect, many people could be without power for weeks or
months.  While a Carrington type event is believed to be uncommon, the frequency of such high
impact events is unknown.  As such, if you plan to be able to record a Carrington event with our
project PPM, you had better plan to run it on a battery with a solar charger!3

Now, turning back to our PPM, a PPM measures the magnitude of an ambient magnetic field based
on the quantum mechanical phenomena of proton spin precession.  The beauty of the PPM is that
once the frequency of a precession signal is accurately measured, the magnetic field is known.  Even
though this technology dates back to the 1950’s, small lab or home built versions of a PPM can still
be a challenging project.  However with some electronics construction experience a DIY PPM project
is very do-able4. 

A PPM needs to operate in a relatively uniform magnetic field.  The Earth’s magnetic field, outdoors
away from structures and ferrous metals, typically has uniformity in space of better than 10-5.  The
spatial magnetic gradient need not be perfectly homogeneous.  For example, my outdoor
observatory sensor operates fine at about 33 feet from a parked vehicle.  However, the gradients in
almost all buildings and homes are too severe.  Without complex shimming with gradient coils, a
PPM sensor will not work indoors.

Varian-Packard method

Varian-Packard method
Most geophysics and amateur PPMs use the Varian-Packard method5.  The PPM operates between
two magnetic fields, BM ~100 Gauss (0.01 Tesla), and the Earth’s total magnetic field, BE ~0.5 Gauss
(50 μT)6.  The BM field is typically provided by momentarily powering a polarizing coil, such as a
solenoid coil, the “powered coil”.  The BM field is most effective when oriented perpendicular to BE. 

By well known quantum mechanical phenomena, the basis of all nuclear magnetic resonance (NMR)
and magnetic resonance imaging (MRI), the polarization field BM can be used to align a percentage
of the proton spins.  In a NMR working fluid, the percentage of the proton population which become
spin aligned depends on the magnitude of BM, the time duration of BM, and the Tau 1 time constant
for the NMR working fluid in use.  After a polarization time (tp), an active switch is turned off and the
powered coil current begins to fall.  The rate of fall of the current (di/dt) is proportional to the
voltage across the powered coil terminals7.  The field BM collapses as the powered coil current falls
towards zero. 

By controlling the terminal voltage, the powered coil is discharged relatively quickly and in a
controlled manner from about 1.5 Amps to 0 A.  The crucial portion of the field collapse occurs over



tens of μs from a few Gauss through the Earth’s field BE of about 0.5 Gauss, after which, the proton
spins precess in a way analogous to a spinning top.  The precession signal falls off exponentially as
the proton spins return to an equilibrium minimum energy state in BE

8.  As the spins fall out of the
alignment previously caused by BM, the protons precess at exactly the Larmor frequency f
corresponding to BE at that moment of time.  The Larmor frequency is directly proportional to BE by
a constant9.  Given a measured frequency of the precession signal, the following equation is used to
calculate the magnetic field:

            

As per the IAGA10, γp
 = 2.675 153 362 ⋅ 108 T-1s-1

The powered coil is now part of a receive coil noise-rejecting coil pair which picks up the tiny
exponentially decaying electromagnetic signal radiated by the proton precession. 

Because we study the proton precession signal both in the frequency domain and in the time
domain, the project can also be used to explore some of the basic concepts of Earth’s field nuclear
magnetic resonance (EFNMR).  In the time domain, the peak magnitude of the precession signal is
proportional to the time duration of BM and the NMR fluid Tau1:

            

Therefore, all other conditions somewhat stable (e.g. fluid temperature) the PPM can be used to
measure Tau 1 by varying a fixed polarization time and recording the resultant precession signal
amplitude.  Also, in a uniform field BE, the NMR Tau 2 decay constant can be directly measured from
the envelope of the exponentially decaying precession signal11.

Figure 2 shows a block diagram and figure 3 a picture of the indoor hardware of our PPM project. 
The PPM includes three hardware modules, the switch control module (SWCTRL), a narrow band
low noise amplifier (NBLNA), and a relatively low cost National Instruments USB 6008 (or USB
6009) digitizer with digital I/O lines.  A stand-alone compiled LabVIEW program runs the application
and a frequency estimator executable calculates the Larmor frequency to 6+ digits resolution for
each digitized precession waveform.  The sense coils are mounted three to four feet above the
ground serve as the PPM sensor coils (figure 4).  The outdoor sensor coils are coupled to indoor
electronics via a shielded twisted pair cable12.



Figure 2 : A block diagram of the indoor hardware of the PPM project.



Figure 3 : A picture of the indoor hardware of the PPM project.



Figure 4: The sense coils are mounted three to four feet above the ground serve as the
PPM sensor coils

SWCTRL module

SWCTRL module

Figure 5 (schematic diagram) and figure 6 (photograph) show the SWCTRL module.  The SWCTRL
module configures the sense coils in one of two states, as a single coil with the working NMR fluid
bottle within, for the polarization cycle, or as a center-tapped counter-wound coil pair to cancel
ambient noise while coupling the tiny exponentially decaying precession signal to the electronics
indoors.  



Figure 5: A schematic diagram of the SWCTRL module



Figure 6: A photograph of the SWCTRL module

The SWCTRL board uses a telecom relay to configure the coils.  The galvanic isolation and ultra-low
capacitance between relay contacts is highly desirable for decoupling the polarization circuits and
the amplifier13.  Active “on-off” control of the polarization current by program control for time tp is
accomplished with a MOSFET.  The relay is operated first, via a first USB 6008 digital I/O line.  The
relay is “de-energized” to configure the powered coil for a polarization cycle.  After the relay is
stable, also by program control via a second USB 6008 digital I/O line, the MOSFET switch is turned
on to provide the polarization magnetic field BM for time tp.  After time tp, the MOSFET is switched
off.  At this point, coil di/dt is controlled by establishing a desired V using an ultra-fast turn-on TVS
diode across the MOSFET (figure 7 photo, 8 powered coil discharge waveform).  The TVS voltage is
selected to be slightly below VDSS, so the MOSFET does not operate in its reverse avalanche mode. 
Any energy remaining in the coil following the controlled discharge by TVS diode is dissipated by the
secondary dump resistor. 

Figure 7: Photo of the TVS diode



Figure 8: The powered coil discharge waveform

Following the controlled collapse of BM, the relay is once again energized14.  When the relay is
energized, the contacts are wired to connect both of the sense coils in series as a center-tapped
pair.  The center-tapped pair is connected in parallel with the resonating capacitor bank and also
coupled to the NBLNA balanced input.  Using an LCR meter, such as an Agilent U1733C, the sense
coils are balanced for inductance so that as wired, the coil pair rejects most EMI/RFI signals picked
up from the environment.  The precession signal appears across the terminals of the powered coil
having the NMR working fluid bottle within.

As shown in figure 9 (schematic diagram) and figure 10 (photograph), the first stage of the NBLNA
is a passive common-mode filter designed to attenuate RF signals which might create undesired in-
band interference signals such as by rectification. 



Figure 9: The schematic diagram of the NBLNA

Figure 10: A photograph of the NBLNA

The tiny exponentially decaying (~2 kHz) precession signal is then AC coupled through a pair of film



capacitors and bias resistors to an Analog Devices SSM2019 balanced input integrated audio
amplifier.  The NBLNA distributes the relatively high gain (~100,000 to 1 million, typically used at
about 250,000) among several Linear Technology LT1097 OpAmp stages including an adjustable
multiple feedback bandpass filter set to a nominal local Larmor frequency (varies with geographic
location)15.

An LT1357 drives an output audio transformer which converts the single ended output to a balanced
output for the USB 6008 digitizer differential input.  The transformer also provides a galvanic
ground break between the NBLNA and the USB 6008 to help suppress possible ground loops.  With
its relatively high gain, low noise input, and FET front end, the NBLNA can be tested using the
Johnson noise generated by a standard ¼ Watt metal film resistor16.

As noted above, the amplitude of the precession signal is proportional to the magnitude of BM, the
time duration of BM and the NMR fluid Tau 1.  The USB 6008 is operated on the +/- 1V scale.  To
make good use of the USB 6008 +/- 1V input scale over a wide range of fluid temperatures (the NMR
fluid is outdoors at a sensor stand), in one polarization time controller mode, the precession signal
amplitude is held relatively constant.  A peak envelope (PEV) servo in software automatically varies
the time duration of BM by controlling the polarization time tp, to maintain the desired precession
signal amplitude.

We use 4 ounces (125 mL) of Prestone De-Icer windshield washer fluid as our all season NMR fluid,
because winter temperatures here in upstate, NY can fall to -30 F (figure 11 shows a photograph of
the sensor stand covered for winter).  The Rain-X orange windshield washer fluid works as well.  In
fact at most above freezing temperatures, the project PPM works just fine with 4 ounces of just
about anything liquid, from tap water to orange juice and wine vinegar. 



Figure 11: A photograph of the sensor stand covered for winter

It’s not all that surprising that no special fluid is required, since neither MRI of the human body nor
NMR spectroscopy require volatile fluids of fuels to work.  In fact, some early experiments in Earth’s
field MRI imaging were done with apples, oranges, and egg-plants17.  With the strong dependence of
Tau 2 on fluid temperature, we are able to display an approximate fluid temperature from a Tau 2
moving average by the equation:

            

Larmour frequency

Larmor frequency

A frequency estimator converts the digitized precession waveform (also called the free induction
decay (FID) signal) to the Larmor frequency.  The frequency estimator used for this project is the



filter diagonalization method (FDM), which was provided by Professor Vladimir A. Mandelshtam. In
about 1995, Professor Mandelshtam first adapted a new FDM solution to the problem of Harmonic
Inversion and spectral analysis for uses such as NMR spectroscopy18. 

The precession signal at the terminals of the powered coil, even as resonant with the resonating
capacitor bank, is a noisy exponentially decaying signal, with a peak amplitude of less than 10
microvolts and a usable amplitude lasting only about a second or less.  Remarkably, a modern
frequency estimator such as FDM can return a fundamental Larmor frequency of 6+ digits of
resolution from a single digitized precession waveform.  Carl Olsen is experimenting with other
suitable .exe “plug-in” frequency estimator modules which perform the phase slip method [Koehler]
and the Goertzel high resolution FFT [Hollos]19.

As adapted for this project, each measurement cycle, FDM.exe returns the fundamental (highest
amplitude) Larmor frequency, the amplitude of  the fundamental frequency, a figure of merit, and a
narrow band (typically 300 Hz) signal to noise ratio.  If these parameters exceed preset user
thresholds, an “auto-retry” system automatically retakes a measurement until the auto-retry
conditions have been met. 

Passing vehicles cause a gradient in both time and space across the powered coil and generally
cause a less desirable figure of merit value.  For sense coils in yards within a 100 ft or so of
roadways, the auto-retry system helps to reject measurements distorted by passing vehicles.  For the
geomagnetic observatory application we typically plot and record data at about once per minute. 
The auto-retry cycle is set to about 10 seconds, time enough to let most offending vehicles pass from
sensor view.  Because nearby lightning transmits significant electromagnetic energy at about 2 kHz,
the auto-retry system also rejects a number of distorted waveforms during severe thunderstorms.

Figure 12 shows a plot of total field (the geomagnetic “F” scalar) of a typical diurnal cycle in
Colorado Springs, CO, courtesy of Carl Olsen.  Figure 13 shows a plot of total field during the
geomagnetic storm of March 9, 2012. 



Figure 12: Shown is a plot of the total field of a typical diurnal cycle in Colorado Springs,
CO (Courtesy of Carl Olsen)



Figure 13: The figure shows a plot of the total field during the geomagnetic storm of
March 9, 2012 in upstate NY

Figure 14 shows a verification run done by Mark Haun during the storm of January 25, 2012.  Mark
compared the recorded data from his FDMPPM to that from the relatively nearby Natural Resources
Canada geomagnetic observatory at Victoria.  Mark’s interest in the geomagnetic field has been in
part related to identifying times when there might be good sighting of the Aurora Borealis so often
associated with magnetic storms.  Using optical filters and a photomultiplier tube on a tower, Mark
also records the 558 nm sky brightness peak20.  During the March 9, 2012 G3 storm, Mark reported
that the brightness peaks appeared to correlate well with times of highest rates of field change
(dB/dt), as recorded with his FDMPPM.



Figure 14: A verification run done by Mark Haun during the storm of January 25, 2012

Detailed construction information including journal notes, documentation, articles, and references
are available at our website (reference 1).  A Windows 7 machine and a couple of free downloads
from National Instruments are all that is needed to run our complied observatory LabVIEW code
(latest front panel shown in figure 15).  



Figure 15: The latest front panel view with the result of some free downloads from National
Instruments running the author's compiled observatory LabVIEW code

For those with access to a LabVIEW development system, we also offer the vi source code.  FDM.exe
will be made available with data I/O details; however the FDM FORTRAN source code will not be
distributed, since it is not owned by us.  We will also post several post-processing routines, including
an Excel graph which shows the performance of the polarization time controller (the PEV servo) over
time (figure 16 shows a sample chart for several days of FDMPPM data, ending about March 31,
2012). 



Figure 16: We see a sample chart here of several days of FDMPPM data, ending on March
31, 2012

We also offer kits of parts for the SWCTRL and NBLNA modules.  Carl Olsen offers tested and built
FDMPPMs21.  Feel free to contact me with questions.  There are far too many related references,
including government space weather observations and predictions, to list here.  Many such
resources can be found on our links and references page22.
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