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I.

Abstract

It was found that a rather simple transistor circuit, in a way similar to a crystal controlled oscillator, can be made to oscillate using a liquid sample of
hydrogeneous material inmersed in a homogeneous
magnetic field as the frequency determining device.
The oscillations are intermittent, with a period of
tens of seconds, the duration depending on the sample used (tetramethylsilane, benzene, water). It can
be made continuous using a simple AGC (automatic
gain control) circuit. Once a certain mechanism of
the oscillations was assumed Bloch's equations were
modified by the addition of feed-back and pumping
terms. Numerical integration showed that the equations can reproduce well the behavior of the magnetization vector under the influence of the circuit;
its path in space and time; the reason of the intermittency; the amount of maser effect amplification
achieved and also, after a further modification, the
effect of the AGC circuit.

II.

Introduction

Since the advent of nuclear magnetic resonance
(NMR) the technique has been successfully applied,
and is currently used for, the measurement and control of magnetic fields (1), taking advantage of the
simple relation between field and frequency:
w = 7 • Bo
For field measurements the resonance, usually
of a water sample, is detected using a simple autodyn detector (2,3) and, having found the resonance,
the frequency at which the detector is oscillating is
measured by some means.
Regenerative detectors of nuclear resonance can
operate by oscillating, either with very low amount
of positive feedback or with a very strong feedback.
In the first case we deal with a marginal oscillator
(2,3) while in the second with a super-regenerative
detector (4), with either self or external quenching
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(1,3,4).
Regenerative detectors, adjusted below oscillation, have been used for some time, in the twenties, as radio receivers and later as Q-multipliers,
profitting from the negative resistence effect of such
circuits.
Some attempts were made to build oscillators
based on magnetic resonance, where the Larmor frequency would give the field directly with a precision
not reached before. Perhaps the first one was that
of Schmeltzer (3). His device consisted of a crossed
coil probe and a high gain, wide band amplifier, its
input connected to the Y axis or receiving coil and
its output to the X axis or exciting coils of the probe.
The system is reported to oscillate, the oscillation
being started by the Larmor frequency component
of the amplifier noise. Some problems seem to arise
due to phase shifts in the amplifier.
Another attempt of the sort is perhaps the "nuclear sideband oscillator" (5) used by Varian Associates in their old series of A-60 spectrometers.
In these devices it is not the resonance itself that
is detected but a sideband of it, produced by the
modulation of the static field Bo(6) with an audiofrequency obtained from the beat between the
detected signal and the transmitter frequency. The
NMR signal is just part of the feedback loop, the nuclear precesion frequency being given by the sum or
difference of the transmitter and the audiofrequency,
depending on which sideband is detected.
We wish to report here a simple circuit which,
using a modern low noise transistor, oscillates directly at the Larmor frequency. In principle it offers the possibility of measuring magneticfieldswith
a very high precision but, unfortunately, it has its
drawbacks. The first one is the need of an intense
and highly homogeneous field. The second is that
the system is intrinsically unstable. The amplitude
of the oscillations fluctuates or rather pulsates with
a period which, according to the sample used, varies
between 10 and 50 seconds approximately.
At interpretation of the phenomenon was made
assuming, basically, a maser effect (7) and following,
at least initially, a path of thought quite similar to
that of Bloembergen and Pound in their work which
was entitled [improperly according to Abragam (8)]
"radiation damping in magnetic resonance experiments" (9).
A certain mechanism was assumed, in particu-

73

lar of the pulsation which was labelled "lighthouse
effect," which led to phenomenological equations
which, when integrated, showed a very good agreement with the experiment. This agreement is the
main justification of the proposed equations and of
the proposed mechanism.
If the relative populations of a pair of atomic
levels can be separated, by any means, from their
equilibrium values then, in principle, a maser effect
is possible (7). This separation can be made, basically, by three processes, to wit:
(1) Spatial separation, e.g. ammonia maser, a
typical two level maser.
(2) Frequency separation, e.g. lasers, usually of
three levels.
(3) Time separation, e.g. the free induction decay (or FID) of NMR, also a two level system.
Since the mechanism of the devise here reported
implies changes in the populations of the energy levels the device is considered to be a two level maser.

III.

Experimental

The circuit used, shown in Figure 1, is quite
similar to that of a crystal controlled oscillator, the
difference being in the fact that, while in the former
the circuit is capacitively coupled to the resonating device, in the latter it is inductively couple to
a sample of preceding spins. Otherwise the circuits
are similar in the sense that both behave like a negative resistence. While in a three level maser, with
external pumping, it is explicitely assumed that the
circuit is passive and that the sample provides the
energy necessary to sustain the oscillations (8), in
this circuit it is the sample that is passive with the
circuit being the active element, due to its negative
resistence. Therefore the spins, instead of undergoing an induced absorption make an induced emission of energy. The negative resistence circuit effectively "sucks" energy from the spins. The system
is "cooled" down (10) and the difference in populations increases.
In the present circuit, like in that of Schmelzer,
noise or rather its Larmor frequency component is
the factor initiating the oscillation (11,12) and in
this context spin noise cannot be neglected (13).
In fact the observed phenomenon was not the
result of a purposeful research but a chance discovery. The circuit was the preamplifier of a CW
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NMR spectrometer, operating at 100 MHz and using two RF frequencies, one of fixed value for the
X
H lock and another, which was swept, for the spectrum recording. Both were produced using standard
single sideband radiofrequency techniques.
It was found that the lock signal was unstable,
the instability appearing as a "pulsation" of the lock
amplitude.
It was soon found that the signal was independent of the RF level, persisting even when the
RF was completely shut off.1 Moreover, with the
flux-stabilizer operating the system remained "selflocked." No changes were observed if the fine current control of the magnet was turned left and right.
But when the flux-stabilizer was disconnected then,
with the device still oscillating, it was found that
the frequency of the oscillation followed closely the
hand movements of the fine current control. This

was done by observing on a scope the output of the
intermediate frequency of the lock receiver beating
against a crystal oscillator and giving thus an audio
frequency.
The circuit shown in Figure 1, makes use of a
low noise, high frequency bipolar transistor, type
M/A COM 42217 (14), It was intended to be a
preamplifier but its base-collector capacitance was
not neutralized with an adequate inductance, as is
customary, providing thus a path for feed-back and
eventual oscillation.
Two source-followers were used, one for each of
the two channels: lock and spectrum, to provide
good channel separation.
Good matching between sample and transistor
was made using a Hewlett-Packard model 250-B RX
bridge meter.
It was definitely established that the circuit did
not oscillate as many preamplifiers often do when
misadjusted, since the oscillation did not hinder the
simultaneous recording of the spectra, the pulsation
affecting merely the baseline. Besides, it was also
established that the circuit can oscillate at a frequency determined by its LC circuit if the bias and
the tuning were "improperly" adjusted.
Although an oscillator circuit is definitely a nonlinear device which follows basically van Der Pol's
equation (11), it can be analyzed as a linear device
assuming the crystal to be equivalent to a series R,
1

Similar phenomena were also observed by other researchers. Private communication.

L, C circuit (12). A similar analysis could be made
if comparable equivalence could be found for a sample of spins (13). Then the circuit could be directly
compared to a classic "tuned plate-tuned grid" oscillator. Such an analysis could be eventually the
subject of future work.
The pulsations were registered on an X-T
recorder rectifying and filtering the intermediate frequency output. Several samples were tried: pure
tetramethylsilane (TMS), pure benzene and distilled, though not degassed water. "Doped" water
(several Herz wide) was also tried but with no success. The results of these experiments can be seen
on Figures 2, a, b, and c.
It seems from these results that the period of
the "lighthouse effect" is roughly proportional to Ti.
There is also a hint of something like a wiggle. We
shall return to this later. It is also important to
observe the influence of T^. Oscillations occur only
while the sample is spinning and the homogeneity
is well adjusted, differences in behavior from day to
day being due mainly to this last cause. With doped
water the system tried to oscillate but without succeeding.
The peak signal is strong, as strong as any
NMR signal could be. This suggested the possibility of making the system oscillate in a continuous fashion. For this purpose a rather rudimentary AGC (Automatic Gain Control) circuit, shown
in Figure 3, was used. After rectification the signal goes to an opamp, the main purpose of which
is to adapt impedances and to provide a suitable
bias control. The gain is adjustable. With low gain
the system is unstable, still trying to pulsate. With
a stronger AGC the oscillation remains stable although of rather low amplitude, about 20 mV p.p.
as measured at the output of one of the source followers.

IV.

Theoretical

To understand the lighthouse effect and establish
the equations of motion of the magnetization vector
Mo, the following path of thought was followed:
Since the preamplifier was not neutralized with
an adequate inductor the stray capacitance between
base and collector is responsible for the feedback.
Had the load been a pure resistence the feedback
would be neagative but, being a resonant circuit,
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Figure 1: The circuit of the oscillator. Positive feedback is provided by the base-collector capacitance.
Q1=M/A-COM 42217; Q2=Q3=2A245 (Texas).

a)

b)

c)

Figure 2: Amplitude of the oscillations as a function
of time for the three different samples: (a) TMS, (b)
benzene and (c) distilled water. Oscillation appears
in short, intense bursts with a time lapse between
them. The phenomenon was called "the lighthouse
effect."

with a good quality factor, this feedback is positive
due to the sudden change of phase near the resonance (11,12).
We assume, following Bloembergen and Pound
(9), that Mo is not exactly alligned with the z axis
but forms a small angle 9 with it, giving place to a
small transverse magnetization.
We also assume that the current induced in the
coil by this transverse magnetization produces a
field Bl proportional to it (9). Now this field Bl,
unlike the Bloembergen and Pound case, instead of
opposing the movement to Mo according to the Lenz
law and making 6 decrease to zero, favors its movement increasing it.
Besides this, Bl being in phase with the spins,
it produces induced emission instead of induced absorption. This makes the difference in populations,
and thus Mo, bigger. We have here a pumping action
which "cools down" the spin system (10).
Before proceeding any further an adequate system of coordinates must be established. This stems
from the fact that we use a crossed coils spectrometer where the Bl vector is usually directed along the
(horizontal) x axis. But when the device is oscillating the Bl field is produced by the receiver coil,
which is directed along the (vertical) y axis. We
shall therefore simply define the x axis by the direction of the Bl field which now is vertical, while the
y and z axis are both horizontal. In what follows we
shall make use of the rotating coordinates system.
The oscillation proceeds exactly at resonance
and the magnetization vector is therefore restricted
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Figure 3: Circuit of the AGC (Automatic Gain Control) with which the oscillator can be forced to produce
a continous stable oscillation of a frequency given by the relation UJ = j - B o .
to move in the y'z plane (9). Before oscillation starts
the magnetization vector has a magnitude Mo given
by the Curie expression of the susceptibility and is
directed along the positive z axis with no component
in the x',y' plane.
The assumption of an initial, non zero value, of
the angle 9 complies with the usual theory of oscillators as given by van Der Pol's equation (11). As
was said, the initial value of Bl may be considered
produced by noise current in the coil but possible
spin noise should also be taken into consideration
(13).
Coming back to our Mo vector, Bl "bends" Mo
away from the z axis. This increases the transverse
magnetization which in turn makes Bl even stronger
which "bends" Mo even more (and simultaneously
making it bigger), and so on. The process proceeds
in an accelerated fashion until Mo is forced upon the
y' axis. From there on the movement, in reverse, is
slowed down until, after some time, Mo takes the
direction of the -z axis.
This explains the lighthouse effect, the sudden
and strong increase in the amplitude of the oscillation, but it does not explain its periodicity. This
is simply due to longitudinal relaxation. Once Mo
is on the -z axis there is no more pumping action
to increase its size (9) and we simply have inversion
recovery.
This explains the periodicity as well as the fact
that the longer Ti the longer the period, as shown
by experiment. But this is a very simplistic model
since it does not take into account that relaxation is

always acting. It does not wait for Mo to reach the z axis! Therefore to describe properly what happens
we must resort to Bloch's equations in the rotating
frame, which shall be written as follows:

u
-

' du

— = - ( u o - u) • u + 7 •
at
dM
dt = - 7 -

•v

• Mz - —
J-2

Mo-Mz
Ti

Since the oscillator is working exactly on resonance then u>o - LU = 0 and so is u. Besides, since
u is now independent of either v or Mz, its equation
can be integrated immediately with the result that
it vanishes with time (9), as is to be expected, and
our equations now are simply:
dv _
dt ~
dMz
dt = - 7

v
-

v+

M o -M z
Ti

Now, since Bi is produced by the transverse
magnetization, we postulate that Bi = K • v (9).
Bloom (15) calls Bi the "ringing" field, since it decays to zero. In our case, since R < 0, Bi grows
exponentially.
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Putting now in our equations Bl = K-v we have:
dv

v

dt

'

Ti

This is a set of so called "autonomous" equations
which, except in particular cases, have no analytical
solution but which can be easily integrated numerically by e.g. Runge-Kutta method. This done, the
solutions show that v, the signal, is a periodic pulsating function of time which steadily decays to zero.
It is evident that a "pumping term" producing the
growth of Mz, is missing here.
Following a practice common in maser theory a
term like:

M p -M z

where P will be referred to as "the probability factor."
Some doubts should naturally arise about the
validity of this assumption since the emission and
absorption probabilities are usually considered to be
proportional to the square of the acting field. But
this is true for a single, isolated atomic system acted
upon by a wave in free space. This problem was discussed by Bloembergen and Pound (9) and studied
in detail by R. H. Dicke (17). They show that this
is not applicable in our case because we are dealing
with a coherent ensamble of spins. Besides we are
not in a free space but inside a coil where the density of the radiation field is much greater than in
free space (18). (This is also the reason why in the
solution of Bloch's equation v is proportional to Bl
and not to its square).
The pumping term shall thus be written as:
+P • K v

could be introducted (7). In this expression Mp is
the maximum equilibrium value of Mz and Tp is
the "pumping time constant", the inverse of which
being the pumping rate.
But this expression is applicable only to a three
levels maser (or to a laser) where the pumping action
is constant and a "pumping rate" and a "pumping
limit" make sense. Therefore a different approach
was needed.
The populations N a and N^ of a two levels system suffer changes during irradiation at a rate given
by
^ =
2n.W
dt
where n = N a - N^ and W is, in the case of absorption, the "induced absorption probability".
Now, since Mz ~ n, then it holds that (8, 16):
dMz
= - 2 • W • M*
dt
A similar expression can be used in our problem
if W is understood as the induced emission probability and the sign of this term is changed.
Next we assume that this probability is simply
proportional to Bl and we make:
2W = P - Bl = P • K • v
and

dMz
= +P • K - v • Mz
dt

Mz

Now for simplicity we make 7 = 1 and Mo = 1 and
so our equations take the form:

1-MZ
dMz
= - K • v2 +
+ P • k • v • Mz
dt
T,

(1)

Integration of these equations shows immediately some properties of the oscillator. To begin
with, no integration is possible with v=0. This
stems from the fact that the point (v — O; Mz =
1) is a critical or stationary point of the equations.
v must be given some value, as small as wished, but
different from zero. This is a characteristic typical
of all oscillators (11,12).
It is also necessary, for the equations to have a
solution, that the product K • T2 > 1. Physically
this is related to the minimum gain necessary to
sustain oscillations, since K measures the amount
of regeneration of the circuit while T2 measures the
quality of our resonator. This was already observed
experimentally.
A similarity relation was found which is particularly useful for the adjustment of scales and integration increments while plotting. If h is the increment
of the independent variable t then, given two sets of
parameters: h, Ti, TI and iiTand U, Tx, T2 and K,
the integration of equations (1) will give exactly the
same solution if we have:
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(h'/h) = (Tl

= (K/K') = cte (2)

For instance: A Hewlett-Packard model HP22258 (Thinkjet) printer was used. In the raster
mode it makes 96 steps per inch then, if a calibrated
time scale is wanted, e.g. 1 cm = 1 sec (as was
used in the X-T plotter) then each step is equal to
0.02458 seconds. This was the value used for the integration step h when plotting, though not always.
For a different time scale it can be changed using
the similarity relation (Eq. 2).
It was already mentioned that it was possible to
force the oscillator to produce a constant amplitude
oscillation using an AGC circuit. This can be simulated with the above system of equations if, instead
of the simple factor K we use: K • (1-A • v) where A
is a kind of "damping factor". Our equations take
now the form:
60

(3)

80

120 S»c.

Figure 4: Detail of the peaks of Figure 2a for TMS
(a) Experimental and (b) calculated with the help
of equation (1) with h = 0.1058, K = 0.45 and T x
= T 2 = 5.29.

+P-k-(l-A-v)-vMz

V.

Results and Discussion

In what follows no particular significance should
be attached to the numerical values of parameters
like K, Ti, or T2. Since only the shape of the function is of our interest the gyromagnetic ratio 7 was
assumed equal to unity. So was also Mo, but then
any calculated value of Mo greater than unity will
show the existence of a pumping action.
A rather simple program was written in BASIC
language. Straightforward integration gave v and
Mz as a function of t. Besides this, Mo = SQR(v2
+ M2Z) and 8 = tan" 1 (v/Mz) were also calculated.
The output could be given either in table form
or as a graph, and this either as a low resolution or
as a high resolution (raster mode) graph. Usually v
was plotted as a function of t.
To see how well the mathematical model was
able to describe the experimental results the records
of the observed bursts of oscillation shall be compared with the results of the computer, adjusting
empirically the parameters T\, T2, K and P. This

30 Sec.

Figure 5: Same as Figure 4 but for benzene with h
= 0.02646, K = 1.21 and Ti = T 2 = 1.32. Notice
the smaller time scale.
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(b)

(a)

30 Se

Figure 6: Same as Figure 4 but for distilled water
with h = 0.02646, K = 1.37 and Tx = T 2 = 0.80.
was done for the three samples used, TMS, benzene
and distilled water, recorded on an expanded scale.
On Figures 4, 5, and 6 are shown the results
of this comparison. No special effort was made to
adjust exactly the scales and parameters in all these
graphs, although this was quite possible.
As can be seen, the agreement is quite good, especially in the case of TMS. The assymetry of the
peaks is evident. A slight wiggle effect in the experimental record is attributed to the lack of uniformity
of the Bi field, as is to be expected from a single
coil device. The different time scales should also
be noted. The time scale of Figure 4 is four times
the scales of the Figures 5 and 6 and, according to
the similarity relation (Eq. 2) this graph can be
obtained either by the set:
h = 0.02646; K = 1.80 and Ti = T 2 = 1.323 or
by the set:
H = 0.1058; K = 0.45 and Ti = T 2 = 5.29 the
last one corresponding to the time scale used.
It was found that the distance between the peaks
(or the length of the period) was directly proportional to Ti and inversely proportional to T 2 although with a different proportionality constant,
but comparison with experiment showed that best

results were obtained assuming Ti = T 2 , as is often
assumed for pure liquids. It was also found that the
best results were obtained assuming P = 1.
A deeper insight into the mechanism of the oscillations and a better understanding of the fate of
Mo can be obtained using a phase plane diagram
(11), that is, plotting in polar coordinates Mo as a
function of 6. This shows the path of Mo on the y',z
plane and its growth and decay during one period of
the "lighthouse" effect. This is shown, for the three
samples used, on Figures 7, 8 and 9.
In all cases the program was run starting with
an initial value of Mz = 1 and v = 0.001 and was
allowed to run for several periods until a steady state
was reached. Only then were the data tabulated and
used to draw (by hand) the graphs of Figures 7, 8
and 9.
It is evident that the model sketched in the introduction seems to explain well the fate of Mo and
the influence of the relaxation. The case of TMS,
shown in Figure 7, is an example for long relaxation
times. For shorter values of Ti the competitive action of relaxation works against the pumping action
of the circuit, shortening the period of the "lighthouse" effect and diminishing the overall size of the
diagram, as happens with benzene and water.
It was mentioned in the experimental part that
a continuous oscillation can be obtained using a
simple AGC curcuit. This could be switched ON
and OFF, at will. An experiment was made (with
TMS) letting the system oscillate freely for some
time and switching the AGC ON immediately after
a peak, with a rather strong control. The oscillation was suddenly damped reaching immediately a
steady state. This is shown on Figure 10a.
To simulate the experiment using equation (3)
the computer was made to run with an initial value
of A = 0. Having reached a steady state the computer was stopped, the value of A was adequately
changed (A = 0.9) and the computer started again.
The results are shown on Figure 10b. As can be
seen, the similarity between both graphs is reasonably good, considering the coarse approximations
made.
Also interesting is the phase plane diagram of
this experiment, shown on Figure 11. It can be seen
there how the resolving vector Mo suffers a sudden
stoppage, its modulus remaining bigger than unity
showing a definite pumping action.
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Figure 7: Path of the magnetization vector Mo on the y'z plane, (in the rotating frame), for TMS.
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Figure 8: Same as Figure 7 but for benzene.
It is believed that the observed phenomenon of
self-starting oscillations was the result of several simultaneously assisting factors. The first was, naturally, the use of modern, highly efficient transistors
without neutralization. The second was probably
the good matching of the impedances of the input
circuit. The third was the good Q factor of the collector circuit which was not degraded by the subsequent stages, which are of high input impedance.
This is important in any oscillator of this type for a
good phase shift to be achieved (11,12).
However, another factor which probably had a

big importance in our case was that, by chance, a
rather bad probehead was used. It was good from
the point of view of resolution but it was bad from
the point of view of sensitivity.
It had good resolution since special zero magnetic susceptibility wire was used in the receiving
coil. It had bad sensitivity because, being a prototype, ordinary thickwalled laboratory glasstubing
was used for its building and therefore it had a bad
filling factor, estimated to be not more than 0.5.
(The signal to noise ratio of our 100 MHz instrument is not better than that of our venerable OP-
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Figure 9: Same as Figure 7 but for distilled water.
60!). As a result the sample was little affected by
"radiation damping" (8), retaining thus practically
the full "Q" (1/T2) of the sample. This is of fundamental importance e.g. in quartz crystal oscillators
(12).
In conclusion it can be said that a very precise
magnetometer has been found, (giving eight or more
figures, if we measure the LOW frequency, using a
PLL frequency multiplier counter, as we did). But
it has, among other drawbacks, the fact that it only
works with rather strong and highly homogeneous
fields.
Also, a new phenomenon was found: That is the
possibility to INCREASE the size of the magnetization by the pumping action of an external circuit.
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