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This paper covers same results of the research directed at developing an absolute vector proton
magnetometer POS-4 based on the switching bias magnetic fields methods. Due to the high absolute
precision and stability magnetometer POS-4 found application not only for observatories and to
directional drilling support of oi and gas well. Also we discuss the some basic errors of measurements
and discuss the long-term experience in the testing of magnetic observatories ART and
PARATUNKA.

PACS: 75.20.-g, 76.30.Mi, 81.05.ug

Keywords: magnetometer, Overhauser dynamic nuclear polarization, nitroxide radical solution, magnetic
observatory, INTERMAGNET, directional drilling

1. Introduction

The physical base of proton Overhauser magnetometry is a Larmor precession of nuclear magnetic
moments in a magnetic field. Proton magnetometers determine an absolute value of the measured
magnetic field induction 7y [1]

TOE|TO|:Y;71('00> TET’ (1)

where y, = 21:0.0425764 rad/(nT"s) [2] denotes the proton gyromagnetic ratio and o is the frequency
of proton precession. These magnetometers are well-known as high precision stable sensors of
magnetic field absolute value. They are widely used in various applications including geophysics and
observatory measurements. Fig. 1 shows the general

scheme of proton precession Overhauser dynamic m f

nuclear  polarization (DNP) measurement AN D\l <R PUVPNG]

(Overhauser magnetometer). o/ —
2

In addition, there were developed absolute vector
proton magnetometers based on the switching of ¥D—(FREQUENCY METER |
bias magnetic fields (for example [3]). In recent @
years, the development of proton vector 'W“H “HWHHIHH'UHI
magnetometers achieved significant progress due to i
implementation of the DNP Overhauser effect due
to electron subsystem excitation. Figure 1. General scheme of DNP measurements.

1 This paper material was selected at XIX International Youth Scientific School "Actual problems of magnetic
resonance and its application", Kazan, 24 — 28 October 2016. The paper was recommended to publication in
our journal and it is published after additional MRSej reviewing.
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Figure 2. Synthesis and structure of a radical of the magnetometer POS-4.

We developed synthesis method of a stable radical (Fig. 2) used in our quantum magnetometers
demonstrating easy electron paramagnetic resonance (EPR) saturation at medium concentrations
providing high amplification DNP even for EPR superfine structure.

This radical has a record stability superior stability standard nitroxide spin labels several times.
There are also benefits for hyperpolarization and ease saturation of 2 Oe of HF saturation matching
half of the maximum value DNP at the general electron resonance spectrum width up to 25 Oe. For
infinite polarization, the DNP signal gain coefficient is given by:

&(pﬁtchls
o, 1+keTg’

A, =-tf 2)

where mg; denotes electron, proton resonant frequency, f= 1 — T',/Tio, is the loss factor, where T, is
proton time relaxation of a radical solution and 710, denotes proton relaxation of pure solvent. § is the
dynamic electron-nuclear binding parameter of radical and proton in solution in the range —1 to 0.5,
Tis is the transversal relaxation time of electron subsystem, ¢ is estimated approximately as the
inverse number of the saturated partial lines in the super hyperfine structure of the spectrum of
electron spin resonance, £ is spin exchange constant between the radicals, ¢ is concentration of
solution. At present, this effect called Heisenberg hyperpolarization is widely being studied [4]. It
should be noted that the single line with the weight ¢ in the EPR spectrum is saturated but in DNP
effect we saturate all the lines simultaneously. In addition to the hyperpolarization it leads to a
decrease of the required electronic pump field. This light saturation effect is important for the
Overhauser magnetometers. Additional gain provides stronger proton signal from smaller sensor size.
This allows reduce dimensions of the magnetic bias systems and as consequence, to improve
measurements sensitivity.

2. Method of measurement based on switched bias fields

To measure the components of the geomagnetic field by a
proton (scalar) magnetometer a number of methods are
known. We investigate below the setup based on the
switching of bias magnetic fields B (cycle: —/, I =0, +/) with
the measurement of resulting total field. The vector diagram
for a switching method (Fig.3) and formula (3) for
calculation of the field component Z along the bias field  Figure 3. Vector diagram for switching
(Z = To-cos(a)) are shown below: method of Z component measurement.

B 1 Tv12 _ T22
W2 [z —or

T,,=T,+B. 3)

It is a well-known formula, but, unfortunately, it does not provide any useful information to select
value and direction of the bias field. Nor does it determine the effect of the selected parameters upon
the resulting random and systematic measurements errors of Z.

3. Sensitivity or random error of the component measurement

Let's assume identical sensitivity for all measurements of the field absolute value o(7y) = o(72) =
=o(Th) = o(T). The dispersion of Z component measurement reads
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6’ (Z)=o*(T) {1 —%(1 —2—{} (1 + 3Z—icos(a)2ﬂ . 4)

Fig. 4 shows the ratio o(Z)/o(7T) representing sen-
sitivity deterioration sensitivity of the Z component
measurements compared to sensitivity of the scalar
magnetometer as a function of the ratio of the
geomagnetic field modulus to value of the bias field
To/B at various angles between them.
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m
=15
- There is an optimum angle at "magic" angle
a < arccos(37?) ~ 54°44'. The optimum would be for
the following field relationship
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Figure 4. Loss of sensitivity of vector meas- The value is minimal at o= 0, 7o/B = 37" ~ 0.58 when

urements in comparison to scalar magnetome-  the loss of sensitivity is o(Z)/c(T) = 3712, Unfortu-
ter depending on the angle orientation of the nately, this case is not interesting in practice because
field and their strengths ratio. the increase of the bias field causes an increase of its

gradient that means too high requirements from the bias
magnetic system. Also, there is a restriction on the bias field amplitude due to the dynamic range of
the proton magnetometer (usually 20000 + 100000 nT). More interesting is the intermediate case,
when the sensitivity of component measurements does not depend on the orientation of the bias
magnetic field and total intensity. This bias field should be approximately 70% of the geomagnetic
field, with a factor 1.5 + 2 in the deterioration of sensitivity.

4. Some systematic errors of the component measurement

Next, we analyze the main contributions to the systematic error caused by various reasons occurring
during vector measurements technique based on switched bias fields. The systematic error of the
measurement is defined as follows AZ = Z — Zy, where Z is the measured field component (3) and Z; is
the true component value.

4.1 Errors caused by "soft" and "hard" magnetization of the module sensors

Field modulus errors caused by the "soft" magnetisation of the magnetometer sensors (magnetic moment
of the sensor is proportional to the external field) are defined as AT; =nT1, AT =nT>, ATo =nTo, where
AT; =T/ -T, T/ is a result of actual measurement, T; is a true vector without the account of the
magnetization field. Using the formula (3) it is possible to draw a simple but important conclusion:
Aot = MZ. (6)
Thus, the error of the component measurement caused by the "soft" magnetization of its absolute
magnetometer sensor is fully eliminated by the calibration of the module sensor.

The error due to the "hard" magnetization of the module sensor means that the sensor has its own
magnetic moment due to some internal magnetic field h from a magnetic impurity. In this case the
component of the field Ty’ = Ty + h will be measured. The final expression of the "hard" error will be

AZnard = (h-B)/B = h-cos(0), (7)
where 0 is an angle between the bias field vectors B and internal field h.
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Thus:

e The systematic error of component measurement caused by the "hard" errors of the module
sensors depends only on the angle between the internal proton sensor "hard" field and the bias
field. It does not depend on orientation of Earth's magnetic field.

e This error can be determined for some orientation of the vector magnetometer w.r.t. the Earth's field
and then can be used as a correction at any field angles of declination and inclination. This error can
be even completely eliminated for a special orientation of the proton sensors to bias field (cos(0) = 0).

4.2 Error caused by instability of the bias field or the power source

Error caused by instability of the bias field or the power source is a technically important kind of the
error since it defines the requirements to the stability of the magnetic bias system and source of the
switched current.

We write the expression for the vector component in the case of the switching method with different
bias fields B and BB (i.e. T; = Ty + B, T2 = Ty + BB). The value Z in the switching set-up in this case is:

I i R (o N
2 BB -1)(12 —BT? -(1-B)T7)

The considered instability is caused by the difference of the fields +B and —B, that is
BB =-B + AB =—-B:(1 — AB). Correspondingly, in (8) the factors = AP — 1. Assuming AP << 1, we
find the error caused by the instability of the bias field or the power source as:

2 2
AZ, ZE[ 1—%008(002} :Bﬂ( 1—%cos(oc)2) )

z (®)

2 27
Here we assume that the error is due to current instability during the measurement of component AB/B = Al/l.

Estimate the requirements on stability for the bias field or A//I in conditions close to optimum (7o/B
about 1.5, B about 30000 nT) and setting error AZ ~ 1 nT. We find the value of Al/I about 10~ Thus
requirements to short-term stability of the current and bias field can be met engineering-wise and we
have errors of 0.1 + 1 nT for instability 10~ + 107, It is important to note that the long-term stability
does not exert influence on the switching method in contrast to a method of the field component
compensation.

4.3 Error caused by the drift of the geomagnetic field

It was revealed at experimental research of the Overhauser vector magnetometers in laboratory
conditions, which were characterized by fast changes of the geomagnetic field, that the switching
method has also a dynamic error. To estimate the error caused by a field variation in the measurement
cycle, the jump function model of a variation was simulated [5]. Namely: at the first measurement the
geomagnetic field is displaced by —Ah (T, =T, — Ah), in the second there is no displacement
(To' = To) and in the third the field is displaced by Ah (T," = To+ Ah). A vector magnetometer will
calculate the Z field component according to the basic formula (3). The error is defined as the
difference between the measured and calculated component without the drift Ah thatis AZ, =Z’- Z:

AZy =B ([T, xB]-[AhxB]) < ART,/B. (10)

The analysis of this result shows that the drift error is due to a dynamic cross effect:
e There is an influence (error) at the presence of variations of perpendicular components.

e The error is proportional to speed of variation, more precisely it is proportional to field change
during the measurement cycle (~ the discretized time derivative of field).

4 Magnetic Resonance in Solids. Electronic Journal. 2016, Vol. 18, No 2, 16209 (9 pp.)
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Figure 5. Error caused by the drift of the geomagnetic field as result of dynamic cross effect for the proton
vector magnetometers (the cycle at calculations is 3 s).

Fig. 5 shows an example of the drift error calculation. The top panel is a simulated Z-variation. The
bias magnetic fields H is perpendicular to Z and the measurement of H-component of the external
field is made along H. The actual variation in H direction is absent.

Some discrepancy of variation measurements by the fluxgate and the proton vector magnetometers
thus should be observed. Obviously the drift error can be excluded by some modernization of the basic
formula (3) or at processing measurements taking into account speed of the components variation.

5. POS-4 design and results of testing

Due to the high absolute precision
(sensitivity up to 0.01 nT and absolute
scalar measurements error up to 0.1 nT
at stability measurements 0.02 + 0.05 nT
per year) scalar Overhauser magnetome-
ter POS-1 has wide application in the
magnetic observatories and hazard
monitoring systems. The Quantum
Magnetometry Laboratory designed and
developed the new  scalar/vector

magnetometer POS-4 (Fig. 6) based on - '
the module sensor POS-1. Figure 6. Vector/scalar Overhauser DNP magnetometer POS-4.

The system consists of bias coils mounted on the titanium frame. Vertical solenoid provides a
measurement of the vertical Z component. The solenoid consists of a cylindrical titanium pipe with
perpendicularly welded plates. Precision machining ensures perpendicular to both the axis of the
solenoid and the plates. Two perpendicular liquid horizon levels (accuracy of 10 to 20 arc seconds)
mounted on top of the plane supplemented by installing electronic levels to within 1 arc second.

Solenoid wire fits the groove geometry defined by the known Garrett solenoid conditions providing
maximum uniformity of the field in the largest volume. The perpendicular Helmholtz coils or a more
complex system with high uniformity of the horizontal component measurement is oriented generally
for the direction north-south. The electronics unit POS-4 provides five scalar values of bias
magnetization and an actual geomagnetic field via RS232 serial port. Computer controls and backups
the data using custom software adapted to the tasks of magnetic observatories. The records are
displayed on the computer monitor (Fig. 6). A more detailed description will be published elsewhere.

The magnetometers were tested at the observatories and Arty and Paratunka for several years.
Variant POS-3 measuring module and the only vertical component under the observatory Arti and
points secular variation of the earth's magnetic field around town Arti (Sverdlovsk region) are used.
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The first POS-4 full vector magnetometer
(IdD+F) was tested at the observatory Paratunka for
two years. The last set is shown in Fig. 7.

In addition to the state standard in St. Petersburg we
used the Observatory Arti to test the metrological
parameters by vector magnetometers. The metrological
parameters, calibration methods including self-
calibration methods will be described in separate
publications. Our studies show the first copies of
sensitive magnetometers modulo field of about 0.02 nT,
and in the component field at 0.1 + 0.3 nT measurement
cycles of 1 second (total cycle of 5 seconds with the
current data update). Fig. 8 and 9 display the examples
of actual records in Arti and Paratunka.

Figure 7. Vector/scalar Overhauser magnetometer
POS-4. PET, Paratunka (Petropavlovsk).
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Figure 8. An example of variation Z and X components made is Quartz-4 and Z, H, Y components of POS-4
relative to variometer Quartz-4 (difference to POS-4). RMS ~ 0.1 nT is. 2016:08:11 (UTC). Arti.
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Figure 9. An example of long-term record of the POS-3 (Z) relative to the baseline of the theodolite DIflux
magnetometer Theo-010 by taking into account variations of Quartz-4. Stability ~ 2 nT/year is. 2012.

6. Directional drilling support

Modern technologies make it possible to drill wells that practically horizontally enter the oil-bearing
layer and may reach reservoirs located several kilometers from the drilling starting point. Such
reservoirs may be located under the seabed at a large distance from the shore. Directional drilling
requires continuous monitoring of the drill string orientation under the ground. Downhole
measurement systems using gyroscopic inclinometers or instruments for measuring magnetic and
gravity fields of the Earth are applied for determination of zenith angle and geographic azimuth.
Despite certain measuring advantages, gyroscopic inclinometers have a relatively low vibration and
impact resistance that results in difficulties with their use in the bottom hole drilling assembly.

Magnetometric technology is more cost effective. Magnetic inclinometers are much more stable
and can be used as downhole positioning systems (Fig. 10) to ensure accurate trajectory of directional
oil/gas well drilling. However, geomagnetic support of directional drilling in high-latitude regions
makes it inevitable to deal with frequent and intense sporadic geomagnetic disturbances associated
with the specific geometry of the Earth’s magnetic field and solar activity. Geomagnetic perturbations
during geomagnetic storms can cause out-of-tolerance high error in downhole magnetometer readings
and thus should be filtered. A necessity of establishment of geomagnetic field observations and proper
interpretation of the measurement results has led to development of cooperation between oil and gas
sector companies, academic geophysical institutions and producers of megnetometric instruments [6, 7].

Pulser forces mud
pressure pulses

Hydraulic
motor Inclination

Figure 10. Drilling tool and measuring instruments for controlling specified direction using magnetic
declination and inclination down the directional well [8].
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Geophysical Center of the Russian Academy of Sciences is involved in geomagnetic field studies,
development of scientific foundations and technological capacities in the field of geomagnetic support
of directional drilling in the Arctic zone of the Russian Federation, and conduct research on sporadic
geomagnetic variations and evolution of the Earth’s main magnetic field. Complete range of works
include both theoretical (e.g., studies of local geomagnetic effects) and applied (methodological and
technological works on the deployment of observatories) tasks [9].

For the timely correction of telemetric magnetic data, streaming from the drilling string, a
synchronous independent monitoring of the geomagnetic field is carried out at the Earth’s surface
using well-instrumented geomagnetic observatories. Their magnetometric equipment should be out of
anthropogenic noise that are always present nearby drilling operation sites. As a rule, observatories are
installed over a certain distance and mathematical interpolation is applied to data from one or several
observatories for correcting Measurement While Drilling (MWD) system readings. Due to the
complexity of the operation in the severe northern conditions, the number of observatories in the
Arctic is limited [9, 10].

Today the International Real-time Magnetic Observatory Network (INTERMAGNET, [11])
represents the highest quality standard of the full-cycle geomagnetic measurements, needed for
providing oil and gas companies with the information on the Earth’s magnetic field conditions.
Among numerous other requirements to observatory operation [12], INTERMANGET necessitates a
minimum essential instrumentation set that includes high-precision vector and scalar magnetometers,
as well as absolute magnetometer based on non-magnetic theodolite for regular manual measurements
of full magnetic field vector. In the observatory practice, three-axis fluxgate (vector) and proton
precession (scalar) magnetometers are commonly used. Usually, these magnetometers have an
accuracy of the order of degree 0.1 nT. As a result, geomagnetic observatories provide a complete
cycle of very accurate observations, both absolute measurements and measurements of magnetic
variations. This distinguishes them from variation stations that measure only magnetic variations [9].
Autonomous magnetic observatories based on the DI+F POS-4 Overhauser vector scalar
magnetometer will help develop densely observation network bringing their points of drilling to
reduce errors of the gradient variations.

7. Summary

The new IdD+F POS-4 magnetometer is an analog of the famous Canadian dIdD+F
magnetometer applied both in observatories, autonomous stations and for directional drilling
support of oil and gas wells. The difference is in the absolute component measurement with the
vertical orientation. The azimuth angle declination to the geographical north is provided by the
telescope on the POS-4 magnetic system and GNSS markup that will be a DI+F absolute vector
Overhauser magnetometer.
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