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1.0 INTRODUCTION

The potassium search mode magnetometer was proposed as a potential means of
reducing the problem of orientation error which is present in existing optically
pumped alkali vapor magnetometers such as those based on cesium. Because the
energy difference between adjacent Zeeman sublevels in the ground state are
significantly different for each of the 4 possible transitions, it is possible
to observe 4 distinct absorption lines in an optical pumping experiment in which
an atomic vapor of potassium is oriented by circularly polarized Dl light. The
lines can be resolved and therefore the transition frequencies can be accurately
measured individually. If the line widths are small enough (say less than 5 nT)
then frequency errors due to the superposition of adjacent lines (line
interaction) are negligible. (see Section 4.3). Therefore if the relative
intensities of the absorption lines change (as for example when the orientation
angle between the pumping light and the magnetic field is changed) then there
should be no significant frequency shift due to line interaction.

However, in the case of cesium there are 8 transition frequencies which are
nearly identical. The line widths are comparable to the line separation which
means that the individual lines cannot be resolved. What is observed is
effectively a single composite absorption line. When the relative intensities
of the lines change then so does the shape and effective centre frequency of the
composite line. Thus a single beam cesium magnetometer has very severe
orientation errors due to line interaction alone.

The split beam cesium magnetometer was developed to resolve this problem by
applying equal amounts of left and right polarized D1 light to the absorption
cell. This results in a composite line with which the symmetry about the line
center is conserved under orientation change. The difficulty with this
technique is in proper balancing of the amounts of left and right polarized
light. This balancing procedure would not be required for a potassiunm
magnetometer.

The effort to develop an optically pumped potassium search mode magnetometer was
much larger than we anticipated. The progress was at times slow as many
preparatory tasks had to be accomplished before the reliable experiments could
be conducted. A reasonably long lasting lamp had to be developed as described
in Section 5. A prolonged development was required to establish the absorption
cell optimal pressure and most suitable buffer gas (Section 4.l1.).

Investigation of resonant line interaction had to be completed to gain knowledge
of what are the minimum requirement for the resonant line linewidth (Section 4.2
and 4.3). A complex and very precise experimental set up had to be developed
(Section 5) before the major task of orientation error determination and
reduction could start. A series of long orientation error measurements

(Section 7) culminated in the revelation that the orientation errors are rather
large and no simple means or reasonable tradeoffs could be devised to reduce
them to the acceptable level. 1In parallel with the orientation error
measurements the investigation of different magnetometer embodiment was
conducted (Section 9). The potential of the potassium magnetometer was
reassessed (Section 10) and the conclusions deducted (Section 11).




2.0 OPERATING PRINCIPLES AND PERFORMANCE CHARACTERISTICS

2.1 Operating of the Self-Oscillating Magnetometer

The principle of operation of an optically pumped magnetometer is based on the
Zeeman effect, which shows that certain characteristic atomic frequencies are
magnetic field dependent. They can be measured utilizing the resonant response
of an atomic system (such as atomic potassium vapour) subjected to the static
magnetic field Hp to be measured (for example earth's magnetic field) generally
in the presence of an auxiliary oscillating field H; (called ratio—-frequency or
rf or H] field). This method is called ''magnetic resonance”.

Optically pumped magnetometers which use alkali vapors were first suggested by
Dehmelt (1957) and demonstrated by Bell and Bloom (1957). Two basic methods of
monitoring the atomic resonance and thereby measuring the magnetic fields have
been developed. One, used in M, type of locked oscillator magnetometers, in
which the resonance is detected by sweeping the field or frequency through
resonance and monitoring the slow changes in pumping light intensity, Malnar
(1961). The other method, used in My self-oscillating magnetometers, makes use
of the radio-frequency medulation of the cross light beam which occurs at
resonance. With the proper feedback this type may be turned into an oscillator
whose frequency is proportional to the ambient magnetic field, Bloom (1962).

We have spent most of our research investigating optically pumped K (potassium)
vapor magnetometer which operates as a self-oscillator. BSelf-oscillating
magnetometers offer several important advantages over the locked oscillator
type: 1) they are electronically simpler, requiring no modulation and resonance
detection circuitry; 2) the absence of low frequency modulation makes the task
of frequency measurement much easier; 3) they have very short response time,
without limitations imposed on the rate of tracking; 4) they are self-starting,
requiring no lengthy and complex sweeps to acquire leock; and 5) low frequency
perturbations of the light intensity do not contribute to the magnetometer
noise. The advantages 3) and 4) are two main reasons why the self oscillating
magnetometer is considered the only practical embodiment to be used for ground
search mode magnetometer. The self-oscillator's disadvantage of requiring an
amplifier with precise and constant phase shift over the full measurement range
is currently greatly alleviated by the availability of fast photodetectors and
electronics. Although the locked oscillator has no polar dead zones, it has a
larger equatorial dead zone than the self-oscillator. Consequently the total
dead zone area is larger for the locked oscillator.

The configuration of the self oscillating type of optically pumped magnetometer
is shown on Figure 1. The light of an electrodeless K lamp is filtered to pass
only the Dl spectral line through the circular polarizer and the absorption
cell. The component of the polarized light in the direction of the ambient
field is responsible for the optical pumping. The optical pumping takes place
in the absorption cell which contains K vapors and an inert buffer gas, and it
results in a momentary alignment of the atomic angular momenta along the
direction of the light beam. The atomic dipoles then precess about the ambient
field at the Larmor precession rate, in the same sense but with random phase. A
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magnetic field (H1 field) rotating about the ambient field at the Larmor
frequency in the correct sense produces phase coherence of the precessing atomic
magnetic moments. The precession of this net alignment causes a modulation of
the light beam perpendicular to the magnetic field (the looking light) to occur
at the precession rate, owing to the dependence of the optical absorption of the
aligned sample upon its orientation with the direction of the light beam.

The optical modulation at the Larmor frequency is detected by a photodicde,
amplified and fed back with the proper phase to supply the Hl field necessary to
produce phase coherence. The system self-oscillates at the frequency determined
by the Larmor precession of the atoms of K vapor in the ambient magnetic field.
In case of potassium 39 with 4 separated, resonant line the magnetometer
oscillates on the line which has largest amplitude. The magnitude of the
ambient field is obtained by measuring the Larmor frequency, with a sensitivity
limited by the measurement time available, the resolution of the measuring
system and the Larmor signal noise.

2.2 Performance Characteristics

2.2.1 Heading Properties

The described magnetometer suffers, regardless which alkali vapor it uses to
create magnetic resonance, from a so-called "hemisphere effect', whereby it only
oscillates in one hemisphere. Careful control of the phase difference between
the signal detected by the photodiode and the Hl field 1is required. The
condition for self-oscillations at the peak of the resonance line is that the
light modulation is *90° out-of-phase with the Hl field. The opposite signs
correspond to the opposite sense of rotation about the magnetic field
direction. When the sense is arranged to be operating in the magnetic
hemisphere for which a component of light intensity is along the positive field
direction, it is possible to operate in the other hemisphere by reversing the
sign of the 90° phase shift. Electronically, this simply means inverting the
signal.

In the operating hemisphere there are polar and equatorial dead zones. Maximum
signal occurs when the light beam is inclined at about 45° to the magnetic field
vector, and reliable self-oscillations can be achieved within 35" from the
optimum position with some degradation of S/N ratio close to the dead zones.
Dead zones, within which the signal amplitude drops rapidly and eventually no
self-oscillation takes place, occur within £15* of the field direction and its
equator, Figure 2. The dead zones are properties of the optical pumping and the
light modulation geometry. Close to the poles the effective intensity of the
looking light and the effective HIl decrease rapidly, whereas close to the
equator the effective intensity of the pumping light decreases rapidly. The
dead zones can only be reduced or removed by an arrangement of two or three
sensors which greatly complicates the design and increases the complexity of the
magnetometer. The existence of the dead zones is not critical for the ground
applications such as the ordnance detection.




2.2.2 Orientation Errors

All practical optically pumped magnetometers exhibit, to a greater or lesser
degree, errors in reading which depend on the sensor orientation in relation to
the ambient field vector. The magnitude of these errors can be appreciably
reduced by different means, which include thoughtful design, compensation
methods, and alignments. One of the main reasons for the orientation errors is
that all alkali elements practically suitable for an optically pumped
magnetometer exhibit few, closely spaced resonances, rather than one single and
well defined one. Very often, such as in the cesium magnetometer presently
produced by Scintrex, the eight resonant lines are so closely spaced that they
overlap, resulting in a composite line of a magnetic resonance. (see pages 3-12
of our proposal). Their relative intensities depend on the optical pumping
conditions, which vary with the position of the sensor with respect to the
magnetic field. The resultant changes of this composite line lead to apparent
changes of Larmor frequency and consequently the magnetometer reading. The main
reason for investigating the potassium 39 magnetometer is that it has 4 resonant
lines which are much farther apart in weak fields than these in cesium 133. 1In
fact, for 50,000 nT ambient field intensity, the resonant lines are spaced

400 Hz apart in 39K, compared to 6.6 Hz in 133 Cs. 1In potassium the line
spacing of many times their half width made us believe that a magnetometer based
on potassium could be developed with greatly reduced orientation errors. 1t is
convenient to specify and measure the orientation errors as a function of two
angular orientation:

a) the inclination angle © defined as an angle between the sensors optical axis
and the ambient magnetic field vector. This angle can be changed by
"tumbling"” the sensor. The errors associated with this angular change will
be conveniently called "tumble errors".

b) the spin angle ¢y is defined by the projection of the ambient field vector on
the ends of the sensor cylinder, with the respect to some arbitrary index.
This angle is changed by rotating the sensor about its optical axis. The
errors associated with this angular change will be conveniently called spin
errors.

Figure 3 depicts the angles © and Ww. The gimbal system built at Scintrex' low
gradient magnetic test facility for orientation tests of optically pumped
magnetometers allows remote change of the inclination and spin angles.

2.2.3 Resolution and Sensitivity

The value of the magnitude of the ambient magnetic field is obtained by
measuring the Larmor frequency, which is, in the case of the split beam
potassium magnetometer, nearly linearly related to the field, with a
proportionality constant of approximately 7 Hz/nT.

One apparently simple and frequently used method of precision frequency
measurement is to measure, with high time resolution, the average period over a
pre-determined time interval and then to calculate the average frequency as the
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inverse of the average period. If the field of up to 100,000 nT is to be
determined with a resolution of 100 pT, 10 times per second, this requires the
capability to measure time intervals with the precision of 100 ns, which is
technically not a very demanding task.

The sensitivity of the optically pumped alkali magnetometers is much better then
the required resolution of 100 pT and it is not a critical parameter in design
of a ground search mode magnetometer.

3.0 ABSORPTION CELL DEVELOPMENT

The gas cell, otherwise known as a resonance or fluorescence cell, is a glass
cylinder 25 mm in diameter and 25 mm long. Its ends are flat and it is fitted
with optical windows, one of which has two small tips located near the edge.
One of them contains deposit of metallic potassium, the second one indicates
where the connection to the vacuum system was. In addition, a gas cell is
filled with so called "buffer gas" at the pressure varying from few to few tens
of Torrs. The purpose of a buffer gas is to keep optically oriented atoms in
their quantum states as long as possible, by preventing disorientational
collisions of atoms with a glass wall of a gas cell. The gases most commonly
used for this purpose are argon, krypton and nitrogen. Although there are some
general indications which gas and what pressure would provide good results, the
final selection is still a matter of trial and error method. In the gas cell of
an optically pumped potassium magnetometer, the magnetic resonance, frequency of
which defines the measured magnetic field, takes place between Zeeman sublevels
of the 425% F=2 ground state of potassium, which is shown in Figure 4.

The frequency of the transition between sublevel mp and mp+l of the

hyperfine state F=2 can be calculated from the Breit-—-Rabil formula and is given
by

vy =¥ Hy - (2mp-1) T (Hp)?
2%

)
|

where for 39

3 = 700391 _Hz _

25 gauss
and

T = 1065 Hz

23 gauss

So the ratio frequency spectrum (of the 4284 F=2 state of potassium) will
consist of four equidistant lines, separated by the frequency
2 x T_ (Hp)2 Hertz

2Xx
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The method of detection of transitions requires the prior establishment of a
difference of population between them.

This is produced by an optical pumping with a circularly polarized light
populating the sublevels with the highest value my. In the case of a

polarized light, sublevel mp=2 is the most populated. This simply means that
the most atoms are found to being in the 4255 F=2 mp=2 state. However,

because of disorientational collisions, there are atoms in F=2, mp=1 state,

etc. Application of a radio frequency field H; (NOT TO BE CONFUSED WITH THE rf
FIELD WHICH 1S USED FOR LAMP EXCITATION!) induces transitions between Zeeman
sublevels, resulting in change of transparency of the potassium vapor, which are
registered by a photodiode. Such an rf spectrum is shown in Figure 5.

Potassium vapor was irradiated with thes + polarized D; line. Recording was
taken at the magnetic field Ho = 56881 nT while the radio-frequency field H; was
2.25 nT. The line width of a single resonance peak is about 24.5 nT.

The minimization of the line width of magnetic resonance is of utmost
importance, as it is directly connected to two most important features of the
magnetometer: its sensitivity and its orientation error performance as
explained in paragraph 4. The line width of a magnetic resonance depends on
several factors, the most important of which are:

l. Transverse relaxation time Tj.

2. 1Intensity of an RF field H;.

3. Pressure of the buffer gas.

4. Intensity of the pumping light.

5. Gradients of an ambient field.

6. AC field of the power 1line.

Relaxation time, which describes how long oriented atoms remain in their state,
can be controlled in the gas cell by two means:

l. Addition of the buffer gas to the cell or,
2. Coating of the cell walls with a special paraffin.

The drawback of the latter technique is, that its technologically complicated.
It requires special cleaning of the cell walls (deactivation), distillation of a
paraffin into the cell and distribution of a paraffin into a very thin, even
layer covering the whole interior. On the other hand, the buffer gas at higher
pressure, which is sufficient to maintain long relaxation time, significantly
broadens the line width of the magnetic resonance, thus decreasing the
sensitivity of a magnetometer.
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Radio-frequency spectrum of the G2S§ F=2 state of 39K taken at the magnetic
field Hy = 5688)] . Peaks are separated by 688 Hz. The small peak on the left
side of the spectrum arises from 4lK. Recording was taken in the shielded can.

— Sensor 1s oriented 40° off the direction of the magnetic field. Transitions
marked in Figure 4 are indicated here.

o Figure 5




A number of absorption cells has been manufactured with either nitrogen or argon
as the buffer gas, and with different gas pressures. They were extensively
tested at the Scintrex low magnetic gradient test site with help of instrumental
set up described in Section 5.

Basically results indicate that: 1) Nitrogen works better than argon as a
buffer gas (despite the fact that in the available literature the most common
system is K-Ar, what prompted up to spend so much time on it).

2) The optimum pressure of a buffer gas for 2.5 cm long cell is around 50 Torr
what is in good agreement with our theoretical prediction of about 40 Torr.

3) The longer cell (3.8 cm) works indeed far better than 2.5 cm long. 5 c¢m
long cells happen to be too long for our present system - they possibly will be
used later on.

4) The radiofrequency spectrum of the 4255 ground state potassium is shown in
Figure 6. Signal amplitude vs. pressure for N; cells is shown in Figure 7.
Linewidth vs. pressure of Ns is shown in Figure 8. As can be seen, a 35 Hz

(5 nT) linewidth was obtained with a normal H; level drive. Further decrease of
the H) drive resulted in the 25 Hz (44 nT) linewidth, however, at the expense of
signal to noise deterioratiom.

Our attempt to coat a cell with n-Tetracontane was unsuccessful. N-Tetracontane
is a paraffin with melting point 80"C and at room temperature it is practically
not soluble in any solvent. This poses considerable difficulties with its
introduction into the cell, because of the small diameter of the capillary tube
through which nitrogen, potassium and paraffin would be fed. At present there
is no possibility to increase the capillary diameter without major changes in
the gas cell design, what 1inevitably would require changes in the sensor design.

4.0 STUDY OF RESONANT LINES AND THEIR INTERACTIORS

4.1 Magnetic Resonance Line Study

As the basic advantage of an optically pumped potassium magnetometer is its
potential ability to achieve orientation insensitivity by measuring the
resonance of a single resonance line, the line study is of utmost importance.

The first effect which was studied was influence of the H; field intensity. It
is a well known fact that the H; field affects the magnetic resonance. The
first effect is its broadening followed by the change of its shape.

The slight shift of the resonance frequency caused by the H} field is known as
the Bloch-Siegert effect. It is important, however, only in absolute
measurements of the magnetic field, which are not very significant in the
intended use of the search mode magnetometer.
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The width of the magnetic resonance is approximately given by an expression

2 (1+(:}H1)2T1T2)i’

T2
where

¥ = gyromagnetic ratio of potassium
T2 = is the transversal relaxation time
T longitudinal time constant

At the very low Hy field intensities (gH1)2T1T2‘< 1 and

Y]

WL= 2‘

2

The effect was examined confirming the characteristics described above, but at
Hj levels much higher than used for normal operation.

The second effort which was investigated is the structure of the magnetic
resonance as a function of the field direction. As it was indicated the ideal
conditions for the optical pumping are when the circularly polarized pumping
light propagates along the magnetic field and the H;} field is perpendicular to
it. This leads to the largest population differences between the Zeeman states,
resulting in the largest intensity differences between components of the rf
spectrum. Creating and maintaining the intensity difference (making one line
predominant) is a must for the self oscillating magnetometer described in
Section 2. If two or more lines are of the similar amplitude, the magnetometer
will oscillate at two or more different frequencies, making it far more
difficult to measure the magnetic field. The change of the direction of the
magnetic field with respect to the pumping beam has two effects on this
structure:

1. Only a part of the light is used for optical pumping. This leads to the
decrease of the magnitude of the resonances.

2. The polarization of light can be decomposed into three basic components
€*,67, and %, and in the case when a light beam makes an angle § to a
magnetic field, their intensities are given by:

I

1(5%) = .59. (1 + cos )2
1

I1(z”) = 2_9 (1 - cos¥)2

1
I(g) = 52 (1 - cos29)
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Only the I(45%) component is used for the pumping. The I(G) and particularly
1(4&) components depump the system, destroying the achieved degree of
orientation. This effect, being of extreme importance for a proper operation
and the orientation error free operation of a magnetometer, was a subject of
detailed theoretical and experimental studies. Four examples of experimental
runs are shown in Figure 9a,b,c and d. The first corresponds to the position of
a sensor 30° to the magnetic field, the next 60", 75° and 80°. The most
striking is the run shown in Figure 9d and the lowest frequency component is no
longer the highest.

The spectral responses of an optically pumped single beam K-mag system have been
measured in a gradient free environment. The amplitudes of the peaks
corresponding to four dominant single level transitions of 39k have been
measured for several cells filled with nitrogen buffer gas. These amplitudes
change with change of @, the angle between the optical axis and the direction of
the ambient field. Typical variations of the normalized amplitude of the first
dominant peak, and of the ratio r; = Ap/A] of the first and second peak
amplitudes vs. the angular deviation from the polar dead zones are shown in
Figure 10. As it may be seen, the Ay amplitude varies over the range of 5:1,
but even more critical is the amplitude ratio, r;, which displays a variation
from .1 to .8 over the desired operating range of orientations (15 to 75 deg.).
The amplitude ratios ry = A3/A3 and r3 = A4/A3 show similar variations as rj,
but are numerically somewhat smaller. The line width of the spectral peaks
changes with the orientation as well.

4.2 Analytical Determination of Line Interaction

The basic issue in the design of an optically pumped magnetometer is the phase
relation of an H; field to the optical signal received on the photodiode. The
theoretical analysis of the system predicts the 7 /2 phase shift between the Hj
drive and optical signal in the case of 6t pumping when the system is in the
resonance. This 7/2 (or 90°) phase shift must be maintained over the whole
operational range of a magnetometer, i.e. for all the frequencies. The
resonance phenomena encountered in an optically pumped alkali vapor magnetometer
may be represented by a model consisting of multiple single tuned resonant
circuits. An analysis based on similar principles has been performed by
Yabuzaki (74) for a Cs magnetometer in an attempt to theoretically predict the
shifts of the resonant frequency for the spectral lines which are overlapping,
and to calculate the degree of compensation of these shifts in a single beam Cs
magnetometer.

A magnetometer employing a single resonant line for determination of the ambient
magnetic field has to measure either the frequency of the zero crossing of the
phase, or the frequency of the maximum amplitude for the calculation of the
field. The resonant lines are relatively closely spaced: 700 Hz or 100 gammas
in the ambient field of 60,000 and only 77 Hz to 11 gammas in the ambient field
of 20,000 gammas. As such a close spacing the existence of adjacent peaks
induces the frequency (field) shift f; in the position of the frequency of phase
zero crossing, and the shift f; in the position of the maximum amplitude
position. The magnitude of these shifts varies with the change of the amplitude
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the magnetic field.

~~ Radio-freguency spectrum of the 42S,F=2 state of potassium sensor at 30° to
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Figure 9c

Sensor 75° to the magnetic field
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Sensor B0O° to the magnetic field. There is a change of scale of Y axis between
9c and 9d.
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and the line width of the adjacent spectral peaks. The peak amplitudes and the
line widths themselves are functions of the magnetometer orientation. The
result of this interdependence is an orientation dependent error (heading error)
which corrupts the instrument readings. The determination of the magnitude of
the heading errors and the factors which influence them is of great importance.
An analytical as well as a numerical solution are presented in this and next
section.

Initially a simplified model was analyzed consisting of only two resonant peaks
which have the amplitude ratio r = Ap/A) are are separated by s (normalized
separation s, = s/0.5fp is used). Both peaks have the same 3db line width

fBo

Equation (1) relates the normalized shift in the position of the phase zero
crossing fpn = fP/O.SfB with the parameters r and sn.

(r+1) fpn3 + s, (r+2) fpn2 + (sp2 + 1 +1) $on +sSpr =0 (1)

For separations which are large compared with the line width, s,>6, the higher
order terms may be neglected, resulting in a simple expression for the shift

f, = f;y —-f; of the phase zero crossing position fy, from the resonant frequency
fr, which would exist in absence of the disturbing peak Aj.

2
f, = —r(fp)</4s (2)
The analytical solution for the determination of the position of the maximum
amplitude of the peak A] in the presence of one disturbing peak A, (same
conditions as used in he phase shift study) proved to be even more complicated.

Only the solution for large s, could be easily obtained. The expression for the
shift of the maximum amplitude position f, = f, - £, is

£, = r (£g)2/4s (3)
which is opposite in sign from expression (2) but equal in amplitude.

4.3 Numerical Line Interaction Determination

It became obvious that only very simple cases of line interaction could be
solved analytically. The numerical solution could provide much needed answers
for relatively close line spacing, for which the analytical solution leads to
unsolvable equations. The numerical solution was obtained for the case of four
resonant peaks which have the same line width fg and the same adjacent peak
amplitude ratio r=A3/A; = A3/Ay = A4/A3, and which are separated by s (which is
ambient field dependent).

The results of this numerical analysis are presented in tabular form. Table I,
II, and III list the phase zero crossing position shift and the maximun
anplitude position shift of the dominant peak, for the line widths of 10, 5 and
2.5 gammas, as the result of interaction with the lines which have amplitude
ratios in the range of O to 1, an equal line width fg, and the line separation
which would be encountered in fields in the range of 20k to 60k gammas.
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The tabulated numerical solutions for the shifts could be used in calculating
the orientation sensitivity characteristics of the present magnetometer
embodiment. It is worth noting that in reality the amplitude ratios are not
equal: 13, and r3 are somewhat smaller than r;. This should not affect the
magnitude of the shifts greatly, as the influence of the second, i.e. nearest
peak is the predominant one. Of the larger influence in assessing the
interaction effects with the change of magnetometer orientation i1s the fact that
the line width itself changes with the orientation, making the exact
determination somewhat more elaborate.

The relationships expressed by equations (1) and (2) are easy to determine from
the Tables, which increases the confidence in accuracy of both deductions. The
importance of decreasing the line width as the most influential parameter due to
its power of two contribution is very obvious.

5.0 MEASUREMENT SYSTEMS

Two basic system configurations were used to make the measurements required.
Figure 11 is a block diagram of the "open loop" measurement system. This system
measures the phase and amplitude of the optical absorption response as a
function of the H; frequency. The information can be recorded as amplitude vs.
frequency in rectangular coordinates or as a locus of amplitude and phase in
polar coordinates. The graphical data obtained is used to determine the effect
of H; amplitude, light level, buffer gas pressure, and optical axis orientation
relative to the Ho field etc. on the absorption line characteristics.

Figure 12 shows the "closed loop" or self oscillator measurement system. In
this case the optical signal measured by the photodiode is amplified and phase
shifted by the required amounts needed to fulfill the conditions for oscillation
(0° phase shift and unity gain of the open loop system) and fed back to the H;
coil. A sinusoidal output signal at a frequency determined by Ho is produced.
Since this frequency is approximately twice the frequency produced by the cesium
magnetometer for the same Ho, it is convenient to divide this frequency by two
and mix it with the output of a cesium magnetometer to obtain:

Af = g - fig fgx = potassium magnetometer frequency
1cg = cesium magnetometer oscillator frequency

This difference frequencyAf is, to a first approximation, independent of
changes in H,, because it represents a gradiometer type of measurement. When
the earth’'s magnetic field is used as H,, the small fluctuations in field
intensity have negligible effect on Af because:

Af << i’fl(

The difference frequency Af is counted, displayed and recorded to a useable
resolution of 0.1 Hz.
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This system is used mainly for conducting orientation measurements. These
measurements were conducted at the Scintrex test facility which is located in a
low gradient, low noise area. The potassium magnetometer sensor is installed in
a gimbal system which allows the sensor to be positioned at a desired tumble or
spin angle.

The cesium magnetometer is mounted in a fixed position approximately 15 meters
from the potassium sensor and provides the reference frequency fgg
proportional to Ho.

A spin test is conducted by fixing the tumble angle © and plotting 4f as a
function of spin angle .

A tumble test is conducted by fixing the spin angle @ and plotting 4f as a
function of the tumble angle ©.

Change of Af as a function of © and § is known as orientation error.

5.1 Electronic Circuits

Most of the electronic subsystems shown in the block diagrams of Figure 11 and
12 were placed in separate plug—-in modules and installed in a 19" equipment
rack. This arrangement was chosen so that system changes could be implemented
quickly and easily. A %15 Volt power supply was used throughout. The major
building blocks are described below.

5.1.1 Photodiode (Larmor) Amplifier

This consists of a wideband, low noise, preamplifier designed to convert the
photodiode current signal to an output voltage signal. The frequency response
to an optical input signal is from DC to approximately 1 MHz.

5.1.2 Wideband Amplifier

The amplifier has variable voltage gain from 3 to 1000 frequency response from
1 KHz to 5 MHz. This wide gain range allows a large range of photodiode signal
amplitudes to be accommodated.

5.1.3 Lock In Amplifier

The lock in amplifier uses synchronous detectors and low pass filters to convert
an AC signal to DC and greatly reduce noise levels. The outputs provided are
in-phase and quadrature components of the input signal relative to a phase
reference signal and amplitude of the input signal.

5.1.4 Automatic Gain Control (AGC)

This is a control system that maintains a constant output voltage for any input
voltage within a certain range. It is designed to operate with negligible phase
shift between the output and input signals. The AGC is used in the self
oscillator system to maintain open loop gain of unity.
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5.1.5 Phase Shifter

This unit can provide any desired phase shift from O to 360°. This permits easy
adjustment of open loop phase shift to 0° as is required for oscillation to
occur.,

5.1.6 Bandpass Filter

This filter is used to improve the signal to noise ratio of the oscillator
output signal for the purpose of frequency counting or for signal amplitude
measurement using an AC voltmeter.

5.1.7 Temperature Controller

The temperature controller is designed to maintain a constant absorption cell
temperature of approximately 70°C. A thermistor temperature sensor controls the
output of a 10 KHz power oscillator used to provide power to the load. The load
consists of a bifilar very fine copper resistance wire winding potted in a
cylinder placed around the absorption cell.

5.1.8 Frequency Divider and Mixer

This circuit divides the potassium self oscillator frequency by 2 and mixes it
with the output of a cesium self oscillator magnetometer. The mixer output is
low pass filtered and is at a frequency Af.

Af = #fg - fcg
This is used for orientation testing as described above.

The M.E.P. Gradiometer system can also be used to compute Af. The frequency
divider and mixer was built because the M.E.P. was not always available for our
use.

5.1.9 Lamp Exciter

The lamp exciter used for the potassium lamp consists of a 110 MHz R.F.
oscillator driving a small coil enclosing the potassium lamp. The oscillator
power level can be adjusted to set the desired light level.

A potassium lamp with a heated potassium reservoir was assembled and tested.

The reservoir was held at a temperature of approximately 150°C and the potassium
vapour was excited by an 110 MHz RF oscillator of the type used in the Scintrex
cesium magnetometer. This technique produced D1 light output of sufficient
intensity and short term stability for our experiments. However after several
hours of operation the light output would begin to drop, probably due to
migration of the potassium vapour from the discharge bulb through the
interconnecting channel into the reservoir. It appears that adjustment of the
length and diameter of the channel might solve this problem. For conducting the
most experiments a potassium lamp similar in design to the existing cesium lamp.
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6.0 DEVELOPMENT OF PROTOTYPE SIGNAL PROCESSOR

A bench prototype of Larmor signal processor has been built, programmed and
tested. It was designed to comply with the requirements for microprocessor
based electronic package of a portable search mode K-magnetometer (Phase TII of
the project) with following design goals:

l. Sensitivity, better or equal to 0.1 nT.
2. Measurement time of less than 0.l second.

These goals have been achieved with in a single design depicted in block diagram
in Figure 13.

The value of the magnitude of the ambient magnetic field is obtained by
measuring the Larmor frequency, which is, in the case of potassium magnetometer,
is nearly linearly related to the field, with a proportionality constant of
approximately 7.0 Hz/nT.

The method used for precision frequency measurement is to measure, with high
time resolution, the average period over a pre-determined time interval and then
to calculate the average frequency as the inverse of the average period.

To achieve this an integer number a Larmor periods is counted in one counter,
while 10 MHz clocks are counted during the same 0.1 second interval in the
second counter. Microcomputer 1is programmed to calculate the average ambient
field in 0.1 second interval based on the counts from these two counters. The
magnetic field readings are output in ASCII format on RS-232 serial output.

The visual output is on 6 digital high brightness LED's. Different algorithms
could be used to format the audio output via A/D converter and the speakers
located in the headphone. The operator commands are accepted through a simple
3 key keyboard.
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7.0 ORIENTATION ERROR DETERMINATION AND REDUCTION

A major advantage of K magnetometer was supposed to be its potential freedom of
orientation errors. As described in Section 4.2 of this report, the problem of
resonant line interaction and the resulting orientation error was recognized as
soon as the first spectra were obtained. This effect was theoretically
investigated, but the experimental verification, which was deemed necessary, was
still missing. As described in Section 5, the signal processing and orientation
error measurement electronics had to be greatly improved before we could close
the feedback loop and turn our experimental resonant line detection sensor into
a well operating single beam magnetometer (Larmor Oscillator), whose principle
of operation was described in Section 2. The experimental determination and
reduction of orientation error of this magnetometer turned out to be a major
undertaking. In the following four paragraphs of this section the tumble and
spin orientation measurements are described, and the potential sources of
orientation errors are listed and discussed.

7.1 Causes of Orientation Errors

A 1ist and short description of the orientation errors of the self oscillating
single beam optically pumped potassium magnetometers is presented. Although
theoretically all of these causes are reported or known to affect the
orientation performance of optically pumped magnetometers, some of them are
insignificant, and some of them, it was thought, could be greatly reduced by
design. However, qualitative and quantitative understanding all of these
effects is required to design a K-mag with the low orientation sensitivity.

7.1.1 Resonant Line Interaction

The effect of the resonant line interaction is discussed in Section 4.2. This
effect should contribute less than 0.1 nT to the tumble error for operating
conditions of Ho = 60,000 nT, line width 5 nT. The effect becomes much more
significant at lower values of the ambient field Ho.

7.1.2 Resonant Frequency Perturbation by Light

In early optical pumping experiments it was discovered that in an optically
pumped vapour certain ground-state transition frequencies underwent a shift
which was proportional to the pumping light intensity. Quantum mechanical
analysis shows that the Zeeman light shift operator can be thought of as an
effective magnetic field which is directed either parallel or antiparallel to
the pumping light beam. Consequently, the light shift affects the Zeeman
frequencies in exactly the same way as we would a small magnetic field,
Mathur (68).
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The resonant frequency variation due to the perturbation of the magnetic states
by the pumping beam were investigated by Cohen-Tannoudji (62) and Schearer (61)
for the case where the pumping beam and Ho field are aligned. Slocum (70) has
experimentally investigated this effect for He magnetometer in the case the
angle between the pumping beam and Ho changes. He has detected two types of
shifts: a) an off-resonant light shift which is symetrical with respect to
field reversal, i.e. it changes the polarity when the hemisphere of operation is
changed. In the split beam Cs magnetometer in which one half effectively
operates in nothern and one half in southern hemisphere the changes due to this
effect cancel out. For that reason they were not noticed and they were largely
unknown to the designers of the Cs split beam magnetometers, b) coherence
narrowing shifts which are independent of the field reversal. The shifts due to
the latter effect are smaller than the off-resonant light shifts. These shifts
are proportional to the intensity of the %, ~ and components of the exciting
light which, as explained in Section 3 vary with inclination angle .

The experimental results reported in Section 7.4 prove unmistakably that the
pumping light induced shifts pose the major problem in the design of low
orientation error potassium magnetometer.

7.1.3 Resonant Frequency Perturbation by RF Fields

The effects of alternating electromagnetic fields in the rf region and higher
than the resonance frequency were investigated by Yabuzaki (71). When its
frequency w is w<< hy, where h is its amplitude, the shift Aw, in the resonant
frequency is given by:

Bug/wy = (goh sin © /26)2

100 MHz rf field of the lamp exciter would satisfy the above requirements, but
to induce the observed effects of 0.5 nT it would have to be of amplitude

h = 10™4T. A current of more than 10A would have to flow through the lamp rf
exciter coil to create such a large field inside the absorption cell. This
effect is not likely to cause orientation error in our magnetometer.

7.1.4 Resonant Frequency Perturbation by H; Field

The theoretical investigations of the amplitude dependence of the resonant lines
indicates a line broadening effect with the increase of H;. However, the
formula for the resonant signal does not indicate that the phase of the resonant
signal is affected at all. The practical implication of this is that for a
restricted range of H; the resonant frequency may not be dependent of Hy. We
have experimentally observed the changes of the resonant amplitude shape induced
by varying Hj with kept constant and by varying O with H; kept constant. The
attempts to measure these effects were inconclusive due to the presence of other
larger orientation errors.

7.1.5 Effects Due to Alternating Fields

In presence of an alternating field of magnitude h, frequency w and inclination
% to the ambient field Ho the total field Hy is obtained from:

Hy = [ (Ho + hcosa coswt)2 + (hsino. cos wt)2]§
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Due to the nonlinear operations of squaring and taking the square root, the
average value (DC component) of H; differs from H,. This effect was very likely
responsible for different spin error characteristics with the heater turned ON
or OFF. (See Section 7.3). 1In this case the source of AC fields was the heater
current and the angle &« between the alternating field and Ho was changing with
the change of the spin angle §. Careful tight twisting of the bifilar heater
wiring reduced the effect greatly.

7.1.6 Errors Due to the Axis Misorientation

Bloom (62) has analyzed changes in resonant frequency due to the misorientation
between the effective axis of the light beam and the axis of the resonant rf
field Hy. If these axis are not exactly parallel to each other, then the axes
spurious phase shift shows up as a spin error. The amplitude of this spin error
is function of © : large errors occur only when © is small; however, under such
conditions even a small misorientation angle can give rise to a large error.
Special care is required in winding the rf coil and maintaining it fixed with
respect to the absorption cell. Maintaining the well-defined axis of symetry of
the optical system despite the broadness of the light source is equally
important.

7.1.7 Errors Due to the Electronic Phase Shifts

In the vicinity of resonance, the amplitude of the signal is approximately
constant, but the phase varies as Ay = n/2 Af, where fg is the line width and

fy
Af is the deviation from resonance. It is clear that any phase shift of the
feed back loop different from 90° leads to a shift in frequency as change in the
oscillation frequency has to compensate the spurious phase shift.

The line width changes with orientation angle © results in the change of the
magnitude of this shift. The careful adjustment of the phase shift of the feed
back loop reduced this effect. 1In addition, a narrow line width causes smaller
frequency shift for a given spurious phase shift.

7.2 Tumble Orientation Tests

Our orientation error measurements started by varying the inclination angle <&
from 15° to 70° in all four hemispheres of operation with the spin angle kept
constant (see Section 2.2.2 for definition of these angles). After the first
set of tests, the problem of the amplitude dependent, phase shifts in the H;
amplitude limiter (see Section 5.1.4) has been detected and eliminated by a
better automatic gain control circuit. These phase shifts, which were dependent
on the H; signal amplitude, caused the oscillation frequency to shift and
contributed to the orientation errors.

Then, it has been discovered that the hybrid photodiode and preamplifier
circuit, which was located not far from the absorption cell, has a magnetic
signature because of DC current loops inside the hybrid. This was replaced by a
separate photodiode and a newly designed preamplifier which is 1 m away from the
sensor. The noise performance of this preamplifier is superior to the
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previously used hybrid, which increases the sensitivity of the orientation error
measurement. Some tests were conducted to detect whether change of magnitude of
Hy field affects the orientation errors, but they were, so far, inconclusive.

The measured orientation errors of about 0.5 nT were much larger than the
predicted line interaction errors, which for the ambient field at 60,000 nT and
the line width of 5 nT should not exceed 0.1 nT according to the error model
studies (See Section 4.3). An extensive search through the available literature
on optically pumped magnetometers was then undertaken in order to gain more
understanding of the various factors which may contribute to the orientation
errors. The description of different orientation error causes was given in
Section 7.1 of this section.

The errors induced by the change of the intensity of the pumping light were
experimentally detected. Their magnitude was large enough to warrant further
investigation. At the same time a spin test was conducted which revealed large
errors, see Figure l4. It can be seen that the magnitude of the tumble errors
(the difference between the two curves for a constant 8) depends to a great
extent on the spin angle at which the tumble test takes place. The need to
reduce spin errors before the tumble test could be resumed became obvious and we
consequently focussed our attention on the spin errors.

7.3 Spin Orientation Test

Two main causes of spin errors were expected to exist; a) errors caused by
magnetic inclusions; permanent and induced magnets and, b) errors caused by the
misorientation of the H; field axis and the optical axis. 1In addition the
presence of a spin error caused by AC magnetic field of the current passing
through the heater wire was detected. We were able to reduce greatly the
magnitude of this error by very tightly twisting the bifilar heater wire and by
removing any current loops in the vicinity of the absorption cell.

The magnetic inclusion effects were still present. Be demagnetizing the sensor,
their magnitude was reduced, but this was not sufficient. Two new sensor bodies
were built out of fiberglass based tubes. The spin tests shown in Figure 14 and
Figure 15 show spin errors of about 0.5 nT peak-to-peak. Magnetic inclusions
causing these spin errors had to be isolated first and eliminated. The first
step in this direction was the replacement of the resistive heater wire with
pure copper wires. The spools of the resistive heater wire were tested and
showed weak magnetic effects. A few more components like the thermistor, the
photodiode and the lamp assembly were scrutinized. The rotation of the lamp
assembly itself showed little effect, but the rotation of the photodiode
assembly did. Two more photodiode assemblies with different photodiodes were
built.

Some improvements were made in the orientation test setup: Longer cables

(5 meters) were used between the sensor and the electronics rack in order to
ensure that there was no possibility of magnetic interference from the rack.
The photodiode assembly used previously in the sensor was found to be slightly
magnetic and was therefore replaced with another completely non-magnetic
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assembly. The sensor nichrome heater wire (also slightly magnetic) was replaced
with copper wire. Some small brass screws used in the photodiode assembly were
removed. The entire sensor was demagnetized to ensure that any remaining
magnetic impurities were demagnetized.

Spin tests at several different tumble angles were then conducted to verify that
the sensor was free of magnetic inclusions. The results are shown in

Figure 17. These spin tests indicated that the sensor was sufficiently free of
magnetic impurities that we could continue with tumble orientation tests.

7.4 Additional Tumble Orientation Tests

Tumble error still continued to be very large. We suspected that the error was
due to perturbation of the magnetic energy sublevels by the pumping light

i.e. "light shift". 1In order to determine if this was the case we conducted
tumble tests at different pumping light intensities. The light intensity was
adjusted by placing a circular aperture adjacent to the spectral lamp between
the lamp and the collimating lens to effectively reduce the size of the source
and thereby reduce the light intensity at the absorption cell as shown in
Figure 18. The results are shown in Figure 19. These curves clearly indicate
that the tumble orientation error increases with increasing light intensity.
Also evident from examining the curves is the fact that as the light intensity
is reduced so as to minimize the tumble error then the operating angular range
is restricted, due to the fact that beyond the limiting angle the pumping is not
sufficient to produce a significant population redistribution and the amplitudes
of the 4 absorption lines become nearly equal. When this happens oscillation
may take place at several frequencies simultaneously and simple frequency
counting techniques cannot be used to measure the frequency of interest.
Reduction of pumping light also reduces signal to noise ratio. Therefore simple
reduction of light intensity is not a viable means of reducing orientation
errors caused by light shifts.

The curves of Figure 19 alsc show evidence of line interaction effects at larger
tumble angles. As the tumble angle is increased the amplitude ratios of the
adjacent resonant lines approaches unity and the resonances adjacent to the
oscillating resonance tend to pull its frequency toward their region of the RF
spectrum (in this case toward lower frequencies). The line interaction effect
become greater at higher pumping light intensities because of the increase in
line width due to reduced life time. Hence the magnetometer operating frequency
falls below that corresponding to the "true'" (no light shifts or line
interaction) magnetic field intensity value as the tumble angle approaches 90°
and the light intensity is increased. (See Section 4.3 for a discussion of line
interaction).

8.0 SENSITIVITY MEASUREMENT

Because the potassium magnetometer continued to demonstrate a serious tumble
error problem, we decided to see if the expected lower noise of the potassium
magnetometer could justify further effort to reduce tumble error. The tests
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consisted of comparing the noise level of two potassium sensors with that of two
cesium sensors using the same oscillator electronics. The method used was to
operate 2 identical magnetometers in a gradiometer configuration (Figure 20).
The noise on the gradiometer measurement was then assumed to be due to
magnetometer noise alone. Assuming the noise processes of the two sensors to be
gaussion, uncorrelated and of equal variance we can determine the noise of one
sensor by dividing by V2. The noise in a given measurement bandwidth can be
determined by varying the count interval. A sample of the raw noise data is
shown in Figure 21 for two potassium sensors operating as a gradiometer.
Problems with potassium lamp stability prevented longer measurements. Similar
data for two cesium sensors is shown in Figure 22. Gradiometer noise as a
function of counter integration time is plotted in Figure 23 for cesium and
potassium gradiometers. Equivalent noise bandwidth of the measurement is
inversely proportional to the integration time. It is clear from this data that
the potassium gradiometer does not have significantly lower noise than the
cesium gradiometer.

9.0 STUDY OF DIFFERENT MAGNETOMETER EMBODIMENTS

One of our principal goals in a study of optically pumped magnetometers was a
design of a system having significantly better orientational properties than
presently built single beam magnetometer. Our study of a magnetic resonance in
the 428; F=2 state of potassium indicated that systems working along the
magnetic field or at a small angle to it, would have the desired properties.
Therefore our attention was brought to two systems, described in the scientific
journals as having these properties: 1) Cross beam magnetometer, 2) Locked
oscillator magnetometer.

Both of the above systems have been studied in parallel with the time consuming
program of orientation error measurements of the self-oscillating magnetometer.
The cross beam magnetometer has been constructed and made operational. Because
in a preliminary test, not very good results were obtained from the orientation
tests of this magnetometer, and because we have obtained rather unexpected
results of orientation error measurements from a single beam magnetometer (which
are general enough to be valid for a cross beam system as well) we have decided
to postpone further experimental studies on a cross beam magnetometer until we
obtain a complete clarification and full understanding of the problems
discovered. After the investigation of the self-oscillating magnetometer was
complete, it became obvious that the same orientation problems would be
encountered in the other two embodiments. For the completeness of this report,
the results of the preliminary investigations for two alternate magnetometer
embodiment are presented in this Section.

9.1 Cross Beam Magnetometer

A cross beam magnetometer, of which a block diagram is shown in Figure 24 is the
closest in principle of operation and circuit design to a single beam
magnetometer, that we have tested until now. Therefore, we have decided to test
it first. Light emitted from the lamp 1 is collimated and circularly
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5. Photodiode and Larmor amplifier

6. /2 phase shifter
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polarized. It orients potassium atoms along the magnetic field H,. The signal
from the monitoring lamp 3, which is modulated in the gas cell 4, is amplified,
90° phase shifted, and is sent to the H; coils. When the frequency of the Hj
field coincides with the larmor frequency, the system operates as a self
oscillating magnetometer.

Ideally, intensity of the monitoring light beam should be nearly zero to satisfy
the condition of a weak signal (i.e. signal, which does not interact with
optically pumped atoms). However, for a practical reason (to keep the signal to
noise ratio high enough) the light intensity of the monitoring beam is almost as
high as intensity of the pumping beam. This results in a degradation of
performance of the magnetometer.

We have measured the following three parameters in this system:
1. Lline width and line amplitudes ratio (of neighbouring resonances).

2. Signal amplitude in relation to the position of the magnetometer with
respect to the magnetic field.

3. Orientation error of the magnetometer.

RE. 1: 1Line width of the magnetic resonance was about 207 broader than in a
single beam magnetometer. This is attributed to the fact that higher light
intensity was used in order to obtain a better signal to noise ratioc and to make
a monitoring beam relatively weaker.

For the same reasons the ratio of the lines in a magnetic resonance spectrum was
not as good as expected. Line amplitude ratio changes from 4.8:1 to 2:1 in -60°
to +45° range. This is still better than in a single magnetometer, where change
from 5:1 to 1:1 was recorded in -70° to =15° and +15" to + 70" range.
Operational range of a cross beam magnetometer is also different: it covers
—-52° to +38° without the polar dead zone rather than %15 to 70%) with the dead
zone as in the case of a single beam magnetometer.

RE. 2: VWhen the magnetometer is rotated along the monitoring beam axis (that is
when the monitoring beam remains perpendicular to the direction of the magnetic
field) the signal amplitude is shown in Figure 25a and is as predicted in many
publications. However, if we rotate the magnetometer around the axis which is
perpendicular to the pumping and monitoring beam axis, the signal amplitude
becomes highly asymmetric (with respect to the magnetic field direction) and is
shown in Figure 25b. This result may be easily explained, by analyzing the
pumping and monitoring light contribution to the whole optical pumping cycle.
(See Figure 26).

Both monitoring and pumping optical systems are equipped withG ¥ circular
polarizers. When a cross beam sensor is placed in such a way that both beams
are propagating in the same direction with respect to the magnetic field, then
both of them are pumping potassium vapour in a gas cell (Figure 26a). However,
when a sensor is placed as shown in Figure 26b then the monitoring beam,
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propagating in the opposite direction to the pumping one, depumps the system,
and destroys the achieved orientation, thus limiting the useful operation range
of the instrument. This was observed, to our knowledge, for the first time.

RE. 3: The performance of a cross beam magnetometer was somewhat
disappointing. Orientation error in the northern and southern hemisphere was
nearly the same magnitude (¥0.5 and *0.45 nT respectively). See Figure 27.

At the time of this measurement, we did not know if this orientation error was
caused by some magnetic impurities in a sensor, or whether it is inherent to the
system itself.

In conclusion, it became clear during our experiments that the signal amplitude
in a cross beam magnetometer is by far more complicated than has been reported
to date in the available literature. The importance of this finding lies in the
fact that under certain conditions, spinning of this type of a magnetometer
about its optical axis changes its reading and nothing can be done about it,
because it originates in the various types of frequency shifts which are
described in Section 7.1.2. This poses a serious limitation on this type of a
magnetometer, because it will require preorientation for high precision
performance. The orientation error performance caused by the light shift
effects could not be any better than in self-oscillating magnetometer. A cross
beam magnetometer is also mechanically much more complex and difficult to design
as it consists of two light beams, perpendicular to each other; therefore the
placing of various components (like heaters, temperature sensors, H; drive
coils, etc.) is much more critical, as they have to be place relatively close to
the gas cell and at the same time cannot obstruct the light paths and must not
interfere with each other.

9.2 Locked Oscillator

In the locked oscillator magnetometer (M, magnetometer) the optical axis is
directed along the field direction. A tunable oscillator provides a high
frequency signal fo to H} coils orthogonal to the optical axis. When this
signal is at a resonance frequency the light incident on the photodiode is at a
maximum. A sinusoidal frequency or phase modulation of f, with small peak
excursion of f at a low frequency f, leads to a modulation of the light
intensity at the photodiode with frequency components of fm and harmonics of
fn- This light modulation signal is amplified and synchronously detected with
the oscillator modulation signal as phase reference. The synchronous detector
output provides an error signal which provides feedback to tune the oscillator
to the resonance frequency. When the oscillator is at resonance, the system is
said to be locked.

There are several difficulties inherent to the locked oscillator system:
1) Lock Acquisition:

When the oscillator is not locked (initial condition after turn on) no
modulation of the light intensity at the photodiode is present and no error
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signal is available to adjust the oscillator frequency to resonance. An
auxiliary circuit is therefore required to open the feedback loop and slowly
sweep the oscillator across its frequency range until an error signal is
detected at which time the loop is closed and the system locks. If we assume
that the maximum allowable frequency sweep rate is such that the oscillator
center frequency fo falls within the passband of the resonance for a time equal
to the time constant of the resonance then we find that:

daf
—2 max = 7£fg2 Hz/sec.
dt

where fg is the resonance bandwidth.

A typical resonance line width is 35 Hz (5 nT)

Therefore af,
I max = 7352 = 3,B50 KHz/sec. = 550 nT/sec.
t

In a typical system the oscillatpor frequency range would be about 560 KHz
(80 uT). Thus the lock acquisition time could be as long as 145 seconds.

A further difficulty with a locked oscillator using potassium is that caused by
the 4 distinct closely spaced resonances. The system would have to always lock
to the same resonance, for example the highest frequency of the four. Fairly
sophisticated electronics would be required to ensure that the system does not
lock to, say, the 2nd highest resonance, if for example the measured field
suddenly increased by an amount equal to the resonance line separation.

2) Rate of Change of H, Field:

Because of the long time constant required to filter the synchronous detector
output ripple the locked oscillator will not be able to follow (track) a rapid
rate of change of resonance frequency due to changing Bo field. The maximum
rate of change would have to be less than fgz in order for the system to
maintain lock. A typical maximum rate would therefore be 3.85 KHz/sec.

(550 nT/sec.).

3) Counting Error

The process of counting the oscillator frequency for a duration ot is equivalent
to computing the time average of the frequency.

1If the oscillator is frequency modulated then the oscillator instantaneous
frequency has the form.

f4 = £, + Af cos 2 nipt
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The average value of frequency is:

FAS
f - " fidt
= ___ t
av = ‘o i
f £ ot in 2 rfRA
= + —— sin ™ t
av o] 2Tffm t m

The second term is an error term. It can be completely eliminated by choosing
At and f, such that f5 &t = n , n = 1,2,3

This places additional restrictions on acceptable values of f and At, which
often can not be fulfilled in practice.

10.0 REASSESSMENT OF POTASSIUM MAGNETOMETER POTENTIAL

The results obtained in our experimental investigations revealed some
significant shortcomings intrinsic to the potassium magnetometer. These are

listed below:

10.1 Line Interaction

As outlined in Section 4.3, for a given line width of the potassium absorption
spectrum, the effects of line interaction on the orientation error of the
magnetometer become increasingly severe as the total magnetic field is reduced.
The only obvious way to reduce these orientation errors is by reduction of the
line width. ®Reduction of the line width would require a painstaking R&D program
to investigate the effects of cell volume, buffer gas types and pressures, cell
wall coatings, etc. on the line width. However, it is not clear whether or not
the line width could be sufficiently reduced in a practical magnetometer so that
line interaction effects at low field strengths could be ignored. Evidence of
line interaction effects at 57000 nT strength has been confirmed by experiment
in the light intensity experiments shown in Figure 19.

Based on our line interaction mathematical model we expect more orientation
error due to line interaction at lower field strengths, although this is
difficult to confirm experimentally due to the difficulty in generating a low
gradient low intensity magnetic field.

10.2 Light Shift

At the field intensity which exists at the Scintrex test site the light shift
induced orientation errors dominate the line interaction errors. Reduction of
light shifts by reduction of Dl 1ight intensity is not a satisfactory solution
because of the accompanying degradation of signal to noise ratio. No more
satisfactory technique for compensation or reduction of light shift has been
suggested up until the time of this report.
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10.3 Potassium Lamps

Electrodeless discharge lamps based on potassium are very difficult to build
because of the problem of degradation of the glass envelope by the potassium.
This is due to the great affinity of potassium for oxygen. Since all glasses
contain oxygen, the potassium tends to migrate into the surface layer of the
envelope and form sub-stoichiometric compounds with the oxygen atoms. The
formation of these compounds results in blackening of the envelope and a
reduction in light output. It is thought that a polymeric coating of zirconium
on the glass surface might prevent this degradation but this has not yet been
attempted.

The lamps which were constructed tended to be unstable and of relatively short
lifetime. Attempts to improve stability and lifetime by the addition of a
temperature controlled potassium reservoir were met with limited success.

11.0 CONCLUSIONS

Because of the serious difficulties explained in Section 10, the further
development of the potassium search mode magnetometer has been discontinued. We
do not consider the obtained performance satisfactory to propose the
continuation of the program based on potassium magnetometer into Phase 3.
However, we have continued the search funded internally by Scintrex to
reevaluate the cesium magnetometer. Most of the instrumentation developed and
especially the experience gained in investigating the potassium magnetometer can
be applied to the cesium magnetometer investigation.

In order to facilitate experiments with the cesium magnetometer, a new sensor
assembly was tonstructed incorporating features designed to allow easy
interchange of components and reconfiguration of the sensor so that the
experiments can be conducted easily and modified quickly. The assembly is
somewhat similar to a small optical bench. Orientation tests were then
conducted for a split beam cesium sensor. Some typical results for spin and
tumble tests are shown in Figure 28 and 29. These results are very encouraging
and have led us to propose a program to achieve this low orientation error
performance in a production sensor.
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