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Abstract:—A new system, which is called KASMMER (Kakioka Automatic
Standard Magnetometer), has been constructed for the standard magnetic ob-
servation at Kakioka. The main equipment consists of four optical pumping
magnetometers, a proton magnetometer, the DI-72 (newly designed magneto-
meter theodolite for the absolute value determination of the declination and
the dip) and a computer system. The whole system is operated automatically
except the DI-72. Digital data of the geomagnetic field is obtained with an
absolute accuracy of 0.1y and with the least possible delay.

Four optical pumping magnetometers can give the finest possible time
resolution for each component of the geomagnetic field at the present, though
minute-values only are utilized for the primary data processing in routine
operation, and also make it possible to compare the measured value of a com-
ponent with the calculated one from the other components in order to watch
the operation or to check the preciseness of the instruments. The ASMO
method proposed by Alldredge also can be utilized when any of the optical
pumping magnetometers meets trouble. Instrumental parameter of the optical
pumping magnetometer is calibrated by the proton magnetometer and the DI-72,
The DI-72 determines the declination and the dip with an absolute accuracy
of 1”. A vector proton magnetometer MO-P installed in 1963 supplements
calibration measurements.

All data is processed in the computer system comprising two mini-computers
and many accessories. The processed data is stored initially in the magnetic
disc memory and then filed in the digital magnetic tape. A curve follower and
a curve plotter facilitate the analog-to-digital and digital-to-analog conversion
of internal and external data.

Test operations for a few months have given satisfactory results.
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- Chapter 1. Introduction

1.1 Magnetic observation at Kakioka

Kakioka Magnetic Observatory (36°14’N, 140°11’E) was established as the
successor to the Tokyo Observatory (35°41‘N, 139°45‘E) at the end of 1912 when
rapid increase of artificial disturbance in the magnetic field was considered to be
inevitable in the big city Tokyo. Since January 1, 1913, continuous magnetic
observations have been carried out at Kakioka,

The observatory stands on a foot of a small hill in the outskirts of a small
town, Kakioka which is situated in a hilly region approximately 72km NE of
Tokyb (Fig. 1). Surrounding low mountains, called the Tsukuba Mountains, consist
mainly of granitic rocks. The heighest peak is Mt. Tsukuba (876 m). : A low basin
extends to the east of the highest peak, and Kakioka is located near its center.
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Fig. 1. Map showing the situation of the Kakioka Magnetic Observatory.

Outcrops of granitic rock are scattered in the superficial layers of approximately
100 m thick near the observatory. ’

To the east of the observatory the electric railway Joban Line of Japan National
Railway runs from north to south. The shortest distance is approximately 10km.
However it causes no disturbance on magnetogram because an AC power is used
for the line. Other local lines use Diesel engine or gasoline engine cars. Though
DC power is used for railway lines near Tokyo, its disturbances at Kakioka are
estimated at 0.1y or less. Other possible sources of artificial disturbance, such as
heavy industrial activities or heavy road traffic, are not found around the observa-
tory. ’

At the beginning of the magnetic observation at Kakioka, a Wild-Edelmann
magnetic theodolite and an earth-inductor were employed for the base-line value
determination (absolute measurement), together with an Eschenhagen magnetograph
for the variation measurement. A set of a Schmidt normal theodolite, an earth-
inductor and a variograph made by Askania Werke was added 10 vears later.

Since 1947 many investigations have been carried out on instrument improve-
ment by the observatory staffs, and the improved instruments made in the observa-
tory factory or industrial makers in Japan have replaced the former ones.

The variometer now used for horizontal component H or declination D) is a
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unifilar type in principle like the Eschenhagen or Schmidt variometers, however
improved devices facilitate keeping of good stability. For example, the suspended
magnet of the variometer is shunted by,a small alloy so as to compensate for
temperature change (Kuboki, 1968).

The vertical force variometer is a thread suspension type improved from the
one proposed by Watson (1926). A small bar magnet is hung by two nearly
horizontal quartz fibers from right and left. The end of one quartz fiber is welded
with a small quartz spring. A shunt alloy is used also for temperature compensa-
tion. The schematic sections of the variometers are shown in Figs. Al and A2 of
the Appendix. The theory and experimental results have been reported by Kuboki
(1968).

For the absolute measurement, a universal standard magnetometer and a sine
galvanometer were installed in 1956. Universal standard magnetometer A-56 has a
Helmholtz coil of about 20cm in diameter whose dimensions have been determined
with a precision of 1p Therefore, it can create a known magnetic field at the
center in any given direction by turning round the vertical and horizontal axes. A
search coil at the center finds the direction of the total magnetic field which is the
vector sum of the geomagnetic field and the added field. The geomagnetic field
can be calculated from combination of a few measurements under different fields
of the Helmholtz coil. The sine galvanometer H-56 employs a similar Helmholtz
coil. The absolute accuracy of the A-56 and the H-56 is estimated at 0.57 for
horizontal component H, vertical component Z and total force F and 3” for dec-
lination D and inclination I. These magnetometers have been in operation since
1958.

A vector proton magnetometer (the MO-P) capable of measuring H and Z with
an accuracy of 0.2y (see Appendix) together with F was added in 1963 to determine
the base-line value. Now the routine determination (once a week) of base-line
values is performed by the MO-P for H and Z and by the A-56 for D.

Hourly values or any instantaneous values are hand-scaled on magnetogram.
Their accuracy must be less than those of the absolute measurement such as 0.2 7
or so because of errors due to hand-scaling or base-line stability. On the other
hand recent development of the earth sciences demands more accuracy in the
measurement of geomagnetic field. For example, very small changes in geomagnetic
field are investigated with special reference to earthquake prediction researches.
Quick supply of data in a computer readable form is another urgent request to
magnetic observatories. The observation system of traditional type needs much
time and observer’s labour for it.

Geophys. Mag.
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Kakioka Magnetic Observatory had planned since 1968 to establish a new system
of such magnetic observation that produces more accurate geomagnetic data in
digital form compatible with computer processing with the least possible delay and
would satisfy the recent request from related fields of geophysics.  The new system
was completed in August of 1972.

1.2 Design of a new system for standard magnetic observation at Kakioka

Recent development of electronics is changing the system of magnetic observa-
tion. Electronic devices using atomic or nuclear constant are replacing the classical
instruments such as variometers of suspended bar maénet or magnetic theodolites.
These new electronic magnetometers produce frequency outputs which are propor-
tional to the field intensity, making-automatic data processing possible. The abso-
lute accuracy of the values measured by electronic magnetometers is high when
instruments are designed carefully.

The possible finest time resolution at present is given by optical pumping
magnetometer which indicates the Larmor frequency of alkali metal vapour under
a magnetic field employing the technique of optical pumping (Bloom, 1962). The
frequency is proportional to the field intensity at the absorption cell containing the
vapour, with a possible shift in absolute value due to the cell parameters or circuit
characteristics. Considering the recent request for magnetic observation, the optical
pumping magnetometer is best for the primary sensor to detect the geomagnetic
field, provided that the absolute value determination is carried out in other ways.
The ASMO system proposed by Alldredge (1960) has been employed at some observ-
atories using optical pumping magnetometers. It determines field values in a
discrete time sequence, because each component is measured alternatingly by an
optical pumping magnetometer sensor with bias coils. Future progress in geomagnet-
ism or related fields may need a finer time resolution which can be attained by
the optical pumping magnetometer.

In the new system of Kakioka, four optical pumping magnetometers are provided
for four components of geomagnetic field, Z.e. total force F, horizontal component
H, vertical component Z and a special component Hy in the horizontal plaﬁe
(Section 2.1). Each optical pumping magnetometer is equipped with a set of
Helmholtz coils. According to the bias field of the Helmholtz coil, each sensor of
the magnetometer produces a separate continuous frequency output which is propor-
tional to a component. A time resolution of 0.01 second or better is easily obtained
on a high speed analog record with a high sensitivity.

Digital sampling of the frequency in routine operation is at 3-sec intervals, or
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every second upon request. Digital data is further processed in a data acquisition
system designed for the new system, and an analog recorder monitors the operation
with the normal speed of 20 mm/hour.

The absolute accuracy of the values obtained by optical pumping magneto-
meters is unfoftunately not as good as that of the best instrument at present,
though the shift in absolute value is fairly constant for a short time; hence calibra-
tion is necessary. The interval of the calibration depends on the stability of optical
pumping magnetometers, for which 0.1 yf/week or better is aimed at in the new
system.

Proton magnetometers a;e considered now to be the best instrument for the
absolute determination of the field intensity, though some problems remain (see
Appendix). In order to determine all components of the field by the proton
magnetometer, a rather complicated device is necessary. The geomagnetic field is
divided into components, in general, according to the terrestrial coordinate which
needs determination of true north and horizontal plane. This requires two turning
axes of the instrument as well as a telescope for azimuth determination like a
theodolite. Such a magnetometer theodolitt; of a proton sensor with orthogonal
Helmholtz coil pairs must be complicated when an absolute accuracy of 0.1y is
aimed at for each component. In general a vector proton magnetometer deter-
mines the absolute value only for H and Z.

In the new system, a proton magnetometer is employed for the calibration of
the total force and DI-72, a newly designed instrument (Section 2.7), measures D
and I. The Helmholtz coil of the DI-72 nearly eliminates the total force of the
geomagnetic field at its center. The residual transverse field is detected by a
search coil situated at the center. When the field of the Helmholtz coil coincides
with the reverse direction of the geomagnetic field, the induced AC voltage in the
rotating search coil becomes zero. Thus the direction of the field can be read on
the graduated circles attached to the Helmholtz coil. A telescope is provided at
one end of the horizontal axis to determine the azimuth. The reason why the
direction of the search coil is not read directly in a free field will be described in
the study of the accuracy of the universal magnetometer A-56 in the Appendix.
Details of the DI-72 is given in Section 2.7.

The -vector proton magnetometer MO-P, which has been operated to obtain
H and Z values at Kakioka since 1963, will supplement the calibration in the new
system,

Output signals of the optical pumping magnetometers and the proton magneto-
meter are sent on line to computers of the data acquisition system in the new

Geophys. Mag.
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system. Manual loading of the data is employed for the DI-72. The computer
system processes automatically all data according to suitable programs. Processed
data is stored in the magnetic disc memory, and can be retrieved in any of the
output forms: digital magnetic tape, paper tape and printed table.

External digital data in magnetic tape, paper tape or card can also be read by
the system. A eurve follower and a curve plotter are provided for the input or
output of analog records. Kakiocka Magnetic Observatory operates two branch
observatories: one at the northernmost of Japan, Memambetsu and the other at
the southernmost, Kanoya (Fig. 1), where classical systems are still working.
From analog magnetograms obtained at these observatories, digital values will be
obtained semi-automatically by the curve follower connected to the computer
system. ,

Details of the system instruments will be given in Chapter 2, and the operation
and test results in Chapter 4.

A sizable area free from unwanted noises is necessary for installing the whole
instruments of the system. Though artificial magnetic fields had generally been
very small in the observatory ground, unnecessary old buildings were removed and
a public road that ran through the planned site was eliminated to deny cars access
to the ground. Also, undulation in the ground of the planned site was mostly
eliminated. These modifications of the planned site were completed one year prior
to the installation of our new system in order to allow the disturbed natural
magnetic field of the site to settle.

A group of new houses built on the ground for magnetometer sensgrs are
separated by at least 120m from the control house which contains the main elec-
tronics and the data acquisition system. Highly non-magnetic materials only are
used for the sensor houses which are separated from each other to avoid the
influence of the bias field of the component magnetometer or the polarization field
of the proton magnetometer.

These houses and the ground are described in Chapter 3.

Chapter 2. Instruments of the KASMMER System

2.1 Outline

The new system, which is constructed for standard magnetic observation at
Kakioka according to the design described in the introduction, is called Kakioka
Automatic Standard Magnetometer, KASMMER. The system mainly consists of
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the following three parts:

1. Four optical pumping magnetometers by which total force F, horizontal com-
ponent H, vertical component Z and a special component Hy of the geomagnetic
field are measured continuously.

2. Calibration system which is composed of a proton magnetometer, the DI-72
and two large coil systems.

3. Data acquisition system which is composed of two mini-computers and acces-
sories.

The outline of the KASMMER system is shown in Fig. 2. The D sensor of
the optical pumping magnetometer produces signal frequencies in proportion to Hy
(Fig. 3), not D. The reduction from Hy to D will be described later.

Continuous operation of four optical pumping magnetometers can give a com-
parison between the direct F value and the indirect one calculated from the A and
Z values through the data acquisition system as well as each component value, so
that the condition of the magnetometers also may be monitored continuously.

The sensor of a magnetometer is laid at the center of two orthogonal Helmholtz

Optical Pumping Magnetometer Data
Typewriter

9 Tape Punch

| F Sensor HP Electronics —{;Recordergl
| Monicor Paper Tape
| 4 Channels J.—__—_. Reader
| H Sensor I-—HH Electronics r———_-:% Computer
=8 ——
I e ==

I A Record !
D Sensor D Electronics H r Agnet e Disc
High Speed Memory

High Sensitivity H
2 Channels

Card Reader

Magnetic
Tape Unit

______ — J )
== Control Panel
|—_ .
|
1
|
|

2 Electronics

I Z Sensor

-

Key Board

Large Square Coil

|
!

Proton
Magnetometer

Coll Current I
Source L Curve
- Follower

Dp1-72 —_— - -

Dats on Line
------ Manual Inpuc
= == =Control Signal

Calibration System Data Acquisition System

Fig. 2. Outline of the KASMMER system.
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coil pairs. The component H or Z is ‘measured by elunmatmg the perpendicular
component in the same way as the vector proton magnetometer is operated. The two
coil pairs facilitate many kinds of tests or exchange of the sensor assembly, though
only one coil pair is necessary for the measurement of one component.

There are generally some problems on the measurement of D, because very
small magnetic fields are not adequate for the usual optical pumping magnetometer.
If the horizontal and the vertical components are eliminated from the geomagnetic
field and a constant field of a suitable amount is added perpendicularly to the mean
magnetic meridian, the change of D can be measured around the added field by
the optical pumping magnetometer. However, it is not so easy to limit the change
of the added field within 0.1y or less for a long time. In the D optical pumping
magnetometer of KASMMER, its sensor detects
a force component Hy in the horizontal plane.
The direction of the Hy makes an angle of 60°
eastwards from the mean magnetic meridian (Fig.
3). The perpendicular components, Hzx in the
horizontal plane and Z, are eliminated by using
the two orthogonal Helmholtz coil pairs.

The sensor of the F optical pumping magne-
tometer is laid also at the center of the similar
Helmholtz coil pairs. Usually no bias field is
applied, however the set can act as an ASMO

Fig. 3. Direction of Hy which is  gystem proposed by Alldredge for the measure-
detected by the I) optical pumping

ment of the components when the proper instru-
ments meet trouble.

magnetometer.

Outputs of the optical pumping magnetometers are sent to the data acquisition
system on line as well as to the analog recorders.

These magnetometers are calibrated by the proton magnetometer and the DI-72.
Individual measured values of the calibration instruments may fluctuate more widely
than those of the optical pumping magnetometer, though the former’s mean gives
more exact absolute value than the latter which includes a constant deviation to
be determined by the calibration. In order to reduce the error of the individual
fluctuation, the mean of many calibration measurements has to be used. On the
other hand the natural magnetic field varies during a series of the measurements.
Two ways are taken into consideration for the elimination of the time variation.

One is simply to compare the simultaneous values obtained by the calibration
instruments and the optical pumping magnetometers. The computer system calcu-
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lates the differences and gives their mean values and the error estimation. Another
way is to eliminate the varying magnetic field by a suitable device at the location
of the calibration instrument. A large coil system is provided:for this purpose. It
produces such a magnetic field as the ‘time variation of the geomagnetic field is
cancelled always in its central zone. It is so large that a few observers can operate
the calibration instruments in it. The coil currents are regulated by the outputs of
the optical pumping magnetometer.

The data acquisition system is a computer system including many accessories.
The routine primary data processing gives the seven components, F, H, Z, D, I, X
and Y at every minute. Hourly mean values are calculated from the 60 minute-
values. Digital values of the seven components at any instant are also available.
Further processing is made by putting suitable programs.

Using many kinds of the input and output devices and the attached external
memory, various analyses of the data including external ones can be carried out
for scientific use.

2.2 Optical pumping magnetometer

The optical pumping magnetometer of the KASMMER system employs a
cesium oscillator as the sensing element to produce an output signal whose frequency
is proportional to the magnetic field intensity at the sensor. The cesium sensor is
laid at the center of Helmholtz coil pairs which produce a suitable bias field to
measure a component. The assembly of the sensor and the coils is mounted on a
granite pillar in a sensor house described in Section 3.3. Fig. 4 shows the assem-
blies for H and F. Four sensor houses each containing an assembly for F, H, D or
Z measurement are well separated from each other. The output signals of the
four sensors are sent to the electronics (Fig. 5) located in another house through
coaxial cables in a duct. Fig. 6 shows major units of the four optical pumping
magnetometers and their connection.

Temperature change of the sensor is kept to a minimum to avoid change in
instrument parameter which may cause a shift in the absolute value of magnetic
field. A half of the sensing element is contained in a thermos (Fig. 7), and its
temperature is maintained at 40°C by using a heater and thermistors. Operating
temperature being 60°C, the temperature of the lamp house is controlled separately.
Major parts of the sensor electronics are also contained in thermostat boxes. Thus
the temperature shift in oscillator frequency is mostly eliminated.

The thick line of the blockdnagram shows the main route of the signal. The
frequency of the amplified signal is multxphed by 4. The electromc counter counts

Geophys Mag
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Fig. 4. Sensor of the optical pumping magnetometer with two orthogonal Helmholtz coil
pairs for H (left) and F' (right).

Fig. 5. Electronics of the optical pumping magnetometers and the proton magnetometer and

the control panel.
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Fig. 7. Sensing element of the optical pumping magnetometer.

the multiplied frequency upon command for 1/1.4-sec gate, which is to give directly
the y value of the measured magnetic field in 0.1 y unit. The employed conversion
constant, 1.4 MHz/gauss, comes from the Larmor frequency of Ci3, 350 kHz/gauss,
in a weak magnetic field. In the actual field, the Larmor frequency splits for
different states of the angular momentum, therefore the output frequency of the
cesium oscillator may deviate from 1.4 MHz/gauss depending on the characteristics
of the individual instrument. However the deviation will be approximately con-
stant, provided that the condition of the instrument is unchanged and that the
magnetic field to be measured is not so deviated from the mean value.

The gate command is given from an electronic digital clock of the control panel
at 3-sec intervals in the routine operation. If a finer time resolution of digital data
is desired, the interval can be shortened down to 1 sec. The digital clock displays
days-of-year, hours, minutes and seconds, and generates their BCD form outputs
as well as time signals at intervals of 1 sec, 3 sec, 6 sec, 15 sec, 1 min, 10 min,
30 min, 1 hr, 12 hr and 24 hr for automatic operation of the KASMMER system.
Its crystal oscillator is a very good frequency standard with a stability of 5x
10-'*/day for the room temperature from 0 to 50°C.

Outputs of the counter are sent to the computer in BCD form together with
those of the clock.

The multiplied frequencies are branched to a beat-down unit which consists of
a mixer and a crystal oscillator. Its output frequencies are counted 'rébeatedly by
another counter, whose repeated counts are converted into a contir;ﬁous analog
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voltage through a DA converter. It is recorded on a 4-channel analog recorder
with a speed of 2cm/hour and with a full scale of 500y. This is used as a
monitor.

Another branch extends from the RF amplifier to produce an analog voltage
with finer resolutions in both time and field value. The increment or decrement
of the signal frequency from a gi‘ven constant value is converted into proportional
analog voltage by means of a frequency synthesizer and its accessories. The pro-
portional voltage drives a current adjuster of the large coil system in the calibra-
tion system, and is recorded on a high speed analog recorder with high sensitivity
upon request. Twelve speeds are available between 640 mm/min and 20 mm/hour.
Small variations of 0.03y can be detected over noise as are shown in Chapter 4.

The four optical pumping magnetometers are identical in construction. Be-
cause of different working ranges of the magnetic field for different components
to be measured, the following channels are provided.

F optical pumping magnetometer

46,000 =+ 1,000 F channel

48,500 =+ 1,000 r ASMO channel

55,000 == 1,000 7 AD channel for adjustment
H optical pumping magnetometer

46,000 == 1,000 F channel

30,000 == 1,000 H channel

55,000 + 1,000 y AD channel for adjustment
D optical pumping magnetometer

46,000 == 1,000 F channel

15,000 == 1,000 y Hy channel

55,000 == 1,000 AD channel for adjustment
Z optical pumping magnetometer

46,000 =+ 1,000 y F channel

34,500 = 1,000 y Z channel

55,000 + 1,000 r AD channel for adjustment

The limitation of the range for each channel allows the use of band-pass
filters in the sensor electronics, which increases the signal-to-noise ratio very much.

Each Helmholtz coil pair has to be oriented in a proper direction and its coil
current has to be regulated to give a proper bias field for a specified component
of the geomagnetic field to be measured. The procedure of adjusting the coil
orientation and the current is roughly described for the Z optical pumping magneto-
meter in the following.

Geophys. Mag.
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Two orthogonal Helmholtz coil pairs are mounted on a bed which can be turned
on the vertical axis as described in Section 2.3. The axis of one Helmholtz coil
pair approximately coincides with the vertical turning axis by design, and the
other is approximately in a horizontal plane. Adjusting the level of the Helmholtz
coil pairs, the vertical turning axis is made vertical at first. The horizontal axis
of the Helmholtz coil is roughly alined with the magnetic east-west direction.
Applying a suitable amount of current for the coil positively and then negatively,
the intensity of the vector sum magnetic field is measured through the AD channel
of the optical pumping magnetometer. If there is a difference between the two
values for positive and negative currents, the coil azimuth is re-adjusted until the
difference disappears. Then, the Helmholtz coil pairs are turned 90° on the vertical
axis to place the horizontal axis of the Helmholtz coil in the true magnetic north-
south direction. If southward horizontal component added by thus oriented coil is
exactly twice the horizontal component of the geomagnetic field, the intensity of
the resultant magnetic field should be the same as the total intensity of the geo-
magnetic field. Therefore, by adjusting the coil current, the difference in magnitude
between the total intensity of the resultant field and the geomagnetic field is reduced
to zero. Then, the current is halved. By this procedure, the horizontal component
of the geomagnetic field is nulled and the preparation for Z measurement is com-
pleted. Preparations for the other components are carried out similarly. If the
horizontal axis of the Helmholtz coil is not exactly on the true horizontal plane due
to mechanical construction, an error will occur in the Z values by the vertical
component of the bias field created by the Helmholtz coil. Similarly in the other
components, the parallel component of the bias field, which is produced by a small
deviation of the Helmholtz coil axis from the plane normal to the component to be
measured, will cause a direct error. These can be corrected by averaging two
values measured at 180°-turned positions about the vertical axis in the same way
as the vector proton magnetometer. However, in the continuous operation of the
optical pumping magnetometer, the deviation of the measured values is corrected
using a constant determined by calibration. Therefore, careful considerations are
taken for stability of the fixed coil direction and of the pillar level not to change
their initial values at least from one calibration measurement to the next.

A deviation of the Helmholtz coil field from the proper direction in the plane
perpendicular to the component to be measured influences measurement much less
than the said parallel component does, and can be neglected for practical purposes.
Maladjustment of the coil current may also cause a very small error. Those of
777, 5471 and 837 will cause only for an error of 0.1y in H, Hy or Z value respec-
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tively. More precise adjustment of the coil current can be achieved for a given
instant, however, the time variation of the geomagnetic field will cause the com-
posite field values exceed the limits (77, 54, 83y) afterwards. In order to cancel
the time variation, an auxiliary winding is provided for each of the Helmholtz coils
(Section 2.3).

2.3 Helmholtz coil pairs of the optical pumping magnetometer

The sensing element of the optical pumping magnetometer is laid at the center
of two orthogonal Helmholtz coil pairs. The diameters of the coils are 50 cm and
60cm. The coil pairs are fixed on a bed which can be turned on the vertical axis
with a taper shaft bearing. The azimuth of the coil can be read to 0.1’ from a
graduated circle. A level of 10”-division is also provided. Stability tests have
shown that the fluctuation of the vertical axis is less than a few seconds of arc for
a full turn. This allows an operation, like in absolute measurement by a vector
proton magnetometer, changing the azimuth of the Helmholtz coil. However a fixed
position is employed for the routine operation to obtain continuous data, except the
initial adjustment and occasional checking.

Each Helmholtz coil has two separate windings, main and auxiliary. The main
winding supplies a constant field determined at the initial adjustment, whereas the
auxiliary one cancels the time variation of the natural field. Various factors of the
coils ‘are shown in Table 1. A stabilized current source of 110 mA in full range is

Table 1. Factors of the Helmholtz coil.

™~ Approximate . .
Winding coil diameter Turn Coil constant | DC resistance
mm 7/mA ohm
Helmholtz coil Main 500 360 1079 76.6
I Auxiliary 505 44 130 19.4
Helmholtz coil | Main 600 280 1007 119.4
I Auxiliary 605 44 157 23.3

provided for the main winding. Its four step dials (the last one being at 10 pzA
intervals) and a variable dial of 11 #A in full range facilitate to adjust quickly the
bias current. When the adjustment is completed, all dials are locked. The
fluctuation of the current is less than 4x10-*.for ambient temperature of 15-30°C.
Current is supplied to the auxiliary winding by a variable current source which is
regulated by the output of the optical pumping magnetometer, so that it creates
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the same magnetic field as the varying part of the corresponding component of the
geomagnetic field.

The size and construction of the orthogonal Helmholtz coil pairs are the same
for all magnetometers, whereas their orientations are different from each other as
shown in Table 2.

Table 2. Orientations of the Helmholtz coil.

Magnetometer F
\ (for ASMO) H b z
Helmbholtz coil
I Inclination 0° — 0° 0°
(500mm) " Azimuth 80° - —30° 0°
I Inclination 41° 90° 90° —
600mm) | Azimuth 0° —~ - —

The angle shows the direction of the Helmholtz coil axis, which is perpendicular to
the coil plane passing through the center, referred to the horizontal plane (for the
inclination) and the magnetic meridian (for the azimuth).

The sensing element of the cesium oscillator is mounted on a holder which in
turn is mounted on the bed of the Helmholtz coils (see the photograph in Fig. 4).
The holder can be turned on a vertical axis which nearly coincides with the vertical
axis of the coil bed. The sensing element also can be turned on a horizontal axis
which passes through the center of the Helmholtz coil pairs. Thus the cesium light
beam can be turned towards any direction, keeping the absorption cell at the center.
Usually, 45° is employed for the angle between the light beam and the magnetic
field to be measured. The direction is read to 0.1° from the graduated circles.

2.4 D measurement

The D optical pumping magnetometer gives originally the value of the Hy

component (Fig. 3). Westward declination D is given by

D= D+ AD = cos™* (Hy/H) + D, — 60°
where D, and AD represent the mean and the increment of the westward declina-
tion respectively.

The computer system of KASMMER calculates the digital value of D from
those of Hy and H according to the said equation, provided that D, is given as a
constant determined by calibration measurements. On the other hand, analog
values are composed in a differential amplifier by

AD = C (AH/2 — AHy)
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where AH and AHy are the increments of the corresponding components H and
Hy, respectively, and C is a constant. The analog values of AH and AHy are
given by the DA converters of the H and D optical pumping magnetometers.

The orientation of the Helmholtz coil is shown in Table 2. With Helmholtz
coil I eliminating the Hx component and coil II the Z component, the sensor detects
the Hy component. After the initial adjustment of the coil current, time variations
of the natural field are cancelled by the magnetic field produced by the auxiliary
windings of the coil. The Z component of the auxiliary bias field is controlled by
the output of the Z optical pumping magnetometer. In order to cancel the time
variation of Hx component, it is necessary to know the variation itself. The in-
crement AHz of the Hx component is composed from AH and AHy by another
differential amplifier by

AHz = (1/v/3) (2AH — AHy)
The output of the differential amplifier regulates the variable current source for
the auxiliary winding of Helmholtz coil I, so that the time variation of the Hx
component is cancelled out.
A detailed study on the D measurement by an optical pumping magnetometer
has been reported by Sano (1971).

2.5 ASMO system

The F optical pumping magnetometer usually gives the value of the total
force only. However the attached Helmholtz coil pairs facilitate to operate it in
the ASMO method proposed by Alldredge (1960). Component values obtained by
this method could be substituted for the continuous values of the H, D and Z optical
pumping magnetometers should they meet trouble.

The coil orientation is given in Table 2. Helmholtz coil I .creates a constant

Wy l Em
> I
Fig. 8. Biased field in the ASMO method.
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magnetic field A, westwards first, and then A_ eastwards (Fig. 8). The intensity
of the vector sum of the magnetic field, F.? or F_? is measured by the magneto-
meter as well as F under no bias current. According to Alldredge, westward
declination D is given by
_ (Fy2)2 — (F_O)?
D=Di+555 F~/(F.Py 4 (F_PY—2F:cos ],

where D, and I, are the mean declination and the mean inclination, respectively.
Similarly inclination I is given by

_ (F 1R — (F_1)
I=Ik+ s F iFTY + (P = 25

using Helmholtz coil II.
These components are determined in sequential measurements for F, F.?, F_?,

Y, F_7 and F, in this order.. The computer system handles necessary computa-

tions.

2.6 Proton magnetometer

The proton magnetometer is a part of the calibration system (Fig. 9) of
KASMMER, and determines the absolute value of the total force. Its sensing

J"re-emplif{or Frequency Frequency
Multiplier Counter

............................................ to Computer

)

3
N
r 3
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B e
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o
=

Digital
Current
Adjuster
Current Differencial pd— !
Ad juster Amplifier —r 'ziy
Current from Optical
Adjuster

Pumping Magnetometer
Fig. 9. Outline of the calibration system.

II |
large Coil System I Switeh
—|

element is hung from the ceiling of calibration house 1 (Section 3.4) above the
DI-72 which forms another part of the calibration system (Section 2.7). Materials
of the sensing element have been carefully tested by an astatic magnetometer or an
optical pumping magnetometer to exclude even a slight trace of magnetic substarices,
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because the strong polarizing field may cause an asymmetrical distribution of the
magnetization which may result in a change of the measured value of the total
force (see Appendix). Generated signal is amplified by a preamplifier in the house,
then conveyed over a coaxial cable to the electronic devices in the control house.

The signal frequency is multiplied by 200. An electronic counter counts the
multiplied frequency, giving the digital value in 0.1y unit for 1.17437 sec gate
determined by the gyro-magnetic ratio,

7p = 2.67513 X 10* sec™' gauss™!

The process of polarizing and counting of the generated signal frequency can
be repeated autorhatically at 6-sec intervals besides a manual command. The out-
put of the counter in BCD form is sent to the computer system on line together
with the digital time.

Another sensing element is provided to survey the distribution of the total
force in the calibration house and to watch its secular variation.

2.7 DI.72

The DI-72 is a magnetometer theodolite newly designed for KASMMER to
measure declination D and inclination I, with a Helmholtz coil mounted on a
theodolite and a rotating search coil at its center. The Helmholtz coil creates a

magnetic field Fc whose intensity Fc is approximately
Fe equal to total intensity F of the geomagnetic field F.
Changing the direction of Fc to approach the just
reverse of F, the transverse component AFs of the
vector sum, Fc-+F, is detected by the rotating search
coil whose axis is lying along Fe (Fig. 10). When
. the output AC signal of the search coil becomes zero,
the direction of Fc coincides with that of —F. Using
g this null method, declination D and inclination I of
the geomagnetic field F are measured as the direction
of the Helmholtz coil.

The given Fc¢ may differ from F by a small
quantity AF(=Fc—F), and the direction of the rotation
axis of the search coil also may deflect from F¢ by

a small angle A9 with an azimuth ¢ from the plane
Fig. 10. Transverse fields AFy . . .

which is detected by the including Fr anq T (Fig. 11). Here, A9 is a constant

search coil of the DI-72. determined by the mechanical construction of the coils.

AFs

—
F
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vertical
-—

Fe
A6 rotation axis

of search coil
’Y:]

&

magneticinorth )

—_
F

Fig. 11. Direction of the rotation axis of the search coil.

On the other hand, ¢ may change as the direction of F¢ is changed around that of
—F. When the angle between F¢ and F is #—A#,, intensity of the magnetic field
perpendicular to the rotation axis is given by

aFs = P 0oy — 25 s0.00 cos o + (5 a0’

with small quantity of higher order neglected. The rotation of the search coil
produces an AC electromotive force whose amplitude is proportional to AFs.
Changing the direction of Fc, AFs is brought to zero at

301=§FF.—‘A0 and ¢=0

The null method gives only a small error of second order, (AF/F) A8, in the
direction determination of F.

If AF =100y and A9 =4/, the error is less than 0.01’ for F = 46,0007 which is
approximately the total intensity of the geomagnetic field at Kakioka. The limits
of 1007 and 4’ are easy to attain by the adjustment of the coil current and coil
construction. This method definitely reduces the error caused by the fluctuation of
the rotation axis due to the clearance of the bearing, compared with the direct use
of a rotating search coil to find the field direction.

The diameter of the Helmbholtz coil is approximately 30cm. The 200-turn
winding of copper wire generates a uniform magnetic field of approximately
1200 y/mA in the central zone. With the telescope moved to one .end of..the hori-
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Fig. 12. The DI-72.

zontal shaft of the theodolite, the Helmholtz coil is mounted on the horizontal shaft
like a telescope of a conventional theodolite (Fig. 12). The center of the Helmholtz
coil pair coincides with the center of the theodolite, and the coil plane is parallel
to the horizontal axis. F¢ is created in the direction of the Helmholtz coil axis
which is normal to the coil plane passing through its center.

The dip and declination of the Helmholtz coil axis are read to 1“ by means of
microscopes with optical micrometers, from the vertical and the horizontal circles
graduated to 10’. The mean error of the graduation and the micrometer reading
is estimated at 0.2” or less.

The search coil, a circular coil of 115,000-turn winding and maximum diameter
‘4.4 cm, is located at the center of the Helmholtz coil, supported by a frame which
can be turned independently on the horizontal axis of the Helmholtz coil. The
search coil can be rapidly rotated on an axis lying along a diameter of the coil.
Though the rotation axis of the search coil and the Fec lines rotate independently,
their turning axes are strictly the same, 7. e., the horizontal axis of the Helmholtz
coil. The rotation axis of the search coil can be locked with respect to the Helm-
holtz coil at angles of 0°, 90°, 180° and 270° from the Helmholtz coil axis. Fig. 13
shows the 90° position.
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el

Fig. 13. The Helmholtz coil of the DI-72. Note the mechanisms within.

The search coil is manually driven with a shaft passing through the center of
the horizontal axis and a bevel gear in the frame. The rotation of 10 cycles/sec
generates an AC electromotive force of 1.9 #V under a magnetic field of 1;. At
the outside end of the shaft an on-off contact is provided to generate a synchronized
signal for the trigger of the synchroscope in the signal detector.

All parts of the DI-72 are made of highly non-magnetic materials examined
by an astatic magnetometer or an optical pumping magnetometer. Unwanted
magnetic field is considered to be less than 0.1y at the center.

The AC signals are amplified by a low-noise amplifier which employs opera-
tional amplifier units (Fig. 14). Twin-T filters in the negative feedback circuit

o |

P m/ 13 2-1?" Tnggej [ Synchroscope
T Ll ' i

Fig. 14, Amplifier to detect the signal from the search coil on rotation.

reject noises of 50 Hz coming from commercial power line. The filters’ band-pass
character of around 10 Hz (Fig. 15) permits fluctuations in frequency of manual
rotation, which is generally in a range from 8 to 12 Hz. When the search coil is
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Fig. 15. Frequency response of the amplifier.
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Fig. 16. Synchroscope figure of the search coil signal when FZ' deflects from -F"
by a small angle towards the indicated direction. -- ’
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rotating, the noise from the connected amplifier is only onc:e or twice in a minute
with peak-to-peak amplitudes of less than 0.3 #V corresponding to 0.157. The
noise occurrence being so infrequent, signals of 0.1y or less are easily detected.

Output signals of the amplifier are displayed on a synchroscope. Watching the
synchroscope figure, the observer adjusts the direction of the Helmholtz coil by
means of two tangent screws of the theodolite, one for azimuth and the other for
inclination. The direction of the detected field is known by the phase shift of the
figure relative to the trigger pulse, and the intensity of the field by its amplitude
(Fig. 16). The observer can immediately decide which screw should be turned to
reduce the signal.

The cathode-ray tube of a synchroscope is detached and placed inside calibration
house 1 for easy observation, whereas the rest of the synchroscope is placed outside
with a shelter. The magnetic field caused by the synchroscope is thus reduced to
a negligible amount, less than 0.17, at the place of the magnetometer theodolite.

At the beginning of a measurement, the rotation axis of the search coil is
locked in a position parallel to the Helmholtz coil axis. With no current fed to
the Helmholtz coil, the direction of the rotation axis is changed to coincide approxi-
mately with the geomagnetic field F by detecting the AC signal of the search coil
in a similar way as an earth-inductor. The rotation axis of the search coil being
locked to the Helmhottz coil, the Helmholtz coil axis also comes approximately to
the direction of . And then, the rotation axis is turned 90° or 270° so that it
becomes perpendicular to the Helmholtz coil axis whose direction is held unchanged.
Giving a current to the Helmholtz coil to create a magnetic field F¢ in the reverse
direction of F, the difference Fe—F is detected by the rotation of the search coil
in the perpendicular position. The current is varied until the difference becomes
zero and the current is held at that value, and the rotation axis of the search coil
is returned to the parallel position. Preliminary adjustment thus completed, the
measurements of D and I are ready to be started.

Parallel and perpendicular positions of the rotation axis have mechanically been
predetermined, and the axis can be brought to and locked at a desired position by
a one-touch operation. Orientation error Af for each position is approximately 1.5
which is well below the 4’ limit for the accuracy of 0.01’ or 0.17. On the other
hand the fluctuation of the rotation axis is 5” on rotation, which directly limits the
accuracy of the direction determination when the search coil is used directly under
no current of the Helmholtz coil. The accuracy of 57 itself is better than 0.1’ of
ordinary magnetometer theodolites such as GSI (Tsubokawa 1951 a, b), therefore,
this preliminary adjustment suffices to measure D and I roughly. For the expected
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high accuracy of the KASMMER system, the main procedure starts from this
rough adjustment.

Watching the output signal of the search coil on rotation in the parallel position,
fine adjustment of the Helmholtz coil direction is carried out until the signal reduces
to zero. At the zero signal, the direction of the Helmholtz coil axis gives the
exact direction of the geomagnetic field. The orientation error A8 (=1.5") of the
search coil will not produce an error more than 0.01’, as described above, provided
that AF is less than 1007. It is also clear that difference AF (=Fc—F) is far
below 100y at the.initial adjustment, and that the time variation of F usually will
not exceed 100y .during the period of one series of measurements.

The direction of F¢, which coincides approximately with' the mechanical axis
of the Helmholtz coil, is in general deviated by a small angle from the plane
normal to the horizontal axis which is also in general deviated by another small
angle from the exact horizontal plane. The errors caused by these deviations are
cancelled out by averaging two values measured at 180°-turned positions about the
vertical axis in the same way as in ordinary theodolite operations, except a small
quantity of higher order. Similarly, the error due to a small deflection of the
vertical axis from the exact vertical line is corrected by readings of the attached
levels graduated to 5”/2 mm. ’

Each of the 180°-turned positions of the Helmholtz coil about the vertical axis
is called here Hg (when marked side pointed to east) and Hy (west) respectively.
In each position, measurements are carried out in two rotational senses, R for
right-handed rotation and L for left-handed rotation of the search coil. A set of
four measurements, Z.e.,, R and L for each of Hg and Hy, gives one value for
each of D and I.

The Helmholtz coil can be turned on the horizontal axis. Measurements are
repeated again turning the coil upside-down. The respective positions are Hy
(marked side up) and Hp (down). The rotation axis of the search coil also can be
turned independently on the same horizontal axis, and the measurements are carried
out for both of the positions, Sy and Sp which are similarly defined. The angle
between the Helmholtz coil axis and the rotation axis of the search coil is'0° for
(Hv, Su) and (Hp, Sp), and 180° for (Hy, Sp) and (Hp, Su).

Total combinations of (He or Hw), (R or L), (Hy or Hp) and (Su or Sp) make
up sixteen elements, which form one set of measurements. If there is no systematic
error between the up-down positions of the Helmholtz coil or the rotation axis of
the search coil, a set of measurements will give 4 values for each of D and I.

The 'time variation of the georagnetic field is corrected for each one of the
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16 elements by using the values simultaneously obtained by the optical pumping
magnetometer. Or measurements are carried out with the time variation auto-
matically nulled by the large coil system described below. And the DI-72 is laid
at the center of this large coil system.

2.8 Large coil system

The large coil system located in calibration house 1 is to create a large space
of a constant magnetic field free from the time variation of the natural field. Three
coil pairs, Cu, Cp and Cz, are provided for the three components, H, D and Z, of
the geomagnetic field. Each coil pair consists of two identical 3-m square coils
placed in parallel and 1.632m apart. A series current on the coil pair will produce
a uniform magnetic field in a rather large space around the center. Three coil
pairs form an orthogonal system fixed on a large supporting bed which has three
adjustable legs. Each leg stands on a separate granite pillar (see Fig. 26 of Section
3.4). The azimuth and the level of the coil system are adjusted by the legs at the
initial setting in such a way that the axes of the coil pairs approximately point
magnetic north, magnetic west and downwards, respectively, for Cy, Cp and Cz.
The axis of a coil pair means the normal of the coil planes passing through the
center of both coils.

For each coil pair, current is regulated automatically by the output of the
optical pumping magnetometer so as to create the same magnetic field negatively
as the increment of the corresponding component of the geomagnetic field from
a given constant value.

The magnetic field in the central part of the coil system remains at a constant
throughout the operation. The ratio of the current to the output voltage of the
magnetometer is adjusted initially by the current adjuster (Fig. 9). The computer
system checks the amount of current.

Strictly speaking, the variation in the geomagnetic field can not completely
nulled due to a difference in orientation between this coil system and the optical
pumping magnetometers. In order to reduce the residual field, a secondary winding
of 4 turns is provided for each coil besides the main winding of 20 turns. A
suitable distribution of coil currents will reduce the residual field to zero.

A tall granite pillar mounted on an underground foundation passes through a
large hole in the coil bed (Fig. 26).

Two identical large coil systems are arranged symmetrically in calibration house
1, one to the east and the other to the west. The west system provides a constant
field to calibrate other magnetometers. There is much merit of the coil system
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for the calibration of classical type magnetometers which need much time to com-
plete a single measurement.

2.9 Data acquisition system

All digital data obtained by KASMMER is processed in the data acquisition
system which is a computer system with various accessories (Fig. 17). Two mini-
computers, HITAC-10, are employed for the calculation. A magnetic disc memory
of 650 kW supplements the core memory of 16 bits, 8 kW in each computer.

T(from Digital Clock) Paper Tape Reader

|

F.H.Hy.2 Comput
(from OPM) 10 Controller L |~ | (HLEacf:O)l Tape Punch
"
Fp(from Protoq_:'" § Heavy-duty
Hagnetom} tér) . Typewriter

~
Control Signal Magnetic Wigh-spoed
(from Control Panel) Disc Memory Paper Tape Reader

Computer 2
—  (aitac-10)

Tape Punch

JT

=

10 Controller 2 Typewriter

|

Card Reader
1ik _'I Controller H Card Reader

D,I (from DI1-72) Magnetic Tape __'"1 Ry Board
Coil Current | Unit

|
|

(from Calibration System)

ermsemsssmsims ] Cupve Follower

Fig. 17. Blockdiagram of the data acquisition system.

A paper tape reader, a tape punch and a heavy-duty typewriter are attached
to computer 1 which calculates routine data. Processed data of the seven com-
ponents of the geomagnetic field, F, H, Z, D, I, X and Y is initially stored in the
disc memory and typed out pericdically.

Computer 2 calculates calibration data, and is used also for nonperiodical pro-
cessings. A high-speed paper tape reader, a tape punch, a data typewriter, a card
reader, a digital magnetic tape unit, a curve plotter and a curve follower are
attached to computer 2. The card reader reads 80-column cards at a speed of
400 cards/sec. The digital magnetic tape unit contains a kéy board as well as two
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tape decks for recording and reading. Routine data is transferred to 9-track digital
magnetic tape through computer 2 before the over-flow of the disc memory occurs.
The tape width and the reel diameter are 1/2 and 8% inches respectively. Direct
manual data input to the magnetic tape is performed by the key board with facili-
ties for typing, checking and correcting for any specified parts of the tape. Two
tape decks make it easy to get a copy of the magnetic tape.

The curve plotter (X-Y plotter WX 535, Fig. 18) writes figures or analog
records according to the input pulses given by computer 2. A suitable interface

Fig. 18. Curve plotter.

is provided to connect with the computer as well as a subroutine assembler. On
the other hand, the curve follower semi-automatically digitizes analog records. Co-
ordinates of a curve are digitized automatically in 0.1 mm unit when the attached
tracer follows the curve of the record paper mounted on the deck of the instrument
(Fig. 19). The tracer is driven along abscissa by one of the three ways: manually,
and automatically at constant speed or in steps changeable from 0.2 to 10 mm.

Fig. 19. Curve follower.
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When the tracer is automatically- driven along the abscissa, the tracer is to be
manipulated along the ordinate only.

Chapter 3. Observation Houses

3.1 General layout of the ground and houses for the KASMMER

When planning. geomagnetic observation of a high accuracy, careful considera-
tion has to be given to the construction of houses in which magnetometer sensors
are installed. The houses have to be made of highly non-magnetic materials, and
have to be built in a magnetically undisturbed area free from artificial fields.

The sensor assembly of the component optical pumping magnetometer produces
an external artificial magnetic field with its Helmholtz coil. The polarizing field
of the proton magnetometer also disturbes the natural magnetic field in its surround-
ings. Each sensor has to be separated by a good distance to detect the natural
field. This requires a rather wide ground to allocate all the sensors.

Kakioka Magnetic Observatory had not have sufficiently wide vacant area free
from artificial disturbances when the KASMMER plan was conceived. A new site
was prepared in the southern half of the observatory ground (Fig. 20). A few old
houses in the area were removed and the lower eastern half of the site is filled
with the earth from the higher western half.

The newly prepared ground, approximately 13,000 m?, is flat, with a slight
northward slope for drainage. The east side and south side are bounded by low-
lying farm fields with a drop of 10 m at maximum. The other sides are joined
naturally to the undulating land except a small drop near the southwest corner.

Magnetic surveys carried out before and after the construction of the new
ground show a remarkable improvement in distribution of magnetic anomalies
(Section 3.6). Even if the magnetic anomaly is of natural origin, it is better to
avoid it to locate the magnetometer sensor. Because, it may cause an unwanted
local secular variation. In the central part of the new ground, the gradient of the
natural magnetic field is small as is seen in Fig. 29 of Section 3.6. New sensor
houses of the KASMMER system were built in the central part (Fig. 20).

The sensor houses have been built of highly non-magnetic materials. The
magnetism of all.materials was measured by an astatic magnetometer or an optical
pumping magnetometer, and niagnetic materials were all rejected. Even steel pins
or springs in hinges or in locks were replaced by non-magnetic metals. Thus the
resultant distortion of the natural field is less than 0.17. ‘

Geophys. Mag.
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KASMMER Houses :
1-8 (shaded)

Calibration House 1

Sensor House for F, OF

Sensor House for Z, OZ

Sensor House for D, OD

Sensor House for H, OH

Calibration House 2

Test House

Measuring House

-16. Offices and Annexes

17. Workshop

18-19. Laboratories

20. Staff Office

21-33. Houses for Classical System
of Magnetic Observation

PP NS e W N

and Geoelectric Observation
S. Residence

10 20 30m

Fig. 20. Ground and houses of Kakioka Magnetic Observatory.

On the other hand, the construction of a pillar, on which the instrument is laid,
inevitably causes a slight distortion in the natural field. Because, some soil has to
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be removed to construct the foundation. The magnetic susceptibility of the soil in
the site is, generally, 0.6~1 x10~*emu/cm®. The pillar makes a maghetically hollow
space in the uniform soil.

In order to get high stability of the pillar, its underground part has to be large.
For the sensor of the component magnetometer, a change in pillar inclination
directly causes a change in measured value (Section 2.2). A bigger foundation is
better on this point. However it inevitably results in a considerable distortion of
the natural field at the sensor. The field distortion might be constant for a long
time, giving no trouble in the geomagnetic observation. Nevertheless it is clearly
better to reduce such distortion.

If the underground part of the pillar is made of some material whose magnetic
susce;itibility is the same as that of the soil, the field will not be distorted at the
initial time, But, the magnetism of the material might change afterwards, causing
a local secular variation. This method is not employed in the KASMMER system,
because the use of unnatural substances with magnetism bears much uncertainty.

With a taller pillar, the distortion of the field may be smaller at the sensor
laid on the pillar. However, the stability requirement demands a larger foundation
which makes the magnetically hollow space larger. For the component optical
pumping magnetometer, the pillar’s stability is regarded as of greater importance
than the field distortion. Shorter fluctuations of the pillar inclination, such as
diurnal variation, has to be avoided, because there are no means of correction in
the routine operation. The change in the field distortion, if any, is considered to
be slow, and it can be corrected by periodical calibration measurements.

For the pillar of the calibration instrument on the other hand, the reduction
of the field distortion is more important. A slight change in the pillar inclination,
if it occurs, can be adjusted by the instrumental level or corrected by level readings
whereas a change in the field distortion cannot be separated from the natural
secular variation in the geomagnetic field. Details of the pillar will be shown in
the later sections. ‘

Heat insulating materials are used for the sensor houses to reduce the rapid
change in room temperature. The sensor house of the calibration instruments is
air-conditioned because the DI-72 has to be operated within 20°+5°C and preserved
within 20°+10°C to keep its precision.

All equipments having magnetism, such as main electronics, recorders and data
acquisition system, are located in a building (control house) constructed near the staff
office (Fig. 20). It is separated approximately 120 m from the nearest sensor house.
The operation of the KASMMER system is controlled from this control house,
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3.2 Arrangement of sensor houses

The locations of the sensor houses are decided considering the following points:

1) Along the south and east boundaries of the new ground, there is a small road
through which small cars can run, though the car traffic is rare.

2) Local magnetic anomalies are rather intense along the boundary due to
undulation and buildings outside the ground.

3) To assure better stability of the pillar, it is better to construct the sensor
house on the ground where surface soil was merely removed, with the subsoil
undisturbed.

4) The sensor of the proton magnetometer produces a magnetic field which
extends over a rather wide area.

5) The Helmholtz coil of the component optical pumping magnetometer also
generates a magnetic field around it.

Considering 1)—3), all sensor houses have to be built in the central zone of the
ground. And, 4) and 5) require sufficient separation among sensor houses.

The polarizing field of the proton magnetometer is perpendicular to the magnetic
meridian plane at the sensor. Its magnetic moment M, produces a magnetic field:

AH, = 3 (M,/r®)sin ¢ cos ¢

AHy, = (M,[r*) {(~/3]2) (3 sin0—1) + (3/2) sin ¢ cos ¢}

AZ,=0

AF, = 3 (M,[r®)sin ¢ cos o cos [
at a distance » and an azimuth ¢ measured from the magnetic north in the same
horizontal plane (Fig. 21), where AH,, AHy,, AZ, and AF, are the components
along H, Hy, Z and F, respectively, and I is the inclination of the geomagnetic
field. Subscript p signifies the effect due to the proton magnetometer.

Similarly the vertical magnetic moment My
of the Helmholtz coil of the H optical pumping
magnetometer generates the effect,

AHy =0
AHyy =0
AZy = Mylr?

AFy = (M,/r”) sinf Em
Mp

Fig. 21. Distance 7 from magnetic

Nm

? r

where the notations are the same as the previous
ones for the proton magnetometer except subscript moment M, and azimuth ¢ from
H which signifies the source magnetometer. Using the magnetic meridian plane.
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similar notations again, the effect of the Z optical pumping magnetometer is given
by ‘ { ‘
AHz =— (Mz{r?) (3 cos? p—1)
AHyz =— (Ma]r®) {(1/2) (3 cos? 9—1) + (34/3]2) sin ¢ cos ¢}
AZz=0
AFz =— (Mg/r®) (3 cos® p—1) cos I
The D optical pumping magnetometer utilizes two Helmholtz coils whose magnetic
moments are Mp, for the vertical one and My, for the horizontal one. The magnetic
field produced by the moments is given by
AHp = (v/3]2) (Mps/r®) {3 sin (p—60°) cos ¢ + (v/3/2)}
AZp = Mp,/r?,
AFp = (Mpy/r®) sin I + (V' 3]2) (Mpz/r®) cos I{3 sin(p—60°) cos (¢ + (v/3]2)}

The magnetic moments, M,, My, Hz, Mp, (=My) and Mp. are 14.8, 6.60,
3.28, 6.60 and 2.84 x10® oerstede.cm?® respectively.

Relative locations of the sensor houses are determined so as to make the
calculated effects of other sensors less than 0.1y. In Fig. 20, OH, OD, OZ and
OF{are the sensor houses for the H, D, Z and F optical pumping magnetometers
respectively. Calibration house 1 contains the sensor of the proton magnetometer,
the}DI-72 and two large coil systems, whereas calibration house 2 is provided for

Magnetic North

+

Calibration
House 2

.

Calibration

Fig. 22. Contours of 0.1y for the Hy component of thé disturbance fields produced by
the{magnetic moment Mp, Mz and My’. The D.optical pumping magnetometer,
laid in the OD house to detect the Hy component of the“ natural field, is clearly
outside of their influence. » A .

Geophy;. Még.
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the calibration of such magnetometers that may produce external magnetic fields.
Examples of the 0.1 y-contour line are shown in Fig. 22 for the Hy component
produced by moments M, and Mz M, of calibration house 2 expresses the case
that a similar proton magnetometer is laid in the house tc be calibrated.

Fig. 23. Sensor houses of the KASMMER system viewed from the north.

Fig. 23 shows the view of the sensor houses seen from: the north. Two small
houses seen in the photograph are annexes to the sensor houses. The test house
(not shown in the photograph) houses an astatic magnetometer and an optical
pumping magnetometer for the measurement of material magnetism.

3.3 Sensor houses for the optical pumping magnetometer

The sensor houses, OH, OD, OZ and OF have the same¢ structure mainly made
of non-magnetic concrete blocks reinforced by brass rods. A house occupies ap-
proximately 11 m?, with a granite pillar at its center (Fig. 24).

fasilin v
a0
22TV O
l $ |
Magnetic 345
North unit:cm

Fig. 24. Plan of sensor house OH, OD, OZ or OF.
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The non-magnetic concrete block is made of white cement and small pieces of
crushed granite of various sizes. The ‘‘Inadaishi’’, the commercial name of the
granite produced at Inada near Kakioka, is a good building material with good
non-magnetic properties. After testing samples from many stone pits at Inada, the
most favorable pit was chosen to take the material for the houses and pillars.
The magnetic susceptibility of the granite taken from the pit is 3x10-% emu/cm?
at the most.

Instead of ordinary sands, gravels, and cements which include magnetic sub-
stances, fine and small pieces of granite and white cements are used to make
concrete for the houses.

For the roof of the house, aluminium plates are used. Heat insulating materials
are pasted onto concrete block walls, floor and ceiling. The outside of the wall is
covered with aluminium sidings which contain heat-insulating glass wool.

The pillar’s section is right octagon of 60cm in diameter. The length of the
pillars in houses OH, OD and OZ is 2.8 m of which nearly half is buried in the
ground (Fig. 25). Its bottom is fixed on the octagonal non-magnetic concrete
foundation reinforced by brass rods.
The underground part of the pillar and
the foundation form a magnetically
hollow space which distorts the natural
_}~Granite field above the ground. The distortion
is estimated at a few gammas at the
center of the magnetometer sensor (point
S ) O in Fig. 25).

Non-magnetic The pillar in the house OF is laid
Concrete on a foundation constructed just on the
ground surface. As no soil is removed,
| Broken Cranite there is no distortion in the natural
220- field around the pillar. The F optical
200 pumping magnetometer is used for the
measurement of the total force except
in the ASMO operation. A slight change
in the pillar inclination, which might
be caused by such a simple foundation,
is no.trouble for the routine operation

uaiticm of total force measurement.

Fig. 25. Pillar in sensor house OH, OD, or OZ. Two different structures of the

0 VCenL'er of Sensor

|

[~ 60 =
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pillars will give a possibility to examine the very local secular variation around
the pillars.

3.4 Calibration house 1

Calibration house 1 is a tall rectangular non-magnetic house whose plan and
vertical section are shown in Fig. 26. The lower part (up to 1.6 m from the
ground) of the side wall is made of non-magnetic concrete reinforced by brass rods.
On this, non-magnetic concrete blocks are laid up to a height of 5.6 m from the
ground, reinforced by brass rods. The structures of its wall, ceiling and roof are
almost the same as the sensor houses for the optical pumping magnetometer except
for a part of the south wall. This part was initially an opening for carrying the

240 —

Il
HTHIIT

p—— 295 ——f

—
al
a
O
ol
0
30

20011107

e
)
®

C
™
'~
)]
80

580
O
O
¢

290

|
m

-
2
-
i
Magnetic f— 180—+{ : .
North 980 i 200—] unit : co

Fig. 26. Plan and vertical section of calibration house 1.
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Jarge coil -systems ‘into the' house, ‘and ‘then closed- by a wooden structure with
similar covers as the other part. ‘ -

The front door and four windows are set in the north wall; higher two windows
are for the observation of the Polaris and lower two for the azimuth mark. Each
-of two large coil isystems stands on three separate Inadaishi pillars (Fig. 26). A
tall Inadaishi pillar is provided for installation of an instrument at the center of
the coil system. Approximate dimensions of the pillars and foundations are shown
in Fig. 26., The size of each foundation is a minimum for supporting the weight
of the coil system and pillars with sufficient stability. This is because the field
distortion has to be kept to a minimum as is described in Section 3.1. Thus, the
distortion is estimated at less than a few gammas at the center of the coil system.

A second floor, 1.6 m high from the ground, gives easy access to the instrument
laid at the center of the large coil' system. The floor is mechanically insulated
from the pillars and the coil system.

The DI-72 is laid at the center of the large coil system in the east side. The
sensor of the proton magnetometer is hung from the ceiling over the DI-72.

Without an air-conditioner, the room temperature may exceed the limits for
the DI-72 in hot and cold seasons, though the heat-insulating structure of the house
slows down rapid changes. For the cold season, fifteen infrared lamps of 500 W
are attached under the second floor. The nickel stem of the lamp is replaced by
non-magnetic molybdenum. On-off of the lamps is automatically controlled by a
thermostat. One-third of the total power, 2.5kW, is sufficient to maintain the
room temperature at 20°C during the cold season.

In a very hot season, a cooler is carried into the lean-to on the west side of
the house. Running along the wall, the cool-air duct opens up near the ceiling.

A three-wheeled cart and 50 m-long track are provided for moving the cooler
to a shelter at the end of the track when a magnetometer is operated. By the
heat-insulating structure of the house, the room temperatui'e is maintained well
below the imposed temperature limit during the period of caljbration measurement.

3.5 Other houses

Calibration house 2 ,

This house is used:_ for the calibration of such magnetometers that may disturb
the measurement by the KASMMER instruments  if operated in the west half of
calibration house 1. ,For example, a proton magnetometer produces an intense
external magnetic field at the time of polarizing, and then, it disturbs the operation
of the KASMMER proton magnetometer: or the DI-72 if their parallel measure-
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ments are carried out in the same house. Placed in calibration house 2; its pdlaﬁz-
ing field will not disturb any sensor of the KASMMER system as is shown in Fig.
22. With floor space of abproximately 21 m?, the structure of the house is very
similar to the sensor houses except three windows provided for the observation of
the Polaris and the azimuth marks.

Two Inadaishi pillars stand on a non-magnetic concrete foundation which is
constructed just on the ground surface in the house. Distortion in the natural field
around the pillars is negligible. A portable Optik;al pumping magnetometer is laid
on a pillar for ready use. .

Test house

This is a non-magnetic house of 9m? with a basement. An astatic magneto-
meter is installed in a very deep niche in the basement, and an optical pumping
magnetometer is laid on the ground-level floor. The sensor of the optical pumping
magnetometer can be carried out from the house to examine extra-long or large
materials outdoors.

Control house ‘ _

This is made of concrete blocks. Fig. 27 shows the plan of the house and
the arrangement of the KASMMER instruments in it.

1105
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Fig. 27. Control house. (unit: cm)
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3.6 Magnetic survey

Before the construction of the new ground, the distribution of the magnetic
field was surveyed by Ochi (1970). During the period from October to December

Fig. 28. Distribution of total force F' in 1968 reproduced from Ochi’s report. Contour lines
are drawn at 107 intervals. The figure attached to the contour line indicates the difference
(in 7) from the value at the location of the routine absolute instrument.
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1968, he measured total force F by a portable proton magnetometer at 10 m inter-
vals, and declination D and dip I by a first-order GSI magnetometer at 20 m inter-
vals. The distribution of F is reproduced in Fig. 28 which shows a rather
complicated distribution due to the ground undulation and presence of buildings.
Even in the central part, the gradient of the magnetic field exceeds 1 y/m.

After the construction of the new ground in the summer of 1970, second

Fig. 29. Distribution of total force F in 1970 reproduced from Kurihara's report. Contour
lines are drawn at 107 intervals. The figure attached to the contour line indicates the
difference (in 7) from the value at the location of the routine absolute instrument.
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magnetic survey was conducted by Kurihara (1972). The same magnetometers
were used again. All measurements were carried out at 10m intervals. The
distribution of F is similarly reproduced in Fig. 29. Anomality in distribution
pattern has been much reduced, at least in the central part of the ground. The
locations of the sensor houses of the KASMMER system are shown by dotted
rectangular figures, though they had not been built yet when the survey was
carried out except the test house. Along the boundary of the new ground, anoma-
lies still exist due to old buildings on the outside or the drop of level between
the new ground and the low-lying farm fields. As is seen in the figure the
influence of the boundary anomalies seems not to extend to the central part where
the new sensor houses are built.

The same magnetic survey will be repeated periodically in future in order to
watch the slow change in the distribution of the magnetic field.

Chapter 4. Operation and Test Result

4.1 Present state of KASMMER operation

Though the KASMMER system is very versatile, only routine observations
and related tests have been carried out as of December 1972 since the installation
in August 1972, Particularly the data acquisition system has been used only for
primary data processing, though it facilitates calculation of data for further
scientific analyses. Many programs are under preparation. The large coil system
too has not been used yet. The following sections of this chapter will give the
results on the routine operation and related tests. These are generally considered
to be satisfactory.

4.2 Primary data processing for continuous operation of the optical pumping
magnetometers

The BCD form outputs of the continuously operated four optical pumping
magnetometers are sent to the computer system on line at 3-sec intervals. In
routine operation, minute-values sampled at 00 second only are processed. The
program of the primary data processing for the minute-value is as follows.

1) Judged from the apparent rate of change in the minute-value, very

abnormal values are rejected.

2) Corrections of the instrumental parameters and the location differences,

which are given by the calibration measurement and storéd_ in the computer

_ Geophys. Mag.
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memory, are added to the raw data of F, H, Hy and Z.
3) Other components, D, I, X and Y, are calculated from the corrected values
of F, H, Hy and Z, as well as a stability factor A by the following

equations:

D = cos™! (Hy/H) + Dy—60"

* MAI SEI FUN CHI LISTING:

MONTHz 12
DAY: 03

OUR: 01

MINUTE: 00 - 59

KAKIOKA

GEQMAGNETIC DATA

H= 29600.0 Z= 34200.0 Dz 6. I= 49 X=
H z 1] 1

OLHOOM 454.1
OLHOI M 494.3
OlHO2M 494.4
OIHO3 M 494.4
01 H0AM 494.3
OLHOSM 454.6
OlHO6M 454.8
OLKO7M 494.8
O1HOBM 494.8
01HO9 ¥ 494.9
OlHIOM 495.1
OlHI I M 495.2
OlHI2M 495.3
OlHI3M 495.4
OlHL AN 495.6
OIHISM 495.7
OIRI6M 495.7
OLHITM 495.7
OIKI8M 495.7
OlR19M 495.7
01 H20M 495 .7
Ol H21 M 495.6
Ol H22M 495.7
OtH23 M 495.3
Ol H24M 495.5
OlH25M 495.4
OLH26M 495.3
OlH27M 495.2
O1H28M 495.5
OLH29M 495.7
OLH30M 496.1
OlH3 I M 496.4
OlH32H 456.8
OlH33 M 496.9
O1H34M 496.6
OIH35H 496.6
OLH36M 496.5
OlH3 TM 496.6
Ol H38M 456.8
OlH39M 497.0
01 H40M 497.1
OLHAL N 497.1
0lHA2M 457.2
OlHA3 M 457.1
Ol H44M 497.1
0lHAS M 457.}
OLHAG6M 497.4
OLHATM 497.2
OlHA8M 497.2
O01HASM 497.4
GLH50M 497.4
OLH51 14 497.6
OLH52M 497.7
OIH53 M 497.7
OlH54M 497.8
QlHSSH 497.9
QLH56M 498.1
OLH57M 498.1
QlH58M 498.2
CIH59M 498.2
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412.0 21.4

412.5 21.44
412,6 21,44
412.0 21.43
412.0 21.45

413.2  21.63
413.2 21,63
412.7  21.65
412.9 2]1.68
412.8  21.70
413.2 21,71
413.4 21,74
413.3  21.76
413.7 21,77
413.4 21.78
413.6 21.81
413.2  21.81
413.2  21.84
413.1 2].86
413.5  21.88
413.4 21,50
413.4 21.91
413.5 21.91
413.8  21.92
414.1 21.93
413.6 - 21.92
Al4.1 21.95
4l4.1 21.98
413.9 21,98
4314.4 22,01
414,0 22,02
413.8 22,03

Fig. 30. Hourly

«0.391
-0.398
-0.421
=0,401
-0.404
=0.421
=0.441
-0.421
-0.428
-0.412
~0.431
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-0.435
-0.455
-0,439
-0.432
0,452
-0.458
~0.432
=0.,445
-0.442

DEC. 05. 1972
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43
432.4

435.8
436.1
436.3
436.5
436.6
436.7
436,7
436.9
436.9
436,8
43 7.1
437.4
437.4
437.7
a37.17
437.9

465.1
465.3
465.1
465.4
465.2
465.4
465.4
465.7
465.6
466.0
466.0
466,.1
466.5
466.4
466.4
466.8
466.9
466.6
466,5
466,9
466.7
466.6
466.5
466.8
466.4
466.6
466.2
466,2
466.3
466.7
467,2
467.6
467.8
468.2
468.0
467,7
467.8
467.7
468,.2
468.5
468.4
468.7
468.5
468.6
468.4
468.4
468.3
468.6
468.6
468.7
468.8
469.1
469,4
469,.0

469,4.

4695.5
469.5
469.9
469.7
469.5

table of the minute-values.

-0.162
0.157
=-0.132
=0.134
0,208
-0,1%0
-0,085
=-0.097
0.053
~0.089
-0.069
0,064
0.097
-0.052
0,148
=0.191
=-0,166
0,085
=0,114
-0,091
-0,065
0.076
0.061

W
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I =cos~! (HIF)
X=HcosD
Y= HsinD

A=F -vVH+Z?

where D, is a constant determined by calibration.
If any one of thus calculated components changes exceeding a given limit
compared with the immediately preceding value, or if A exceeds a given
limit, a special mark is attached to the value and an alarm lamp lights

in the staff office.

Minute-values of H, Z, D, I, X, Y, F and A are stored in the magnetic
disc memory.
Hourly mean values are calculated from minute-values and stored in the

same memory.
Hourly table of the minute-value and daily table of the hourly mean value
are typed out by the data typewriter.

MAL J}OCHI LISTING:

MONTH:
DAY: 08
KAKICKA
H=
H z D
Ol 465,2 412.8 19,93
02 466.1 414,6 21.19
G 480.2 420,1 22,91
04 496,2 427,3 24,77
B 506.6 433,.8 25,24
0§ 508.4 433.7 24,06
07 504.8 431.5 22,52
08 499%.2 426.7 21.80
09 4%4.6 426.9 22,00
10 494.,7 431.2 22,06
11 495,0 432,5 22,10
12 493.9 432.6 22,21
13 494.1 433.4 22,23
14 494.9 434,10 22,10
15 495.7 434,4 21.92
16 495.3 434.2 21.79
1T 496.3 434.8 21.44
18 497.0 435.3 21,25
19 498.1 436.4 21.37
20 498.5 435.2 21,22
21 502.3 435.9 21,01
22 504.2 435.0 20,57
23 499.5 428.6 19.76
24 451.5 420.9 19.06
Fig. 31.

GEOMAGNETIC DATA

1
1.321
1.356
0,830
0.271
0.006

~0.105
-0,005
0.076
0,350
0.554
0.602
0,668
0,701
0,689
0.654
0.672
0.645
0.627
0.616
0,537
04355
0.208
0.157
0,237

X
481.8
481.5
493.8
507.9
517,7
520.7
518.6
513.8
509.0
509.1
509.3
508.1
508.2
509.2
510.2
509.9
511.2
512.1
513.1
513.7
517.6

519.9

S516.1
508,7

Y
415.9
4217.0
443 .5
461.5
466.7
456.7
442.8
436.0
437.2
437.8
438.2
438.9
439.1
438.1
436.6
43545
432.5
430,9
432.1
430.9
429,.4
425.8
418.3
411.3

0CT, 08. 1972

F
447,2
449,1
462.5
478.4
490.1
491.2
487.3
480.0
477,1
480.4
481.6
481.0
481,7
482.8
483 .4
483.1
484.2
485.0
486.6
486.0
489.0
489.6
481,.7
470.6

Daily table of the hourly mean values.

A

[~ XXX X=X - YN Y XYY XXX -F-Y-¥-X-F-F-Y-X-}

)
DREEREEEEEREEXR

—00000000O00O0OO0DOO0OO0O~~000

. o o

29600.0 Z= 34200.0 D= 6. I= 49 Xz 29400.0 Y= 2500,0 F= 45400,0
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Figs. 30 and 31 show copies of an hourly table and a daily table, respectively.
The force components H, Z, X, Y, F and A are expressed in y, whereas angles D
and I are in minute of arc. The constants given in the head line should be added
to the values shown below. ‘MAI SEI FUN CHI” in the head title means the
minute-value, and ““MAI JI CHI" the hourly mean value. L and M in the daily
table express the numbers of alarms issued for abnormal value of the components
and for that of A, respectively, whereas N is the number of the minute-value
adopted for the respective one hour. Data is stored in the disc memory in the
same format for 8 hours for the hourly table and for 3 months for the daily table.
They can be transferred to digital magnetic tape upon command.

The analog recorder continuously records analog outputs of four components,
F, H, D and Z, monitoring the operation of optical pumping magnetometers.
The D component is composed directly from the analog signals of H and Hy
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Fig. 32. Analog record of the KASMMER system with normal speed for a monitor (upper),
and normal magnetogram of the bar-magnet variometers (lower).

Vol. 36, No. 4, 1973



262 K. YANAGIHARA, M, KAWAMURA, Y. SANO and T. KUBOKI

through the differential amplifier (Fig. 6). Fig. 32 shows a part of the analog
record for a day, together with the normal magnetogram of the bar-magnet
variometers on the same day. High speed and high sensitivity record is available
from another recorder. An example is shown in Fig. 33 for the H component.
Small irregular fluctuations of about 0.037 may include both the instrumental
noise and artificial disturbances caused probably by the electric railways near
Tokyo. They cannot be separated from each other on the record. This means
also that neither noise exceeds 0.03 7.

KAK!OKA Dec 1 1972 _
P Ut MW o e

| M'"F whi
H Qﬂ WWMW .
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o:.h'asm 324 Tl 1 36 37 38m UT

Fig. 33. High speed analog record of the KASMMER system for I,

4.3 Accuracy of the optical pumping magnetometer and continuous operation
of the proton magnetometer

First step in estimating the accuracy of the optical pumping magnetometer
is to compare the measured F value with ~/H*+Z%. The difference,

1972,
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Fig. 3. Difference between the total force values obtained in different ways. F: by F
optical pumping magnetometer, Fp: by proton magnetometer, VI2+2Z%: by H and Z
optical pumping magnetometers.
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A=F—-~H?*3Z%, is calculated in the primary data processing. Time variations
of A are shown in Fig. 34 for 10 days. The occurrence frequency of the A value
is given in Fig. 35 for 1440 minute-values. Instrumental parameters used in the
primary data processing are unchanged for the whole period.

300
F F-Fp
| total number:1440

200

0
-0 -08 -06 -0z -02 00 02 o0 0 08 107

s0or” total
A=F-[HEZ2 nt_.lmber
400 r . "“0 400
200~ 200
-0z -0‘2 w a2 o;.’ 0
150F Fy-F total 'O F;-F total
number number
:360 1360
100 100
50 50

\ ) ol \ .
-4 -02 00 02 0  -04 -02 00 02 o&f

Fig. 35. Frequency distribution of the difference between the minute-values of the
total force. F': by F optical pumping magnetometer, Fp: by proton magnetometer,
VE?XZ%: by H and Z optical pumping magnetometers, Fp, Fa, and Fz: by
D, H and Z optical pumping magnetometers, respectively, under no bias current.

As the figures show, almost all the A values are less than 0.1y. This natu-
rally leads us to consider that the real parameters of the three optical pumping
magnetometers are unchanged, at least for the 10 days, and that the fluctuation
in individual measured values is also less than 0.1y. Because it is improbable
that the three independent optical pumping magnetometers cause large independent
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fluctuations in measured values satisfying the condition that the difference A be
always nearly zero. A very remote possibility is that the three magnetometers
cause such a parallel flow in measured valués that results in A=0. To examine
if our instruments have behaved in such a manner, the F value has to be compared
with total force F, simultaneously measured by the proton magnetometer.

The proton magnetometer can be operated automatically at intervals of 6-sec
or a minute. Outputs in BCD form are sent to the computer system on line to
calculate difference F—F,. Hourly mean values of F—F, are shown in Fig. 34
for the same 10 days, together with minute-values for a part of the 10 days. In
the period of the blank shown by asterisk, other tests of the system were carried
out instead of the F—F, test. Frequency distribution of the difference value is
also shown at the top of Fig. 35. '

As the top row of Fig. 34 shows, difference F'—F, is so constant during the
period that the said possibility of the flow in F has to be discarded. Accordingly
the flow in H or Z does not exist either. Considering the results of F—F, and
F—~H?1Z%, the three optical pumping magnetometers for F, H and Z give
satisfactory data with an accuracy of 0.1y or so. This means also that the
technique of the bias field is good for measuring the components,

The occurrence frequency of F—F, shown in Fig. 35 distributes over a wider
range than A. This must be due to the fluctuation in individual measured values
of F,. The optical pumping magnetometer will give a more correct value for an
instant field, provided that its instrumental parameter is determined by calibration.
Considering the wider fluctuation of F,, many simultaneous measurements of F

Sep.5 1972
2 v
Fu-F 0 o - SEuen Sty i
-2
) . Sep.5 1972
Fz -F 0 o - g . S
-2
Aug.19 ) 1972
2 T
0 -
FD -F "2 '
Oh 1h 2h 3h 4hUT.

Fig. 36. Difference between the minute-values of the total force F (obtained by the F optical
pumping magnetometer) and Fiyr, Fz or Fp (obtained by respective component optical pumping
magnetometers under no bias current).
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and F, have to be carried out for calibration.

The accuracy of the measured values of D or Hy is hardly estimated in the
same way. Then, total force Fp, which is the value measured by the D optical
pumping magnetometer under no bias field, is compared with the simultaneous
values of F. An example of the time variation of Fp—F is shown in Fig. 36.
Occurrence frequency of the difference value is shown in Fig. 35 for 1440 minute-
values which include the example shown in Fig. 36. The frequency distribution
is very similar to that of the A value. So the D optical pumping magnetometer
under no bias field is similarly precise. Provided that the technique of the bias
field is as good as those for H and Z, the D optical pumping magnetometer will
give the same accuracy for Hy or D.

Similar differences Fy—F and Fz—F are also shown in Figs. 35 and 36. Fu
and F; are the total force measured by the A and the Z optical pumping magne-
tometer respectively under no bias field. Differences Fy—F, Fz—F, F,—F and A
are all very similar. This again indicates that the four optical pumping magne-
tometers are similarly precise.

Hourly mean values obtained by the optical pumping magnetometers are far
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Fig. 37. Comparison of data between that hand-scaled from normal magnetograms and that of
the present KASMMER system.
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better than those cbtained by the classical"system of bar-magnet variometers in
precision. Fig. 37 shows a comparison of the data. First three rows of the figure
show differences AH, AZ and AD in the hourly mean values of the three com-
ponents H, Z and D between two systems. Fluctuations in these rows should be
compared with the last two rows which are the same ones as are given in Fig. 34.
These fluctuations of AH, AZ and AD must be due to those in the variometer
system. Their most part may depend on the hand-scaling, because an error of
mere 0.1 mm on the magnetogram amounts approximately to 0.3y. Unstability of
the base-line value also assists the fluctuation, particularly for relatively long-period
terms such as diurnal variation. Diurnal changes in ambient conditions could
cause diurnal variation in instrumental error in any optical pumping magnetometer.
Fig. 38 shows the mean diurnal variation of F—F, in a much magnified scale for

0%

F-Fp 00 /\ .

I TN RO RN N WO N NN N U N N OO N Y O T T |
0 6 12 18 24hLT

Fig. 38. Diurnal varlation of the difference J'—Fp shown in a magnified scale (see Fig. 34).

15 days. Its significance is not clear, but a systematic variation of small amplitudes
is seen. A possible cause of the variation is the change in the room temperature
around the sensor of the optical pumping magnetometer. The amplitude of about
0.05y is so small that there is practically no influence upon the accuracy of the
measured value of the optical pumping magnetometer.

4.4 Calibration measurement

The measurement of F—F, described in the preceding section simply gives
the calibration of the F' optical pumping magnetometer. Fig. 39 shows daily
mean values of F—F, from September 1 to October 12, 1972. The instrumental

2 T other tests other tests 1972
| | | PRI | ! |
F"' Fp 0 I T ] I
-2
| 1 1 1 2 t
Sept 10 ) 20 ) 30 Oct.10

Fig. 39. Difference F'—Fy for daily mean values (see Fig. 34).

:Geophys. Mag.



New Standard Magnetic Observation System of Kakioka (KASMMER)

Preparation (program of the computer and adjustment of the DI-72)

1] |10
‘
DI, Hg-Hy-Sy-R
DI, Hg-Hy-Sy-L
DI, Hy-Hy-Sy-R

DI, Hy-Hp-Sp-R

DI, Hy-Hp-Sp-L

DI, Hg-Hp-Sp-L

DI, Hy-Hp-Sy-R
DI, Hy-Hp-Sy-L
DI, Hy-Hy-Sp-R

DI, Hy-Hy-Sp-L

DI, Hg-ﬂu-SD-R

DI, Hg-Hy-Sp-L’

Automatic operation of the proton magnetometer
at 6-sec intervals

Fstate A -1

- state B

= A set of the D1-72 wvasurements

- state C

l. state D .]

Repeat as required and end the loop
always after counting ten Fp

Fig. 40. A prepared proceduxje for the calibratiun measurement.
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parameter of the optical pumping magnetometer used in the calculation is un-
changed throughout the whole period. In the blank period and after October 13,
other tests of the system were carried out so frequently that the’ data of F—F,
was not enough to show the daily mean value.

As the figure shows, the real instrumental parameter to be calibrated by the
measurement is practically constant for this period of longer than 40 days. The
constancy of better than 0.1 y/week aimed at in the planning has been attained,
at least for this period.

For the calibration of the other component optical pumping magnetometers,
more complicated procedure is necessary because the DI-72 is operated manually.
One set of measurements by the DI-72 consists of 16 elements (Section 2.7) which
give 4 values for each of declination D and dip I. Each component of the field
is calculated from these values of D and I and the F, values measured by the
proton magnetometer. A prepared program of the calibration procedure is shown
in Fig. 40.

‘When each element of the measurement shown in the figure is performed,
simultaneous outputs of the four optical pumping magnetometers are stored in the
computer automatically for the element of F,, and upon command, for D and I.
The simultaneous values of F, H, Z, D, I, X, Y and A are calculated and stored
in the same way as the primary data processing.

The measured values of F, are also stored automatically. On the other hand,
the readings of the DI-72 are fed into the computer through the data typewriter
when one series of measurements is completed. From the F, values and the
readings of the DI-72, each component of the field is calculated in the computer,
where the time variation of the field is corrected by using the said simultaneous
values obtained by the optical pumping magnetometer for each element. Then,
the differences for each component of the field between the values obtained by
the optical pumping magnetometers and those by the calibration system are
calculated. A set of the DI-72.measurements together with the preceding and
following F, measurements gives 4 values of the difference for each component.
A series of calibration measurements of » sets will give N (=4 n) values.

In order to estimate the precision of the DI-72, the fluctuation in individual
measured values is examined. Using the said difference in D or I between the
optical pumping magnetometer and the DI-72, the frequency distribution of the
deviation of individual values from the mean of 4 values in a set is calculated for
37 sets (n=37, N=148) and shown in Fig. 41. The variance is (0.018’)* for D
or (0.013') for I. Considering that measurement is made in 0.1y increment for
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Fig. 41. Frequency distribution of the individual deviation of the declination
value (upper) and the dip value (lower) measured by the DI-72.

the optical pumping magnetometer or 17 (=0.017) for the DI-72, these small
variances show the very good precision of the DI-72. A very small systematic
deviation between different positions of the search coil (Section 2.7) is found in
the frequency distribution for D. It is estimated to be =+0.015’. The shown
distribution is the corrected one. For the purpose of calibration, it will be
cancelled out by averaging the measured values in the different 4 states. No such

systematic deviation is found for I.
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Fig. 42. Result of the calibration meaéure’rhent.
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Fig. 42 shows the resuit of the calibration measurement for the components.
Time change of the difference is given for components H, Z and D. During the
whole period, the instrumental parameters of the optical pumping magnetometer
used in the calculation are unchanged. Fluctuations in the difference are a little
Jarger than those of F—F,. This may partly be due to the small number of the
sets in a calibration measurement. Further examination on the change in the real
parameter of the component optical pumping magnetometer will be carried out
using larger numbers of sets for the DI-72 measurement. It seems to be better
at the present to employ the mean value of the difference to determine the in-
strumental parameter, which is not so much changed in any way from the value
determined at the beginning.

The dip and the declination measured by the DI-72 are compared with the
dip value calculated from the horizontal and vertical components measured by the
vector proton magnetometer MO-P, and with the declination measured by the
A-56, respectively. Fig. 43 shows the difference obtained by weekly comparison

Dip,I gy l
{MO-P)-[DI-72) 00 ;
0z |
Oct. Nov.
0 20 30 10 1872
Declination,D 02 ]
(o-56)-IDI-72) O == T
-02

Fig. 4. Comparison of the DI-72 with the MO-P for the dip and with the A-56 for the
declination. '

measurements, Very small change in the difference in the dip indicates that
both of the MO-P and the DI-72 are sufficiently accurate. On the other hand
the difference in the declination changes over a wider range. As the A-56 seems
to be less accurate than the present DI-72 (see Appendix), there is not much use
for further examination.

4.5 ASMO method

The KASMMER system can utilize anytime the ASMO method to measure
each component of the field. The sensing ‘element of the F optical pumping
magnetometer ‘is laid at the center of two orthogonal Helmholtz coil pairs (Fig.
4). | ,

‘One cycle of the ASMO measurement consists of 6 elements of measurement,
F, F,», F.», F,7, F_! and F, which are performed automatically at 3-sec intervals
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in the order named. The cycle of measurement starts upon command, and repeats

continuously or once a minute as is desired. Data is processed
the computer system.

automatically in

Test operation of the method has been carried out for several days. Fig. 44
is an example of the result which shows the difference between the values obtained
by the ASMO method, H,, Z4 and D,, and the simultaneous values obtained by

Nov.5

v

1972

2 1

. VLY 2, > ey o, o0 50, -l".\n K] PO P e ar ryes
Ha- o at s e paman 2 U e L i S ORI Ay

e s
PR IOTIAN

ZA—Z 0 form gl L2 o3 s Ly TP (B St Nl SN A,

Sl AL Sl
p e )

e p 2o s sone o ety - % posde, =, o, P > P
Da=D 00—frimmmgatantiomruom e e N s L

21h00m 10 20 30 40 50

22h00m

Fig. 4. Comparison of the ASMO method (H4, Z4 and D,) with the routine data
obtained by the component optical pumping magnetometers (H, Z and D).
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0 6 [F] 8 24h LT

Fig. 45. Hourly mean values of the difference between the ASMO method

and the component optical pumping magnetometers.

individual component optical pumping magnetometers, H, Z and D. Fig. 45 shows
the same difference in hourly mean value for a day. Judging from the ’rés_ults,
the ASMO method will give sufficiently accurate values to supplement the routine

operation of the optical pumping magnetometers.
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4.6 Semi-automatic digitization of analog record and reproduction of magne-
togram from digital data

Semi-automatic digitization of analog record has been examined using magne-
tograms and the curve follower. The observer manipulates the tracer only along
the ordinate to follow the trace of the magnetogram mounted on the deck of the
device (Section 2.9). The coordinates are digitized automatically, and digital data
is processed in the computer system. Instantaneous values of the magnetic field
are calculated at intervals of a given time and stored in the computer. Hourly
mean values are calculated from the instantaneous values. This technique has
been tried on ordinary magnetograms obtained by the classical variometer system
of Kakioka. '

An example of the tes. result for a day is given in Fig. 46 which shows the
differences in the hourly mean value between thus calculated values and those

Oct.20 1972

02
AD OO ———F—F———1= PSP P P

—02 1 1 1 ) I—] 1 1 1 Fl 1 1 1 ] 1 1] 1 1 ] 13 1
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Fig. 46. Comparison of the semi-automatic digitization of the normal magnetogram (shown in the
lower half of Fig. 32) with the routine data obtained by the optical pumping magnetometers.

obtained by routine operation of the optical pumping magnetometer. The differences
are not so large in general. This technique of semi-automatic digitization seems
to have the same preciseness as the usual hand-scaling, at least for hourly mean
values.

From the instantaneous values stored in the computer, an analog record can
be made by the curve plotter. Fig. 47 shows the ‘‘ magnetogram’’ thus made for
the same day. This magnetogram should be compared with the original one shown
in Fig. 32. '
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Fig. 47. A “magnetogram’ made through the curve plotter from the digital values obtained by

the semi-automatic digitization of the normal magnetogram shown in the lower half of Fig. 32.
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Appendix

Accuracy of the base-line value determined by the A-56 and the vector
proton magnetometer MO-P in the classical system of magnetic observation at
Kakioka
1. Accuracy of the geomagnetic data obtained by the classical system was reviwed
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before the designing work for the new system of Kakioka was started. It is

clear that the variation measurement will be much improved by using optical

pumping magnetometers in place of bar-magnet variometers. The optical

pumping magnetometer requires absolute instruments to determine its instru-

mental parameter. This is similar to the base-line value determination in the

classical system, though its preciseness and stability should be much better.

In order to design the absoclute instruments of the new system, the classical

system of Kakioka had to be examined.

Main parts of the classical system of Kakioka are

1) Two KM variometers for H and D variations

2) KZ variometer for Z variation

3) Universal standard magnetometer A-56 for D base-line value determination

4) Vector proton magnetometer MO-P for H and Z base-line value deter-
mination

The KM variometer is a unifilar type improved from the Eschenhagen-
Schmidt model whereas the KZ variometer is a thread suspension type improved
from the Watson model. Each magnet of the variometers is shunted by a
small alloy according to Kuboki’s design in order to cancel the temperature
change. Their schematic sections are shown in Figs. Al and A2.

Universal standard magnetometer A-56 (Fig. A3) is a magnetometer theodo-
lite, which is similar to the DI-72 of the new system, except that the absolute
dimensions of its Helmholtz coil have been measured to 1 g, and that its search
coil is directly used to obtain the field direction. The Helmholtz coil can create
a known magnetic field in any direction, and the direction of the vector sum of
the coil field and the geomagnetic field is measured by means of the search coil
on rotation. The AC signal of the search coil is amplified and detected. Any
component of the geomagnetic field. can be calculated from combination of a few
measurements in different, suitable coil fields. Before the vector proton magne-
tometer was installed at Kakioka, the base-line value determination had been
carried out by the A-56 for all components. At the present, however, it deter-
mines only D base-line value.

Vector proton magnetometer MO-P is very similar to the Nelson model. It
can give the values of H and Z, as well as F.

A sine-galvanometer H-56 (Fig. A4), whose Helmholtz coil is the same as
the A-56, is provided to supplement the base-line determination. Second system
of variometers, which similarly consists of two KM and one KZ, is also operated
continuously.
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Fig. A2. KZ variometer for Z.

Fig. A3. Universal standard magnetometer A-56. ) Fig. Ad.

Sine-galvanometer H-56.

3. Absolute measurements by the A-56 are carried out every other week. Under
no current of the Helmholtz coil, the AC output of the search coil on rotation
is amplified and detected. Watching the detected signal, the direction of the
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rotation axis of the search coil is changed until the signal disappears. Then
the direction is read to 1” from the graduated circle. The procedure of
repeated measurements at 180°-turned positions for elimination of errors is
the same as with ordinary theodolites. It gives the D value of the geomagnetic
field from which the base-line value of the magnetogram is determined. One
absolute measurement in a day consists of 4 measurements which give 4 base-
line values, D; (i=1, 2, 3, 4). The variance ¢p* calculated from the data of
1971 is,
0= mean of :El (Di—Dyf(n—1)= (2.93"%  (n=4)

From the value of op, the factor of the 95% confidence interval,
(D—1.96 a0/~ n, D+1.960p/~ n)

is given as follows:
1.96 gp/v' 1 = 2.87"

The preciseness of the D base-line value determination is approximately 3”.
This does not necessarily express the accuracy of the A-56 itself, because this
includes unstability of the variometer and errors on the magnetogram scaling.
It is also to be noted that this does not necessarily mean the accuracy in absolute
value but dees mean the relative precision, though due considerations have been
given to the instrument construction and the measurement procedure. These
points will be discussed later in subparagraph 9.

4. Absolute measurements by the MO-P are carried out once a week. One
absolute measurement in a day gives 10 base-line values for each of H and
Z. The variances o, and oz* are calculated similarly for the data of 1971
as follows:

ou® = mean of ‘il (Hi—Hy[(n—1) = (0.1997)* (n=10)

o7 = mean of ii:, (Zi=Z¢(n—1) = (0.2067)*  (1=10)
The values,
1.9694v'n  =0.123y for H
1.960z4 0 =0.1287 for Z
give the factors of the 95% confidence interval,

(H—1960u/v n, H+1.96 onlv )
or

(Z—1960z/vn, Z+190cz/v7n)
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The preciseness of the base-line value determination is considered to be 0.1—
0.2y in H or Z. If the value of the gyro-magnetic ratio is known, the proton
magnetometer is believed to give the absolute value of the magnetic field.
Nevertheless, there seems to be some questions to be studied on the point,
which will be discussed later again.

en or oz includes the unstability of the variometer and errors on the magne-
togram scaling. In order to estimate the precision of the MO-P itself, its
values are compared with those obtained by an optical pumping magnetometer
for total field intensity F ignoring the difference in absolute value. During
a short time for the comparison, the optical pumping magnetometer would
be stable and would give practically no fluctuation. From the simultaneous
measurements, the variance o¢7* for the difference in F is given as follows:

a5t = (0.106 7)? for  Proton — OPM

When the values obtained by the optical pumping magnetometer are replaced

by those measured from the magnetogram of the variometer system, the similar

variance oy? is much increased as follows:
av® = (0.293 7)? for Proton — Variometer

The preciseness is clearly lowered when the variometer system is used. The
value 0.2y of on Or oz is believed to be due to the errors on the side of the
variometer system. The value 0.3 of gy is larger than ¢y or oz because of
the use of both H and Z on the variometer side. The proton magnetometer
MO-P itself will give a precision of 0.17 or so as is shown in or.

op is approximately 3” which corresponds to 0.43y in the field intensity.
This value exceeds 0.2y which is the precision of the variometer side in H
or Z. The variometer for D is far more simple than that for i or Z. Since
the variometer side is not responsible for increased fluctuations the value
0.43 7 of op is mainly due to the A-56. Though the precision had surpassed
our initial aim of 3” in direction or 0.5y in field intensity, the cause of the
fluctuation was investigated before designing the new system and two possible
causes were found. One was the amplifier for the search coil signal, and the
other was the play in the rotation axis of the search coil.

AC signals of the search coil on rotation are detected and amplified. The
noise of conventional amplifiers appears to be larger than 0.1y. When used
for routine operations, our amplifier for the A-56 was fortunately the best
among many kinds of amplifiers for magnetometer theodolites which we could
test. Nevertheless the noise from the amplifier may cause a part of the
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fluctuation expressed by ¢p. A new type of amplifier has been designed by
Kuboki (Section 2.7) for the A-56 and the new system.

8. More serious problem than the amplifier was the play in the rotation axis of
the search coil. The search coil has to be rotated in order to act as a detector
of the DC field, inevitably requiring a clearance between the bearing and the
axis. Since the precision was much improved when the clearance was much
decreased until the search coil could barely rotate, the most part of op of 3”
must be due to the clearance. However the operations with the decreased
clearance have to be much limited in number. Otherwise, the bearing will
be worn out quickly. The precision of 3 will be the limit of this kind of
magnetometer theodolite using the search coil directly.

9. The clearance of the bearing may influence the absolute value of the measured
direction, particularly for dip I. With a clearance present, the direction of
the rotation axis of the search coil may deflect in the bearing towards one
direction due to the gravity notwithstanding the turned positions in a vertical
plane. This causes an error in the absolute value of I. On the other hand,
there seems to be no influence upon D, because the gravity acts evenly for
the D measurement.

If there is something which influences the absolute value of D, material
magnetism of the instrument may be the most possible one. Materials of the
A-56 were carefully tested before its construction to make the magnetic field
at its center below 0.1y. So, the precision of 3” or 0.5y quoted in sub-
paragraph 3 above is really the degree of accuracy. If a better accuracy is
aimed at, the stray magnetic field has to be made much smaller, because it
may increase after a long time. It is not so easy to reduce the stray magnetic
field, including all of magnetic induction, residual magnetism and currents in
the metal, to below 0.17.

10. In theory, absolute values of the field intensity measured by the proton
magnetometer are considered to be correct, except y, values. However,
various instruments give different values for the same field intensity. The
instrumental difference of 34 proton magnetometers of various types tested at
Kakioka with the MO-P as the standard varied from —0.87 to +3.47.

The most probable cause of the difference is again material magnetism.
Residual magnetism is naturally expected of any detector because of the
strong magnetic field impressed upon it to polarize. If the field of the residual
magnetism is parallel to the polarizing field which is generally perpendicular
to the field to be measured, the measured total intensity will not be affected
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by the field of the residual magnetism. This is true generally in the first
approximation. In actual instruments, the jnagnetization of the detector is
not always strictly parallel to the polarizing field. In order to obtain the true
absolute value of the field intensity, it is necessary to null the errors, for
example, by reversing the polarizing current or turning the detector through
180°, besides, exclusion of magnetic materials from the detector.

11. It is to be noted that the measured value of the proton magnetometer slightly
depends upon the temperature of the water in the detector. Temperature
coefficients have been measured for 5 detectors. These are approximately
—0.012, —0.014, —0.001, —0.015 and +0.006 y/°C from 0° to 80°C.

12, The A-56 is an absolute instrument for all the components. The MO-P is
compared with it and with the sine-galvanometer H-56. Mean differences of
the simultaneous measured values are, respectively,

[A-56] — [MO-P]1=0.17

|H-56] — [MO-P] =—0.2¢
The values of the A-56 are those obtained in the situation of the decreased
clearance of the bearing. So they are much more precise than those of the
routine operation in both the absolute value and the fluctuation. For ¢,

2.67513x10* sec~! gauss~! is used. The difference values will give an idea of
the absolute accuracy of individual instruments.

~

} for H
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