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ABSTRACT

The eiectriéai.properties of atomic particles, and
the absolute nature of the constants involved in their
beha#iour-in‘magnetic’fields,’suggest that some of the
‘nuclear resonance techniques of etomic physics might
present new methé&sfof measufing the magnetic field
phenomena of importance:inAgéophysiés;V . To this end
"Optical Pumping" of Rubidium vapouf"is.eonéidered in
detail and the experimental development of a m&gnetbméter
using the prlnciple is discussed

The construétlon of two forms of instrument is
descrlbed; One, which dperates in fields between 1 gauSS
end 0.05 gauss is applicable to ionosphere rocket probe
exﬁeriments and gfound studies. The other, operating.in
fields from Ld*l gauss to 1074 gauss, 1s designed for
satellite payldads in the study of the magnetosphere and
extra-terrestrial magnetic fields,

In order to provide a comprehensive assessment of the
| capabilities of optically pﬁmped magnetometers a field
study into the nature and occuirence of micropulsatlions was
undertaken. Micropulsatioﬁe are small, regular jariatiens_
in-the geomagnetic field, whose origin lies in the inters .
action of Solar emanations with the earth's magnetic field
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at high altitude. Their properties may indicate the
structure of the exosphere and of'the magnetic field at
the magnetosphere bOuﬁda:yJ

Measurements of micrdpulsatibn peridds were made at
Kiruna (Sweden), Lerwick, Eskdalemuir and Hartland (U.K.)
in an attempt to establish a correlation betﬁeen latitude
and the period of the events. | |

The results of the observatibﬁé and an analysis of the
performance of the rubidium vapour ﬁagnéﬁometer are discussed,
with recommendations regarding}the further development of

the instrument and its application in gepmagnetism.
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CHAPTER -1

INTRODUCT ION

General Review.

The stﬁdy of the outer regions of the Earth‘é -
atmosphere has a relatively short history, the direct
examination of high altitude phenomena beginning 1gfgé1y-
with the discovery of cosmic rays, and thé iﬁferéﬁée that
charged particles entér the Earth's enVirénmént'ffoﬁ‘the
space beyond. Immediately, the magnetic field cdnfiguration
was recognised as a cdntrdlling influenée,‘ﬁy virtue of the
interaction between it and the moving elééﬁric charges.
Optical observations of Aurora presented a‘gehéral picture
of their form and occurrence, and the thédreﬁicai work of
StBrmer, together with.thé experimehtai feéeérch of
Birkeland, suggested a connectidn between aﬁrdral phenomena
and particles entering the Earth's atmosphere under the
control of the geomagnetic field.

The existence of a continuous stream of charged particles
emanating from the sun and impinging on the Earth‘was
suggested, and formed the basis of the ChapmaneFerraro thebry
of magnetic storms, in which an impulse within the charged

stream was constrained by the geomagnetic field, and
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established a circulating current around the Earth. The
treatment described some features of magnetic storm
disturbance well, but failed to complete the model. The
success of the theory established the existence of the
solar wind, and demonstrated that the magnetic field of the
Earth formed a cavity with a radius of 6.E.R. within the
particle stream, and that, at the boundary, interaction
between the magnetic field and the particle flux was res-
ponsible, to a great extent, for some observed geomagnetlc
phenomena. , |

The ionosphere, which occurs in altitude between 80 Km
and 500 Km, is a phenomenon established by the direct
ionisation of local atmospheric particles by radiant emission
from the sun. - Although its form 1s affected by the geomagnetic
field and it is responsible for many geomagnetic variationms,
the ionosphere is not a product of the control exerted by the
magnetic field of the Earth on the solar particle stream,
and may be regarded as a distinct low altitude phenomenén.

Stimulated by the success of the Chapman~Ferrarro theory
considerable effort has been applied to the theoretical
analysis of the properties of the solar stream, its inter-
action with the magnetosphere at its boundary, and the form
of control exerted by the magnetic field upon the entry of
partiicles into the exosphere and their motions therein, The

general equations of magnetohydrodynamics, which go#ern the
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flow of charged particles in the presénce of a magnetic

field are complex, and explicit solutioné'are not usually

possible for real situations. Accépted features of the

models used to describe the Earth's environment show the

broad results of the general theory;supplemeﬁted by particular

results of the motion of individual particies, whose pro-

perties and motion can be defined. Some fundamental proper-

ties of the situation have been established. The'solar;wind

is taken to be eleétrically neutral, consisting of prthns

and electrons, It is regarded as a streamline flow and the

distortion it produces in the Earth's magnetic field and

which the éarth's field produces in it has been examined

(e.g. Beard 1960), Mathematical treatments describe the

sunlit side of the interaction boundary well, for suitably

chosen parameter values, but fail to evaluate the dark side

with suffiCient accuracy to permit a complete description.
Particles entering the magnetosphere are believed

(Singer 1957) to be trapped in orbits by the lines of magnetic

field, where they travel in a spiral motion along the lines

of force. The direction of motion along the line of force

is reversed near the poles, where the field strength increases,

and the particles oscillate between corresponding points in

each hemisphere. It is pointed out by most authors that the

motions of individual particles do not necessarily indicate

the particular properties of large groups of particles under



the same influence,

The experiments carried out by Cahill and Van Allen
(1956) and later workers pfdvided the first detailed
measurements of upper atmosphere parameters, The rocket
flights of Cahill (1958) established the existence of an
equatorial ring current in- the E region of fhe ionosphere and
which is responsible for the abnormal diurndl vafiation of the
geomaghetic field near the magnetic equator. Later rockets
launched at Fort Churchill by Meredith, Da&iés,mHeppner and
Berg (1958), in which magnetic field measurements were made
in conjunction with electron density measurements,
established the existence of sharply defined current sheets
which occur at E region ionOSpheric altitudes and are ass-
ociated with simultaneous auroral displays. These'were
thought to be responsible for some magnetic bay occurrences.

With the advent of Earth satellites accurate measurements
of the outer atmosphere could be made, and the prospect
stimulated research in all aspects of the new technique.

In particular the problem most urgent in geomagnetism was
the production of a magnetometer able to withstand the
environment of a rocket launch, and capable of making the
required field measurements with sufficient reliability.
The main restrictions on a satellite instrument are in size,
power consumption and mechanical strength., Considerable

loss of efficiency in the experimental payload would occur
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if the instrument could not operate over a wide field
range, inoluding low field Values, with a high resolution
and w1thout being unduly affectcd by 1ts orientation with
respdct to the field Vector. The problem, in satellite
geomagnetlsm, of acquirlng.meaSurements of very emall
variations in time and space of a large quantity, makes
instrumental technlques very complicated. The difficulties
encountered by Cahill in his rockoon experiments, and of
Singer, Maple and Bowen (1951), who used component instru=
ments, illustrate the problems

The development by Varlan A55001ates, of the proton
,pfecesszon magnetometer, devised by Packard, was the first
step toward solving the difficulties. The {nstrument has
been extensively used in rocket flights, with some sueccess,
and, installed in Vaguard III, was the first geomagnetic
survey instrument carried in a satellite (Cain, Shapiro,
Stolarik and Heppner 1962). The technical advantages
of total scalar field measurements were shown to outweigh
vthe loss of detail, and theoretical effort Was applied to
geomagnetic harmonic analysis in terms of scalar values
(Zmuda 1958). Thevshortcomings of the proton magnetometer
when applied to the study of the exosphere and its boundary
lie in its power consumption which for continuous operation
is high, and in the time, restricted by the polarising~ |

counting cycle of the instrument, taken to acquire;a.measure-
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ment. Also the signal amplitude from the proton magneto-
meter decreases with ambient field strength and imposes a
severe 1imitatipﬁ upon the lowest field in which 1t can
operate SucceSSfully. |

In 1960 Coiemah,'bavis and Sonnet reported the use of
an induction coil sensor, c0nsisting of a permalloy core
surmounted by a multi-turn coil of wire; The core was
mounted in the plane perpendicular to the satellite spin
axis so that in operation the flux change, as the probe
rotated, induced an electrical signal in the coil. The
peak amplitudé.and phase with respect to the satellite spin
coordinate syétem indicate magnetic field magnitude and
its direction in the plane of rotation of the sensor. The
experiment 1s reported to have observed a ring current at
6.5 E.R. and an interplanetary field strength of é}{ in a
direction perpendicular to the ecliptic. The sho%tcomings
of the system lie mainly in electronic problems o? drift,
the range of the instrument and the lack of compléte infor-
mation it ylelds. Since it requires to be rotated the '
| necessity for either a spinning satelite or an acceptable
motor on a stabilised satellite detract from its applica-
bility. | :

In 1958 Varian Aésociates suggested that "op%ically
pumped" atomic resonance could be used to make an atomic

oscillator whose frequency, controlled by the Larmor
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precession Qf the atoms, wouid be linearly dependant on
the magnetic field magnitude. Such an instrument using
Rubidium vapour was developed under éontract to N.A.S,A. and
versions have been flown in 1960 in a Javelin rocket and
in 1961 in the probe Explorer 10, Rubidium magnetOmeters-
were installed in the first two Ranger Luna}prdbeé which
failed to exit from their ;parking' orbits roun& the earth.
The instrument carried in the rocket was a complete sﬁcceSS.
In Explorer 10 the surfaces designed to maintain the correct
thermal environment were destroyed during the launching
with the result that the instrument became overheated and
failed to opérate after several hours, In‘the Ranger
‘series, in which the experiment was designed to make inter~
ﬁlanetary and Lunar field measurements, the magnetic field
values at the parking orbit produced magnetometer éignal
frequencies outside the telemetry bandwidth and no measure-
ments were made., However, the ancilliary telemetry
information indicaﬁed that the magnetometer was, in fact,
operational. _

The unfortunate history of the Rubidium magnétometer inK

satellite work to date has been due to causes whi@h were

¥rhe Rubidium Magnetometer has been used successfully by
Dr. Ne ss and his colleagues in the IMP-1 satellite (Interplan-
etary Monitoring Platform) launched on November 27, 1963 and
st11l in oporation on May 30th 1964, - Data has been acquired
about the solar origin of the interplanetary magnetic field.
(Ness and Wilcox 1964%), -
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altogether external to the instrument. In all cases where
it was permitted to operate properly it behaved satisfac-
torily. Expiorer 10, which contained flux-gates as |
additional apperatus ahd which were calibrated against the
rubidium magnetdmeter, provided a great deal of information
about the dark side of the interaction boundary of the
deformed magnetosphere (Heppner at al 1963). HoWever; the
‘limits of thermal envirommeﬁt within which the Rubidium
magnetometer operates present technical difficulties in its
use in satelllte payloads |

The properties of the self-050111at1ng magnetometer which
make it suitable for consideration as a satellite instrument
are listed in Table I with the main features.of the other
useful instruments. It is poSsible to make~gener%1 cOmpar;
isons between types of magnetometer from Table I, buft it |
is not intended to prove the absolute superiority of the
Rubidium system. The experimental observations, together
with the technical requirements in the aqulsltlon of complete
information, preclude the cholce of a unique magnetometer
for satellite work. A detailed description of the errors
of magnetic measurement, their significance in field analysis,
and their bearing on measuring technique is contaimed in A

Review of the World Magnetic Survey by Heppner.
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TABLE I

Flux-gate Induction coil
Resolution 1 in 103 1 in 103
Weight 1 1b 2 1b
Power ' 1 watt 5 watts
Range limited limited
Output voltage voitage
Scalar or Vector Partial vector
Vector
Calibration  in flight in flight not
required possible possible
Temp. Range wide Wide

The Origin of Micropulsations

Micropulsations are regular fluctuations of the geo-

Proton Rubidium

1 in 10° 1 in 106
5 1b 1 1b
25 watts 2.3 watts

high wide
fields

frequency frequency

scalar  scalar
ndt . not
reqd. reqd.
wide limited

magnetic field which have peak to peak amplitudes from a few

tenths of a gamma to several tens

. of gammas. and periods

between 1 second and several minutes. They represent the

very low frequency extension of the electromagnetic spectrum

and the period limits are arbitrary, usually defined by the

frequency response of the detection equipment used. It is
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thought that the pulsations are generated at high altitude
within the magnetosphere and propagated by various modes

to the Earth's surface. The propagation equations for thesé
waves are similar in principle to the propagation of electro-
magnetic waves in an ionised gas with the additioﬁal
complication that, because of the low frequency, the inter-
aétion between the wave and ions as well as electrons and the
interaction between the ions and nsutral atoms must be taken
into account. The variation of these parameters and of the
magnetic field further complicatc the matter.

In 195% J.W. Dungey considered in. detail the electro-
dynamics of outer atmosphere and showed that, although
extremely complex, the Interaction between the magnetic field,
and its variations, and the particles in the exosphere
permitted the transmission of very low frequency fluctuations.
He indicated that the system possesses certain natural
frequencies of oscillation and suggested a way by which solar
plasma striking the boundary could excite these frequencies.

It is not intended here to give any detail of the
mathematical treatment and only the essential equations

are quoted. In 1954 Dungey uses Maxwell's equations,

VzHE=], V.E=0, v:c‘:ﬂ_=-.g_%, B= ME

together with E = ¥ x.ﬁ, which describes the dynamo eleectric

field, with V the bulk velocity of the charged partiecles,



to derive

dH=Vx (Y x H)

| [2)
By considering the disturbance field h, defined by
H=Ho +h,. ’§o|:§> thl and {/ x Ho = 0,
it is possible to arrive at the equation

m’rfa% = -Hx (VxVxE)xH (1)
D &2

which is the general equation for the propagation of trans-
verse waves transmitted along tEE“_difectiOn of the line of
force with a wave velccity 2H\/szl in a non-uniform field,
wherejp 1s the mass density of the gas. These wavés are
called Alf&én waves after their discoverer who investigated
their transmirsion within plasma streams under simplified
conditions. |
The mathematical treatment proceeds by expanding equation

(1) in spherical coordinates and results in two coupled
partial differential’equations‘governingIE¢ and‘V¢ , the
components of electric field and particle velocity in the
azimuthal direction. By assuming aXial symmetry, when

%%; = 0, the two equations become independent, permitting
each to be carried to a solution. The boundary conditions
cannot be readily presented, with the exception of the lower

boundary, represented by the Earth's surface and the lower

ionosphere which Dungey (1954B) shows to be a good reflector,
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Two simplified modes are suggested by the form of the
equations. The first is defined by E(ZS = 0, i.e. the
component of elecfric field perpendicular to the meridian is
zero. This implies that the magnetic vibration is
perpendiculaf to ﬁhe meridian and it is possible to interpret
the equation as one where the disturbance propagates along a
line of force, and %t show that each surface of revolution
of a 1iﬁe of force may oscillate independently. Thus the
two points at which a line intersects the Earth's surface
are considered to be the boundaries of the vibrating sectilon.
Using a dipole field geomeﬁry and a value oﬁjD = 10-21 gn/ce,
Dungey arrives at theAapproximate formula T = 0,6 sec&A ;
to describe the periods.of normal modes observed at latitude
,X on the ground. The values calculated from this formula are
shown by curve A in Fig I.1.

Another mode suggested by Dungey's &nalysis is
deseribed by U&ﬁ = 0, ie. magﬁetic oscillation occurs in the
meridian plane and may extend over the whoie of the outeér
atmOSphere.l The boundary conditions cannot be obtained
explicitly for this mode and this type of bscillation is
‘discusSsed qualitatively. Periods of the order of one hour
are indicated.

Dungey's work in 195&, although unable to produce

periods corresponding to observed‘phenomena,'made a
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Fig,-1+1 =~ The calculated variation of period of the Torsional
mode with latitude, A) Dungey. B)Westohal ond Jacobs cxnfined
dipole, C) Confined .dipole¢, variable plasma density.

realistic evaluation of the exosphere and the fundamental
properties of low frequency propagation. Furfher development
of the theory has not provided a significant increase in
explicit knowledge of the origin of micropulsations and a
largely intuitive attitude would seem to prevail,

The two types of oscillation described above have been
supported in theory by several authors (Kato, Watanabe,
Westphal and Jacobs 1962) and arc usually referred t6 by the

names Toroidal, or torsional, to describe the twisting
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vibrations of lines of force, and Poloidal to describe the
oscillation taking place in the meridian;

Torsional waves have been the only waves capable of
explicit solution and consist of vibrations where the dis-
"turbance magnetic field is perpendicular to a line of force
and transmitted along the line of force to the Earth's surface.
The period of the fundamental mode of the vibrations observed
at ground level increases with latitude due to the change in
length and field strength of the corresponding lines of force.
The period is also affected by the particle density of the
regions in the exosphere through which the line passes, a
matter which is not considered by Dungey. The rapid increaée
in period at high latitude suggested by the sec8/% tern
is due to the simple geometry of the dipole modelg

The Poloidal vibrations, for which Dungey couid not state
the boundary conditions, are represented by the magnetic
disturbance vector oscillating in Ehe meridian plane, and
the propagation, not constrained to one direction, is
sometimes called isotropic propagation. For this reason
micropulsations arising from this mode ére expected to
exhibit a greater range of geographical'occurrencé than
those due to the toroidal mode. Dungey estimated a typical
period for such oscillations to be of the order of one hour,
Kato and Watanabe estimate the fundamental period to be 10~

20 minutes,
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It is clear from experimentally derived values of
period that neither type of oscillation fits observed
pulsations very well. Westphal and Jacobs have aftempted
to modify the solution of the equations of toroidal oscil-
lations, firstly by correcting the geometrical model to
take account of the restriction of the dipoie magnetic field
within a cavity, and secondly to take account Ofvthe varia-
tioh 6f particle density in the exosphere. A spherical
cavity was used, and its effect was to reduce the high
latitude periods considerably, the greater reduction being
associated with the sméller radius of the confining sphere.
Low latitude values of period did not deviate to any great
exﬁent from the values of Dungey. When the variable plasma
density profile was introduced in conjunctioﬁ with the
confined geometry aﬁ increase in low latitude periods was
achieved. Fig. 1.1 shows_the’curves calculated by Westphal
and Jacobs using these two methods, and compared with
Duhgey's. The radius of the confining field is taken to
be 6 Earth radii for the curve B, and % E.R. for C which has
the particle density distribution taken into account. It
may be noted that if the cavity radiué in Curve C is increased
an lincrease in the high latitude periods should result from
the dilation of the\lines of force, »

The plasma profile is illustrated in Fig. 1.2 B, and

the corresponding Alfven velocity profile is shown in Fig.l.2A.
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Kato and Watanabe have reported that, in middle and

Tow latitudes, the disturbance vector is mainly in the
meridian plane,whereas the véctor at high latitudes predom-
inates in a direction perpendicular to the meridian., Since
no phase difference was detected between events at different
stations Dungey suggested that the pulsations recofded
represented étanding waves ,a fact which is taken to indicate
that at middle and low latitudes poloidal resonance is the

source. The long periods of poloidal waves expected in
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theory negate this inferencé, until the plaSma'profile is
considered. Watanabe a?gues that since the Alfven veldéity
profile is that shown in Fig. 1,2Ay waves propagated vertic-
ally down through the region of high velocity at 3000 Km will
be reflected at the base of the ionosphere and agaiﬁ be
partly reflected at the high velocity region. Thus a
resonant cavity exists at a much lower altitude than the
exosphere boundary and which_doeS'not‘vary greatly in
properties over the surface of the Earth. This feature is

in agreement with experiment, where observations show that

periods do not vary greatly with latitude.

Review of Micropulsations
‘Micropulsations occur throughout the world, with the
. possible exception of polar regions, and display several
forms exhibiting different characteristics. The classification
below lists three main types and agrees in essence with the

generally accepted scheme.

Large Pulsations

These pulsations have amplitudes generally within the
range of 5 - 20% and are observed to have & limited
- occurrence near auroral labtitudes. Their period is within
the range 2 - 10 minutes and they are mainly a night time

event, often associated with disturbances. Their periods



agree well with those calculated by Dungey for torsional
vibrations.

Included in this category are the Giant pulsations (Pg)
which are thought to be special events in which a very clear
sinusoidal lafge pulsation occurs over a small area,

usually near auroral latitudes,

Continuous Pulsations (Pg)

Continuousypulsations occur mainly in the daylight
hemisphere and include periods from 1 sec. to two minutes.
The amplitude is typically one gamma and occurrence is world
wide. The duration and continuity of the wave train is
variable, but often continuous activity can be detected for
10 - 12 hours, Jacobs and Sinno indicate that the occurrence

of Pe's increases considerably at auroral latitudes.

Transient Pulsations (Py)

These pulsations, which occur mainly in the night
hemisphere, consist of bursts of pulsation. Amplitude and
period are typically larger than corresponding P,'s and
continuity is not often displayed. The idealised form
associated with P; events is a decaying burst lasting several
tens of minutes containing pulsations of, typicall&, 100
seconds period. This type of event is somewhat rare, and

short rursts of varying shape are more common,
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Other forms of pulsation activity exist in less clearly
defined groups. Long period oscillation occurs throughout
the day, with periods of the order of 30 minutes - 1 hour.
The amplitude is generally low and often the pheﬁomenon is
accompanied by disturbance. In general it is thought that
there is insufficient knowledge to classify pulsations other
than the three distinct types above,

Experimental work has been carried out largely using
observatory magnétograms, which in general do not yield
sufficient resolution for detailed comparison. However,
several groups have designed instruments and experiments'fom
precise observations of micropulsation events. Synoptic
neasurements are not yet available to indicate the actual
variation of period with latitude. Component measurements
have indicated a lack of pulsation activity in the vertical
component which may confirm Dungey's suggestion, to establish
one boundary condition, that the Earth's surface is a good
conductor, -

Kato suggests, on the basis of component measurements,
that Pe's and Py's occurring in low and middle latitudes are
poloidal in origin. His work with Watanabe produces correct
period values for Pe's using the Alfven velocity barrier as
aiaoundary of the resonant cavity and he modifies the
solution of the poloidal mode @o that the line of force with

equatorial radius = 6§.E.R., which corresponds to a line
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within the auroral zone, produces the correct order of period
for observed Pt's. He suggests that the torsional vibra-
tions have too short a period to occur at low latitudes and
“that the mode is represented by the large pulsations occurring
in auroral zones. This faet is confirmed by Sugiura who
observed that large amplitude transient pulsations observed
near the aﬁroral zone are observed simultaneously at the
magnetic conjugate point.

Troitskaya (1961) has made observations of pulsations
occurring in the period range 1 - 10 seconds. A regular
modulation of the amplitude of continuous activity was
observed and named 'pearls' appropriately. It was remarked
that pearl‘behaviour rarely occurred in pulsations having
periods greater thah 4 seconds. This phenomenon has been
shown by Tepley (1961) and Heacock (1963)to consist of several
discrete trains of pulsation, each with periods increasing
approximately linearly with time, ahd which begin at the same
period at slightly different times. The intermodulation of
the two waves produces the 'pearl!' effect.

McNicol (1962) has established a direct proportionality
between the amplitude of Pc occurrence and the Kp figure for
the day, supporting evidence to this effecﬁ, produced by
Jacobs (1961). McNicol making observations at approximately
35%, indicates a decrease of Pc period during the course of

the day, and has been able to show a correspondence between
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the upper frequency of pulsation activity and the Xp index.

Recent work, carried out by Voclker and JaéSchke, at
53°N, has indicated a variation of the period of some types of
pulsations with latitude and also with time of day. This
work covered a relatively short traverse of latitude'(600 Kn)
and is being at present extended. Their results show an
increase in the period of observed pulsations during the
morning (Siebert 196%),

Ness (1961), who observed nicropulsations with a self-
oscillating rubidium magnetometer at Fredericksburg, during
the flight of Explorer 10, reports a daily variation of period
of the pulsations observed, which were about 10 seconds.

It was not possible to discover any precise dependence of

the period upon time of day.

- Remarks

It is clear that the theoretical groundwork on the origin
of pulsations has scored a direct success in establishing the
modes and propagation of>the vibrations of the magnetosphere
believed to be responsible for this phenomena, A reliable
nodel has been suggested from which experimental investigation
can be planned with some hope of success,

It has been assumed, provided that a resonant cavity
exists, that suitable stimulus is available to exéite oscil=-

lation. There is no doubt that the stimulus is associabted
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with the solar plasma strean, and Dungey has shown how
waves nay be formed on the magnetosphere boundary by the
solar wind, in a ranner entirelyvanalogous to the way waves
are generated on the surface bf a lake, It is not difficult
o imagine a situation where slight irregiilarities in the
constitution of the solar wind may be transferred to}the
exosphere in a manner sufficient to excite oécillation. A
distinct 27 day recurrence period has been detedﬁed in the
occurrence of Pe's (Jacobs‘and-Westpha1'1964), and is taken
to confirm the direct connection beﬁween Pe's and the solar
wind, |

Direct confirmation of the theory has not been possible
in any sinple way and, as‘yet, there is an inadequate
statistical rnass of data, of sufficient detail to suggest
the correct modifications to the basic model, Definite
information about the pcriod structure of pulsations, their
vector properties, and their phase relationships are essential
before further manipulation of exosphere parameteré is
attenpted.

At the same time it is necessary to consider other
prospective ways in which the pulsations may’be generated
and propagated. For example the oscillation between nirror
points of bunches of trapped electrons, originaliy suggested
by Stbrmer as a source of micropulsations and discarded

because the behaviour of the trapped gas was insufficiently
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known, has been invoked as the explanation of pearls by
Tepley. |

Detailed mecasurenents of the exosphere and the Earth's
nagnetic field, at present being carried out, will inmprove
the working model considerably. For exanple Cahill and
Anazeen (1963) report having observed the magnetosphere.
boundary on t he daylight side of the Earth to be at 10 E.R.
The observations were made using saturable core magnetoneters,
and indicated a disturbed rnagnetic field immediately beyond the
presumed boundary. Such a position for the bbundary would
nodify curve B in Fig. 1.1 and result in an improved fit with
experiment at high latitudes. Heppher has shown a sinilar
disturbance in the field external to the mégnebOSphere boun-
dary, and also indicates that the extension of the magneto-
sphere due to the tear drop is as, great as 22 E,R. on the
dark side of the Earth. Bridges (1961) has shown, from
plasma neasurenents mede with Explorer X, that the fluctuating
nagnetic field is often associated with variations of the
energy and number of particles in the solar strean.

In order to complement this work, detailed synoptic
neasurenents of pulsation phenomnena should be carried out to
establish the relevant features of similarity and dissimilar-
ity between the nain types of pulsation, If possiblé direct

correlation between pulsations observed on the ground and
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pulsations detected at source by satellite experiments should

be attempted.
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CHAPTER 2

THE OPERATING PRINCIPLES OF THE MAGNETOMETER

Introduction

The magnetonmeter employs a radio frequency resonance
nethod of detecting the Zeeman splitting of the hyperfine
strucutre of a line of the spectrum of a sample of rubidium
vapour in weak magnetic fields. In this section the
physical processes of the resonance, and of the method
Aby which it is detected are described in a semi-classical
way, details of the atomic. physics involved may be foﬁnd
in Kopfermann 1958,

Before describing the resonant interaction it is
convenient to discuss the term "optical pumping', which is
used tb describe the technique by which suitable resonance
of the observed atoms is made évailable. Thevtechnique,

first suggested by Kastler (1950) and demonstrated by

Dehmelt (1957 A),was developed considerably as a research tool

in fine structure spectroscopy, and formed the basis of the

first rubidium magnetometer suggested by Bell and Bloom
(1957), and reported by Skillman and Bender (1958).
Naturally occurring rubidium has two main isotopes

Rb85 and Rb87, in the ratio of abundance 7 $o0 3, They
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differ in the magnitude of their nuclear spin, and except
where nuclear spin magnitude affects a measured quantity
e.g. in the value of the "splitting factor", the discussion
for Rb8Y applies to RbS7,

In the semi-classical models of the atom used by
Sommerfeld and by Larmor the quantum numbers may be
described as follows:

L represents the orpital angular momentum of the electrons,

and may only have values which are integral multiples of

b os
the

represents the spin angular momentum of the electrons

{ep}

and may only have values which are integral or half

intégral multiples of H.

I

represents the nuclear spin, and may only have values

wnich are integral or Half integral multiples of 1,

where 1 = h , 1s a rationalised form of the action quantum
used by Pl§;& to derive the laws of blébk-body radiation.

In the purely quantum mechanical treatment the quantum numbers

appear directly in the discrete solutions of the wave

equation, with the additional feature that the magnitude of

an angular momentum A is given by A = \/ ACA + 1).
The total energy of an atom, disregarding its motion,

is the sum of the ehergies associated with L, S and I.

The addition of atomic anguiar momenta 1s restricted by

the spin-orbital interaction of the electron, which can be
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understood classically as the spin magnetic moment of the
electron experiencing the magnetic field due to its orbital
motion, The constraint thus imposed is that L and S must
be added, and their resultant J = L + 8, which is quantised,
added to I to produce the total angular momentum F = J + I,
which is‘also quantised,

Fig. 2.1 shows the energy level diagram for Rubidium 8%
in a schematic form, based on the vector additions of L, S, I.
 The ground state denoted by §% has L = O, Q%. This 1is split
by the action of nuclear spin I = 5/2 into two levels with
F =3 and 2 respeétively.' Similarly the first excited state,
P, has L =1, 8 = % and is split into substates Py with
J =%, and P3/, with J = 3/5, corresponding to the
conditions when the angular momenta L and S are antiparallel
and parallel respectively. Each of the substates R& and
P3/2 is split once again by the nuclear spin into F levels,

The generalisation of Bohr's quantisatlon principle leads
to the state of affairs where angular momentum is also
quantised in any chosen direction to which observations of
angular momentum is referred, Hence the sum of L and S is
quantised, and the sum of J and I, and more generally, if
the angular momeﬁtum of an atom is measuréd with respect to
a chosen axis it may only appear in discrete values. This
'space quahtisation’ leads to a splitting of the F levels,

when a reference direction is imposed on the system, into
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sublevels denoted by M. The angular momentum of an atom
measured along a given axis may take one of the values
Mp=F, F~-1.,,.....1-F, -F, corresponding, classically to
the permitted projections of F along the chosen direction.
The sublevels all have the same energy except when a magnetic
field is present, which space quantises the momenta, and
because of the magnetic moment associated with the angular
momentum of an atom, produces encrgy differences between
adjacent sublevels. The MF numbers fake on the significance
of indicating the magnitude of the component of magnetic
moment in the field direction and the energy acquired by

an atom in the magnetic field,

Optical Pumping

A transition S-3P takes place when an atom absorbs a
photon of light of the energy corresponding to the energy
difference betwecen the(S and P states. Relaxation P-3 S
takes placé with the emission of a similar photon by the
atom.

Restricting the discussion to transitions between-S%
and Pl states, it is to be understood that for an individual
atom the transition tékes place between distinet Mp sublevels
of the respective states, Besides other selection rules
'governing the transitions which are not pertinent to the

description, the quantum mechanical freatment permits Mp
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to change by + 1, O in an optical transition, corresponding
to the ahsorption or emission of a photon with spin + 1, O,
Classically this is the conservation of angular momentum in
the direction of the light beam.

Fig. 2.2 is a simplified description of the state of

M~/ ' (8] +/
P STATE ®
Fig, 2.2. ' f

[
PUMPING
S srare ' ®

affairs when an assembly of atoms is irradiated by a colli-
mated beam of light consisting of spin = +1 photons. The
collimation of the beam ensures that all the atoms are under
the same space quantisation constraint imposed by the axis
of the light beam, which is also the axis of rotation of the
phoﬁon spin. The Mp sublevels of the P state are drawn
“horizontally above those of the S state for clarity of
description.

In a transition S—=P the absorption of a spin = +1
photon must increase the space quantised value of an.atom's
angular momentum by 1 unit. Thus transitions corresponding

to ASMF = +1 are the only ones permissible., These are
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indicated by the diagonal arrows in Fig. 2.2. The Mp = +1
sublevel of the S state cannot be excited by the optical
beam,

The decay P—éts‘does not suffer from the restriction
on AMp since it does not require the absorption of one of
the incident photons, and in the relaxation ;QMF may be + 1, O
with about equal probability, if such a transition is |
available, allowing some of the atoms excited into the P
state to decay to the 5 state sublevel Mp = +1,

The effect of repeated or continuous irradiation is the
accumulation of atoms in the Mp = +1 sublevel of the ground
state. This correspénds‘to the alignment of the atoms in -~
the assembly along the direction of the light beam.

The pumping of atoms up the Mp scale is very rapid.

A casual inspection of the situation in Fig. 2.2 indicates
that 90% of the total number of atoms present are in the
Mp = *1 sublevel of the S state after three cyéles of the
absorption and decay.

If the P state has a sublevel with Mp = 2 the S state
sublevel Mp = +1 could be excited causing’the steady accum-
ulation of atoms there to be dispersed, shuttling back and
forth between S and P. Such a condition exists for rubidium,
where the P3/2 state has a value of F greater than the S%
state and optical transitions S%gﬁ}P§/2 may take place as
well as S3— Pr.  The two transitions form a doublet of
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thé optical line, similar to the well known sodium D lines,
Because of its undesirable effect on the optical pumping
process it is necessary to remove the line corresponding
to S%*Q-P3/2 from the irradiating light Beam. This is
possible in the case of rubidium because the doublet sep-
aration is large. The Dq line, corresponding to Sé-ﬁtP%,
has a wavelength of 79452 and the D5, corresponding to
S%-> P3/é, has a wavelength of 78003 and 1t is possible

to use standard techniques of optical filtering to exclude
the Dy line. It is clear from Fig. 2.1 that even when Dq
light only is used the F = 2 level of the S% state may be
excited to the F = 3 level of the Py state, reducing the
optical pumping efficiency of the S%, F =2 level. For
this reason the F = 2 level is not significént and the
resonance observed in rubidium is that of the F = 3 level
of the Si state (the ground state),

The spin of a photon arises out of its electromagnetic
properties and corresponds directly to the polarisation of
the associated wave. Thus, it may be taken that spin = +1
photons correspond to a right circularly polarised light
beam,

This is the optical pumping process fundamental to
the magnetometer. The property used to measure magnetic
fields is the energy difference between Mp sublevels of the

S% state in the presence of a magnetic field. Without optical
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pumping the populations of the sublevels would be equal
except for a negligible difference due to the Boltzman
distribution. In such a case a process used to stimulate
MF-4>MF transitions would induce as many one way as the
other, and while the atoms might be shuffled within the
ground state no net change in energy or alignment could take
place.

The Mp —» My resonance is most simply detected by irrad-
iating a sample of rubidium vapour by a light beam, polarised
as described, collinearwith the field direction so that the
quantisation axis for light alignment coincides with that for
- magnetic energy separation. It is clear that, when all the
atoms of the sample have been pumped to the extreme Mg
sublevel of the grbund state, the light beam is transmitted
through the sample without loss of intensity due to
absorptipn by the atoms, because in the extreme Mp sublevel
there is no permissible optical transition available to the
atoms. If a process may be adopted to dislodge some atoms
from the pumped state to a sublevel where optical absorption
is possible, its action will be indicated by a decrease in
the intensity of the light transmittéd through the sample
due to the renewed pumping of the disturbed atoms. It is
nossible to achievelsuch a situation using the resonant
effect upon the atoms of a radio frequency magnectic field,

When the frequency of the applied RF field corresponds to
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the energy of separation of the Mp sublevels in the magnetic
field, atoms may be dislodged from the pumped state by the
‘resonant interaction. The condition governing the resonance
is that hY = A E, where h is Plank's action quantum, V is
the frequency of the RF field and AE is the energy between
adjacent MF sublevels due to the magnetic field. 0 is

approximately 470 Kc/s per gauss for RbS5,

The Self Oscillating System

The significance of space quantisation is that the
_atomic angular momentum is constrained to precise orientations
with respect to the direction of quantisatibn. It follows
classically, from the interaction of a magnetic field with

a magnetic moment intrinsically associated with an angular
momentum, that the angular momentum vector precesses about

the field direction at a constant rate. This is illustrated
in Fig. 2.3, where Hy is the magnetic field, 4/ the magnetic
moment aﬁd G the angular momentum associated with A/,

1 and j are unit vectors describing the component directions
of G parallel and perpendicular to H

=0

Mx Hy=d_ (G
M x By %

describes the situation.

i.e, Hy sin@  =4_ ( [g! sin@. 1)
at
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,5f dd = MEH, (2.1)
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where & and G are fixed. This describes the rotation of ]

about H at t he rate /Lﬂ. This is the precession used by
G

larmor to build a semi-classical atomic model. /UE , the
rétio of magnetic moment to angular momentum of an atom is
called the gyromagnetic ratio and given the symbol .

Fbr a given angular momentum the magnetic moment is
fixed; and the significance of the Mgy quantum numbers is the
allocation of fixed discrete valuesof & . Thus, to this
order, all Mp levels precess about a magnetic field with the
-same Larmor frequency.

The splitting of a level by the interaction of angular
momenta 1s best described using the 'splitting féctor', gy
of Landé:, The derivation used here is carried out for the

combination of L and S for clarity, and the nuclear inter-

action follows.
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In the case of an atom with L and S it should be noted
ﬁhat the magnetic moments associated with an electron are
negative and the spin magnetic moment is twice'what might
be expected in classical terms.

Fig. 2.4 illustrates the calculation. Since A, is

Fig. 2.,k

twice the value expected on purely classical grounds, the
total momenQ/g is not collinear with J. Ihe spin¥orbit
interaction makes L and S precess around J and the total mag-
netic momenﬁ/g likewise precesses about the J direction.
This valuezég,of the magnetic momenﬁ has no real physical
significance since its rate of precession is highj; its
component in the direction of J becomes the effective
magnetic moment.

Mg =My cos (L, I) + K cos (8, J)

where (L, J) represents the angle between L and J ete.
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The value of the magnetic moment associated with a
particle of mass m and charge e moving in a circle of radius
r with velocity v,shown in Fig. 2.5 is given by

M= i A emu, where i is in esu.

Fig., 2.5.

Bearing in mind that the current requires to be averaged
over the path of the orbit

i=ev and A = Jrre
2T

Therefore /U = e vy,
2C

The angular momentum of the particle is given by G =m v r,

so that ///= e x G,
2MC

In this way it can be shown that

Yo=- 2w/ Lt
_/ L e ‘/ |
Hs= -8 J
Thus My = - el [E(T+L) cos (L,J) + 2. /8(5+1)
2MC |

cos (8,7) _/
The cosine formula, remembering that the quanbtun mechanical

value of L is «/L(L+1), leads to
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My = Beg J T (T+1) - (2.2)
where /3 = e¢ix = Bohr magneton
2mC

=/ 1+ J(J+1) + S(S+1) ~ L(I+1) 7
2 J(J+1) '

)
=3
o

09

G

I

the splitting factor for the combination.

The derivation of the splitting factor accounting for
nuclear spin follows by cominging I and J. This is illus-

trated in Fig. 2.6.

Fig., 2.6

Again the total/g does not lies along E and
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AJF :}UI cos (I,F) -/UJ cos (J,F)

Also e
Mr=el g I(I + 1)

I 5 I v
by analogy with the previous section, and replacing the

electronic mass m with the proton mass M.

Therefore

Il

- e /g7 cos (3,F)\/ T(I+1)
2mC '

FMr

-(% gy cos (1,F)/ f(I+1)_;7

"/9 gF\/ F(F+1)

I

wheref is the Bohr magneton

and gp atomic splitting factor.

The energy an atom may acquire in a magnetic field is

classically

AR =/UH cos @

H x component oﬁ/}in the H direction,
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Using/L/F derived above,
- _ AR n
AE = H, P ex J F(F+1) cos@
= Hng. MF
Where MF represents the value of the projection of the
angular momentum in the H direction.
The energy separation between adjacent Mf sublevels
is given by
AE =H. (8 g, since AMF = 1,
= My, % . H, using (2.3)

= h .

1
B
= h.J

That is, the energy difference between Mp sublevels is equal,

. di wusing (2.1)
at

and the frequency of the transition quantum is the same as
~ the Larmor precession frequency of the atom.

A more precise calculation, taking into account the
interaction energies of the atomic momenta shows that there
exists a small difference between the precession rates of the
different MF sublevels, and correspondingly the transition
energies are different. In the case of the S% state of
rubidium this results in the radio frequency resonance
- exhibiting a fine structure consisting of six lines, separated
by approximately 60 c/s pér gauss, corresponding to the six
AMp = 1 transitions available. The splitting of this fine

structure is proportional to HZ.
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The rotating coordinate system

Consider the precession described by

A x By = d_ (@) and the transformation
- dat

to a set of axes rotating about H, with angular velocity
— ), described by Rabi, Ramsey and Swinger, 1954%.

Then 4G = OG —C_t:ix G
- aX FT

where d_ is rate of change in the laboratory system,
at
gl_is rate of change in the rotating system,
t
Thus g_%_-g)x& = Mx Hy
ie. B(_}_=/QX Hy +Wx G
ot
o - K
:AJ'XV (Ho - @)

This equation describes, in the rotating coordinate system,
the precession of &/ about an equivalent field (H, *.%3)°

Consider the situation where the rotating coordinate
system is defined by a magnetic field Hj, perpendicular to Hg,
and rotating about it with angular velocity @. This is
illustrated in Fig. 2.7. In the rotating system the magnetic
field is the resultant, HR, of Hj and (Eo"%?' A magnetic
moment precesses about HR when observed in the rotating
“coordinate system.

If Hy rotates at the rate W, about H,, such that
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=0, precession takes place about Hy alone,

==
!
X
)

In an opﬁically pumped assembly of atoms 1t is possible
to use the rotating system of coordinates in the description
of the operation of the self-oscillating magnetometer., If a
light beam, collimated and polarised as before, is shone
on to the sample at an inclination to the magnetic field
Ho, optical pumping takes place, the direction of the space
quantisation being the axis of the light beam (De Zafra 1960).
In the rotating system of axes described above the light H
beam becomes a cone around Hy, which is homogeneous because
the light source is not coherent. Thus the alignment of the

atoms forms a cone about Ho, producing a net magnetic moment
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‘/Z;o, which is in the Ho‘direction, since the componeﬁts
.perpendicular to H, annul each other over the cycle of
fotation./a'o_precessés about Hg in the manner described,

at the same time decaying under the stimulus of the Hy

radio frequency field,. The decay is arrested by the renewed
pumping of decay atoms and an equilibrium is reached at a
valugjj. /17 is then a fixed vector in the rotating coordin-
ate system. In the simple case where & =(J  the precession
of;lj‘j takes place about Hy, in the plane perpendicular to
Hy, because the initial pesition of,&% is along Hj. Tranéf
ferred back to laboratory coordinétes the net magnetic moment
/E, produced by optical pumping, is stable in magnitude and
precesses about H0 at the Larmor frequency and bears a

fixed phase relationship of 90° to the Hy field's rotation.
Thus the applied radio frequency field, rotating about Hy

in the correct sense at the resonance frequency produces a
phase coherance»in the precession of the optically aligned
atoms which is one quarter of a cycle different from the phase
of the radio fregquency field.

Dehmelt éuggested that the precession about H, of the net
alignment might be used to detect the resonant preéession.
(Dehmelt 1957B, Bell & Bloom 1957). The optical absorption
coefficient for an atom depends on its orientation with
- respect to the light beam and thebprecession of the net

moment of the sample corresvonds to a variation of the net
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orientation with respect to the light axis. When 4 is in its
nearest position to the direction of the light beam, corres-
ponding to an ‘all-pumped' condition, light transmission is
high. When/aahas precessed 180° to a positicn corresponding
to a largely depumped condition, optical absorption 1s high
resulting in a reduction of the transmitted light. This is
most easily envisaged classically when it_is remembered that
in the stable condition the net magnetic moment consists of
atoms in all MF sublevels precessing in phase to a first
order, around the H, field direction. The change of orient-
ation oszy.with respect to the light‘beam during the

- precession presents a ‘'depumped' atom with a modulated

opportunity to absorb a photon,

The modulation of the intensity of the transmitted 1ight
may be used to monitor the resonance. In the self-oscillating
magnetometer the light modulation is detected by photocells,
amplified, and fed back as the radio frequency field, Hl’
to the sample., The configuration is shown in Fig. 1.8,

Assume that the conditions are such that)a lags Hy by
90o at the resonance, and consider the moment of first
switching on the amplifier, the light having been started
previously. The light modulation has the form L = A cos®,t,
for this first randomly occurring moment precesses at the
true resonant frequency. Suppose the amplifier has a

suitable gain, so that Hy; has the form Hy = B cos .(_(J-’Ot +¢)
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i.e. a phase shiftgs is produced by the amplifier in
converting the light modulation to a magnetic field. The
case where () = +90° is trivialj; oscillation takes place
precisely at the resonant frequency. When¢f90° the
first increment of Hl leads to the net moment by less than
90° say. The atomic moments attempt to get in step and in
doing 50 have to slow down. This causes the first increment
of light modulation to have ngl<:adb. The implication
is that the Hy frequency is less than that which satisfies
Hy - Qfo = 0 in the rotating system, and the net moment,
precessing in a cone about HR reaches an squilibriunm position
which lags Hy by less.than 90°, Thus two effects take place;
1. The net moment decreases its precession frequency in its
attempt to lock on to Hy, and
2., The decreased frequency fed back as Hl causes to
precess about an Hp (= 1:H12 + (H, - & )2 _7% ) which is
not perpendicular to H,.
A stable state is reached where the phase change in the
amplifier matches that betweeg/U’and Hp at some frequenqyié-éd
The 1imit of this oscillation is the line width of the

resonance, beyond which self-oscillation camnot occur.

Orientation dependence of the Self-0Oscillator.

In the previous discussioh it was assumed that/}j lags

the rotating Hy field. This involves assuming that the
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magnetic moments produced by the optical pumping process
precess In a clockwise-direction about the positive
direction of magnetic field. If this were not trﬁe it would
only be necessary to reverse the direction of the polaris-
ation of the light beam to produce a net moment of the
opposite sign,

Consider the light modulation, the geometry of which is

illustrated in Fig. 2.8. This is drawn in the laboratory

Fig., 2.,8. 1 L %

Hi

W

! H
i

cooydinates in the plahe of Hp and L, the light beam, at
the moment t = O, when/U is also in this plane.
0A representS//? at t = 0, and OB lying in some direction
other than the plane of the paper represents the position oQ/U
at t = t1,
The angle ACB = Wtl,
OC is the projection of/U on the Hy axis.

0D is the projection on the L axis of /U at t = 0, and
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BFGE represents the plane, perpendicular to L drawn through B.
F is the intersection of this plane with CA and AG is drawn

parallel to L.
Thus OE represents the projection on the L axis of/ﬂi at

—_—_
Angle OAC = 90 -&(
Angle GAO = & - X

Therefore, GAF = 90 -G _
FA =/7$in0( (1 - cos&)ty)
GA = FA cos GAF
=/L7‘sin‘0( sin® (1 - cos & t)
GA represents the variable part of the compohent o%/j along L.

The magnitude of/ia, is the projection of the net
orientation on the H, direction and is thus proportional to
cos @, It is therefore possible to write/ij:= k cos 59,
whence the equation for light modulation tzkes the fornm

L =x singl’ sin 2&(1 - cqs&)t/);
where K is a constant.

This indicates a time variation oféf’at the precession
frequency and also an amplitude dependence ofAfPupon the
value of &. 1In particularz= 0, when & = 0, 90°, 180°,
Thus the magnetometer is subject to null zones when the light
beam and the magnetic field are collinear or perpendicular to
each other, Note also that the sign ofgi7changes between
@< 90° and @ > 90°, This means that the light modulation



-52-

changes phase betweén the two ranges of &@. Thus for a
magnetometer of the type describéd, operation is only
possible for one of the hemispheres 6?5; 90° unless the
facility exists for changing the sign of the 90° phase
shift as required.

Another feature of the orientation.dependence of a
magnetometer based upon the type of resonance discussed is

illustrated in Fig. 2.9. The fine structure of the

Fige 2.9. Illustrating the dependence of the self~-oscillator
frequency upon orientation,

resonance has been mentioned previously and its associlation
with the different Mp sublevels explained. These component
lines have been observed using the swept resonance technique.
Because of their closeness together a very narrow line width
is required for their observation. In the self-oscillator
resoiution of the lines would present ambiguity in the
oscillation, the question arising as to which of the

individual lines was responsible for the self-oscillation.



-53-

For thls reason, and in ﬁrder to achieve maximum signal-to-
noise ratio from the instrument it is preferable to use a
broad line width in which the individual components are not
resolved. The resultant loss in absolute accuracy is no
more than Ehe indeterminécy of which component is sustaining -
the osbillation.

However, it is found that the relative strengths of
the individual lines show a variation dependent on the
orientation of the light beam with respect to Hy. This is
due to the dependence of the opbical absorption coefficient
on the alignment with respect to the light beam, in the same
way as the light modulation takes place. Thus the angle
between L and%g specifies one of the Mp sublevel orientations
" which is in a more favourable position to absorb light.

The result of this condition is to produce a variable
assymetry of the composite line, which produces a small
variation of the frequency of oscillation of the self-

oscillator dependent on the light beam orientation,



CHAPTER 3

DEVELOPMENT OF THE SELF-OSCILIATING MAGNETOMETER

Introduction

A great deal of the interest which prompted the initial
investigation of optically pumped systems for measuring
magnetic fields lay in their ability to measure low values
of field strength, and rapidly changing values of ficld
strength, and in their adaptability to configurations suitable
for inclusion into satellite and rocket payloads. The
engineering constraints arising from such applications were
taken intb account from the outset,. Wherever qusible
component parts were chosen and designed to proddce a coupact,
light, yet robust final unit.

The experimental approach was, in general, empirical and
followed the order of firstly detecting the resonance>signa1
and using this as a monitor with which to optimise the optical
system,.so that observations of the radio frequency signal
produced by the freely precessing atoms could be made., This
leads directly to the study of self-oscillation and.the

subsequent development.
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Component HEguipment

Fig. 3.1 shows the basic equipment and the sensor

configuration used in the preliminary investigations.

At e amae > =T g B =,

e e T s
.

POLARISER
LAMP FILTER GAS CELL
; PHOTOCELL
6 D
|
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i
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O3C/LLA
ATTENUATORS __j 1

Fig. 3.1. ZExperimental arrangement for observing the swept
resonance.

Lamp

The lamp was supplied by Varian Associates, California,.
It consists of a single triode high frequency oécillator
(" 100 Mc/s) the coils of which surround a small glass bulb
containing a trace of Rubidium in a low pressure atmosphere
of Krypton. The Krypton pressure is its equilibrium pressure
at liquid nitrogen temperatures,  The valve, alGEC 5718, is
a small tranSmitting valve consuming 3.5 watts. The

Rubidium vapour in the bulb is excited into an electrodeless
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discharge by the radio frequency field between the coils

of the tuned cirecuit of the oscillator.

Light Filter
The light filter, supplied by Barr and Stroud Ltd.,

Glasgow, is a high quality multiple interference filter of

the metal dielectric type, mounted in glass. It has a peak
_ o

transmission of 60% at 7948 A with a 60 2 pass band. This

suitably suppresses the unwanted D2 resonance line.

Circular Polariser

The circular polariser consists of an absorption linear
polariser efficient at the Wavelength concerned followed by a
quarter-wave plate. Verious types of polariser were used in
the progress toward improved‘signal strength,v A combined
polariser supplied by Polarocid Inc., produced the best and

most convenient unit.

Lenses

Lenses used in the optical system are manufactured by
Kodak Ltd., under the title of Ektachrome filters. They
are fresnel zones etched on rigid pléstic. Their performance
as lenses 1s suiltable for the application, while their
lightness and the convenience with which they can be cut and

modnted are of considerable advantage. Glass lenses have also
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been used,

Gas Cells.

Gas cells were manufactured under contract, by the
G.E.C. Hirst Research Centre, They are circularly cylindrical
soft glass bottles with flat ends, 2" diameter by 3" long,
continaihg 0.3 miiligrams of natural Rubidium in a buffer
gas of Helium. In the filling of the cells particular
attention was paid to the removal of impurities. The cells
were evacuated to a pressure of lO"6 mm, of mercury and baked
at 350°C for 30 minutes at this pressure before the rubidium,
which is a solid at room temperature,was distilled in.

The free relaxation of aligned rubidium vapour is
controlled by collisions between the rubidium atoms and
other atoms in which the interaction results in a loss of
orientation of the rubidium. Bloom (1959) indicates that
the processes by which this takes place involve electric and
magnetic interaction between the atoms and by spin exchange.

The collision rate between rubidium atoms increases with
an increase in the vapour pressure, while the relative fre-
quency of collisions with the walls of the enclosing vessel
decreases when the mean free path is smal ler than the
vessel's dimensions.

Kastler discovered that an artificially high pressure

could be achieved by using a noble gas to 'buffert'the
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rubidium atoms, allowing a reduction of the frequency of wall
collisions without inecreasing the rate of collisions between
rubidium atoms. The requirements for effective buffering

are that the buffer atoms should have all electron shells
filled and no nuclear spin (Parsons and Wiatr).

Wall coatings having buffering propertie. have been used
to eliminate wall collisions completely and achieve very long
relaxation times (Bender 1959). However since reports of
their use indicated unsatisfactory long term performance
their use was hot considered in the construction of a
magnetometer.

Bloom (Sci. Amer,) indicates that disorientation due to
collisions between rubidium atoms is very small at the low
partial pressures used.

Variation of temperature controls the number of rubidium
atoms present in the vapour and the rate of their collisions
among themselves and with the walls of the wvessel., This
results in a limited range of temperatures over which the
resonance can be observed, since low temperatures do not
produce sufficient numbers of rubidium atoms in the vapour
and high temperatﬁres produce a high relaxation rate.

Under these conditions the gas-cell dimensions are nbt
eritical and were therefore chosen as suitable for the

application.
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Initially a series of cells was made to determine the
opt imum buffer gas pressure. It was found that pressures
in the range measured (2 mm - 60 mm Hg.) produced a very
broad maximum of signal at 25 mm. Hg. Helium and subsequent
cells were manufactured at this pressure. The end faces of
the gas cells, through which the light beam must pass were
made reasonably flat. The specification was that there should
be no rings on the end face produced when it is fused to the
cylinder. The faces used satisfied this condition. Since
optically flat ends, which were in fact tested, proved to be

no more efficient they were not employed.

Photocells

Silicon photovoltaic cells, whose peak optical response
lies conveniently at 8000 X,were used. Cells ranging in
effiéiency from 6% - 11%, and in size from 4 cm x 1 cm to
2 cm x 1 cm were tested., In general the more efficient cells
produce greater signals, but are more susceptible to noise
from pick up, and fluctuations of light intensity.

Combinations of cells connected in series and in parallel
behave in the normal way when their high internal resistance
is taken into account. Fig. 3.2 shows the response of four
1l cm x 1 cm cells, connected in series, to a low frequency test

signal with varying values of load resistance, and the
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#ig. 3.2. _Sighal response of four 1 em x 1 cm photocells
connectéd in series under load-conditions.

corresponding variation of power in the load circuit. The
points marked on the power curve represent values calculated
from equation (2) of the Note appended to this chapter, and

show good agreement with experiment.
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The response shown in Fig. 3.2 indicates a source
resistance of % K{Lper cell and this in combination with
the shunt capacitance of 0.03/9f per square centimetre,
limits the_electrical frequency response of the photocells.

Fig. 3.3 illustrates the difference in phase change and
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#ip. 3.3. Tesponse and phase-shift of series and narallel

photocell connections,

frequency response between configurations with four cells
connected in series, and in parallel. Phase curves are

shown dotted while those for relative response are solid

lines. In each case the curves for series connected ecells

extend further to the right of the scale, and the phase
curves have been flattened out at tan¢;= 10, to indicate the

range of effective 90° shift.

Laboratory Equipment

| The test equipment used to détect and investigate the

resonance is shown in Fig., 3.1 and consisted of a variable
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radio frequency generator the output of which was econnected
via attenuators ahd a series resistor to the Hy coil, 80
turns of 22 gauge enamelled coppér wire wound coaxially
round the gas ceil, and an oscilloscope with a high sensitiv..
ity D.C. channel. |

Suitable temperature conditions in the gas cell during the
exnerimenfal stage were maintained by keeping the laboratory
at as high a temperature as possible and by supplying addié
tional heat directly to the celi by a small hot air blower.
A commerciai hand hair dryer was sufficient for the purpose
and when the gas cell was lagged with glase fibre to wmaintain
tbe temperature it was only necessary to heat the cell two or

three times per day.

bxperimental

In the development toward self-oscillation no attempt
was made to resolve line structure. The progression was
simply that of acquiring the strongest swept signal, detecting
and optimiéing the radio frequency modulation, driving the
modulation by the applied field, and finally closing the
feedback loop.

The method employed was to set the sensing element in the
Earth's field and sweep the generator frequency manually,
through the resonance, until the H1 level was adjusted for

maximum signal response, Typical test conditions were:
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Photocells: four 1 cm x 1 cm cells in series, connected
directly to the oscilloscope.
Hy strengths SOQ/Ja peak-peak through the coil.
The swept signal had a peak of 3004V with a noise
level of 40/0 V peak to peak. It was not considered necessary
to study the detail of the noise at this stage.

With this rather poor signal it was possible to detect
resonances with Rb85 and Rb87 and to demonstrate that Rb87
produces its optimum 51gna1 at a higher temperature than Rb85
Fig. 3.4 shows photographs of the two resonances at differcnt
temperatures. In each case the Rp87 signal is to\the left
oﬂ the trace. |

Improvement in the quality of the optical components,
and in the collimation of the light beam, prodﬁcéd a marked
improvement in the signal. The collimation of the light
beam was foﬁnd to be achieved most satisfactorily by the
lamp reflector alone. A parabolic reflector manufactured
from the curve x = 10 y2 produced good results,

A smallvset of Helmholtz coils was used to adjust the
magnetic field strength and direction for these tests.

“These modifications.résulted in a signal strength‘of
5 mV with only a slight increase in noise level due mainly
to low frequency noise in the light beam. Signals of this
magnitude were achieved with the optical axis within 300 of

the field direction, in a field strength of 0.25 gauss. In
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~ The variation of the amplitude of the swept signal with

orientatlon with respect to the field direction is shown in

Fig. 3.5. Agreement with a coszé? law, as suggested by
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Fig. 3.5. The variation of the amplitude of the swept
resonance with orientation.

Bloom is good for & > 30°, It is possible that the déviation
from the law for<9<:300 is due to a satufation of the swept |
resonance by the high component of light intensity along the
fieid direction at small angles, in the manner noted above.

It was found possible to eicite the resonance by sub-
harmonics of the resonant frequency, using a high level of
H1 field strenght.

The 1line width of the resonance was estimated from read-
ings of the generator, scale to be 1000 cycles per second. The
method was to set the generator frequency to the points on

either side of the 1line centre at which resonance was just
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relaxation times in the range 20 - 40 x 1073 reported by
Pranzen and Little (1959), using Argon as the buffer gas,

and representing free relaxation without radiofrequency
stimulus. In Fig. 3.6A the Hy field had a meximum value of
amagy and was expected to cause a substantial decrease in
the relaxation time constant. - The pumping time TP.= 2 x 10'3
seconds represents a higher optical absorption rate than that
expected by Parsons and Wiatr (1962) because of the greater
light intensity used here, and required to produce adequate
signal~to-noise ratio in the self-oscillator. The line

width, given by the formula Af =1 (1 + 1 ) is 500
7w T Tp

cycles per second, and represents the half width of the
resonance line.

The measured time constants, T and Tp, are subject to
:inaccuracies because of the time of passage of the generator
frequency across the resonance line, which imposes a time
variation of radiofrequency stimulus, and also because optical
absorption takes place concurrently with disorientation.

It is thought that the value of Tp is a good representation
of the pumping time constant. The -traverse time of the
generator sweep is approximately 10~3 seconds, so that the
errors which are inevitébly produced in Tj by the sweep
rate and the error due to optical absorption taking place

during relaxation may be neglected during the pumping limb
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1000 ¢/s represents a Ty = 2.5 x 1073 seconds,

The generator could be tuned to the frequency of the
resonance line centre, indicated by the maximum decrease
in transmitted light, and a state of balance achieved
between radibfrequency relaxation and optical pumping.
Using thisvcondition it was possible to observe the pumping
time directly by switching off the radiofrequency ficld
rapidly. This method indicated a value of Tp = 2 x 10~3
scconds. By swiltching on the radiofrequency field under the
same conditions a value of Tg = 10~3 seconds was observed.,

Another method of display, in which the ambient fieldv
is modulated at a convenient low frequency of small amplitude
(less than the resonance line width) was used. This method
is described in Fig. 3.7 where the effect on the optical
transmission of the field modulation, centred at different
points on the resonance curve, ié shown. This method was
used at a later date to make a direct measurement of.line
width. The technique was to tune the generator frequency to
the maximum response at the field modulation frequency. If
the modulation amplitude corresponds to half the line width
this condition may be taken to represent the half amplitude
point of the resonance line. The two resulting fréquehcies
were measured by a frequency counter and showed a line half
width of 340 c¢/s, under the conditions of the previous “

measurements, which correspond to those of the self-oscillating
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Modulated field method of detecting the swept resonance.

On_a 1limb of the resonance line the optical detector responds

at the same frequency as the field modulation, At the line

centre the optical detector responds to the 2nd harmonic of
the field variation. '

magnetbmeter described later., A doubling of the radiofrequency
field strength increased thelline width by 30%, while a
fourfold reduction produced no appreciable reduction, This
indicates that the femaining line broadening is largely due
to the 1light beam.

The modulated field method, which is a convenient way
of acquifing a repetitive sweep, made it possible to detect
the radiofrequency modulation on the flanks of the resonance

line.
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Using ambient field values of one or two tenths of a
gouss it was possible to drive the radiofrequency modulation
continuously, by tuning the generator to the resonance
fréquency, and to monitor the signal with photocélls
connected directly to the osecilloscope. A

Because the signal was marginal low values of magnetic
field were necessary in order to minimise the capa¢itive
loss of the photocells. Difficulty was encountered due to
direct inferaction between the Hy field and the photocells,
and the Hl field had to be reduced considerably to ensure
that the observed signal was due to 1ight_moduldtion.

The driyen system was investigated using an amplifier
which had been designed to have suitable gain and phase
control for self oscillation, A four stage transistor
amplifier with a gain of about 90 db and an input impedance
of 1 Knwas used. Two 2 em x 1 cm,, photcells connected in
parallel, provided the signal detection and it was expected
thot the satisfactory input matching would allow. reasonable
phase control un to 20 XKe/s.

The Hy field strength required for optimum driven signal,
using the amplifier, was one hundredth of that required for the
maximum swept signal. However, low Hy field level was
required to prevent direct pick-up.

In general signal strength decreased with increasing

field from 0,5 gauss to 0.1 gauss but an accurcte measurement
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ecould not be made because the direction of the field vector
could not be ascertained with sufficient precision when

the bias colls were used.

Self-0Oscillation

It remained to connect the amplifier output to the Hy
coil, thpough o resistance to prevent loading of thc amplifier
by the ccil, and a capacitance to block the direct current
from the amplifier. Fig, 3.8 shows the schematic form of

the self-oscillating system. The value of the capacitance in

series with the Hl coil

LAMP FILTER  POLARISER GAS CELL }k
L& 4A4 R

yorrry L,
H: FireLo con v
r
90° AMPLIFIER ¥
PHASE CHANGE (Ganw ~ 10%) I

o

Fig, 3,8. Schematic diagram of the self-oscillating system.
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was chosen by test to produge the corfect phase condition
for self~oscillation, Self oscillation was first observed
at a frequency of 5 Ke/s corresponding to a field of 1000
gammas, and it appeared that the signal to noise ratio had
improﬁed by a factor of two o&er the driven condit ion.
In a field of 250 gammas the line width was found to
be 100 ¢/s. This was measured by varying the phase of the
Hy current by altering the resistance and capacitance mentioned
above. The frequencies at which the arrangement could be
made just to oscillate in a fixed magnetic field arc taken
to be the limits of the resonance line in the self-oscillator,
The measured figure, which corresponds to 20 gamma, seeus
excessive when it 1s borne in-mind that the fine structure
of the resonance is Virtually zero at this order of field
value. lIt is thought that the field gradients producéd by
the Helmholtz coils was a contributing factor. This would
account for 25 cycles of the measured line, since the field
variation over the volume of the gas cell was 5 gammas,
Field due to the A.C, mains are thought to have been respon-
sible for a considerable line broadening at low fields. In
effect the 50 c/s field modulates the ambient field.
Parsons and Wiatr consider that a power field of amplitude
1 gamma nroduces the same line broadening as a 1 gamma
field change over the volume of the gas cell, In previous

measurements of the driven system it had been possible
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%0 demonstrate power field modulation of the form déscribed
in Fig. 3.7. It is nol possible to calculate the total
effect of gradient and power field on the line width.--For
this reason, the value of 100 cycles per second must be

regarded as the extreme line width at low fields.

Development

The physical configuration of the sensor was improved
so that it could be mounted rigidly inside a fibreglass tube
12" long and 3" diameter. Fig. 3.9 illustrates the mounting
assembly and Fig, 3.10 1is a photograph of the component

parts.

ol 77777
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Fig. 3.9. Senéor'assembly. Hatched areas represent thermal
lagging. Optical components are shown dark,

The lamp, on the right of the diagram, was held in
place by a sheath of expanded polystyrene, shown hatched,
which acted as a former for the windings of the Hy coil, and

to which polythene &nd pieces, machined to hold the optical
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compqnents, were firmly bonded. Expanded polystyrene was
used to insulate the gas cell.

The optical componcnté, shown black, consist of the
filter and polariser at the lamp side of thce gas cell and
two Fresnel lenses. They were positively separated by
rubber rings and held in place by the pressure of tufnol end
pleces which were screwed to the polythene former.

The photocells are shown at the extreme left in an
aluminium box, which has a circular hole cut in it to allow
light to pass through. It serves the dual purpose of a A
radiofrequency shield and a rigid support.

The configuration permits satisfactory alignment of the
optical axis with the Hl coll axis, a condition which is
necessary for accurate knowledge of the phase relations
(Bloom 1962). Lamp and photocell mounting may be moved
relative to the gas cell to adjust the focussing of the
optical path,

A set of Orthogonal Helmholtz coils 7 feet in diameter
was monufactured, and a stand which holds the gas cell at the
coils' centre and which can be rotated about all axes was
built. Fig. 3.11 shows the¢ sensor and the preamplifier at
the centre of the 'ficld coils. A heating coil of 40 gauge
enamelled copper wife was wound round the gas cell and heating
effected by passing five amperes through it. This arrangemant

worked satisfactorily, but was superseded by the more direct
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and less cumbersome method of passing current through the

Hy coil itself. The current source is connected directly

to the Hy coil after the series resistor and capacitor which
block its effect from the ampiifier. This has the advantage
of applying the hecat as directly as possible to the gas cell
itself within the thermal insulation sheath.

Improvements of this naturé permitted investigations of
the magnetometer to be carried out conveniently in low fields;
prior to the construction of the high field instrument which
has increased difficulties due to the photocell response
and amplifier bandwidth,

It was possible to improve the signal~to-noise ratio in
" low fields to better'thah 20 to 1 and to operate from 50 Ke/s
to about 300 ¢/s. The ver& low field operation was obscured
by 50 c¢/s power fields and field gradients. At frequencies
less than 1 Kc/éo, amplitude modulation and frequency modula-
tion of the magnetometer signal occurred at frequencies close
to 50 ¢/s and 100 c/s. Initially this was taken to be a dem-
~onstration of the field due to the loecal power supply, but a
similar effect can be presented by the interaction of the
Rb87 component with the RbSD signal in a field gradient. It 1s
thergfore not possible to state explicitly to what extent
power field interferred with the magnetometer performance.
Attempts to operate in fields less than 40J were foiled

by the 50 ¢/s power field, harmonics of which take over the
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oscillation in all but the most favourable orientations.
General tests of the magnetometer showed it to behave
in the expected way. The null zones were confirmed to exist
clong the field axis and perpehdicular to it and self
oscillation took place in only one hemisphere. It was
possible_to achieve operation in the other magnetic hemisphere
by interchanging the connections at the H1 coil. An
clectronic switch was built and tested which automatically
chose the correct sense of the phase change for self-
oscillation.

It was found possible to achieve self oscillation with
the RpS7 component by overheating the gos cell., The best
signal was of poorer quality than the Rb85_signal. The
appearance of the Rb87 component on the normal signal due to
Rb85 produces a frequency nmodulation and this is now used as
the standard by which gas cell temperature is judged. Also,
sincg excessive gain in the feedback amplificr produces the
Rb87 component it is used as the criterion for optimum |

amplification.

Farth's Field Instrument

Design of an instrument to operate in the Darth's
magnetic field, i.e. within the range 0.3 - 0,7 gauss,
presents two main problems, The first is that of producing

a transistor amplifier with 120 db gain over the range
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100 Kc/s - 350 Ke/s and which is driven by a photocell

matrix. The photocell impedance requires a serics arrangement
to reduce capacitive loss and this presents a large source
resistance. In order to maintain the freduency respénse
provided by the smaller capacitance a low value of amplifier
input resistance is needed, with the resulting inefficiency

of the mis-match,

The 90° phase shift may be assigned to the photocells and
thus amnlifier and Hl coillshould produce‘no phase change
over the working range,

Initial attempts to achieve the ideal conditions produced
amplified signals with a very poor frequency response. The
use of high frequency‘transistors made d donsiderable
improvement and a typical signal of 0.2 volts p-p with a
signal-to-noise ratio of % to 1 was possible., The use of a
simple tuned amplifier to enhance the resolution and increase
the amplitude of the signal permitted standard counting
techniques to be used in the measurement of the frequency.

Investigations with this system showed that the magnet-
ometer had a greater stability than the counting error,
equivalent to 0.2 gamma, and was sensitive to field fluctuations
of that order., | |

The second vroblem involved the intensity-of the light
beam, The lamp used up to this time had been designed for

operation in the Ranger series of Lunar probes, launched
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by N.A.S5.A. in 1961, and it had been expected that the light
output would be insufficient for high field applications.
The‘configuration of the lamp was that the bulb was
held in place between the coils of the lamp oscillator by a
small glasé collar cemented to the tip of the bulb and to
the tip of the valve. The assembly was enclosed by a glass
tube and sealed. The intentién was to provide a stable
warm environment for the bulb, using the heat dissipated by
the valve. Observation of the lamp performance showed that
if it was heated by the hot air blower, the light output

" increased and produced a considerable improvement in signel

quality.‘ An attempt to stabilise this condition by enclosing

the lamp~-gas cell assembly in polystyrene lagging was
partially successful. Improved signals werc observed, and
the thermal cnclosure maintained the gas-cell temperaturc
very well, However, continuous operation for several days
produced signs of valve deterioration. The main symptoms

of this are:

1. a reluctance on the part of the lamp to strike, i.c, to
start the discharge on being switched on,

2. & tendency for the discharge to oscillate between the
bright light of the rubidium and a dull light, thought
to be a krypton discharge

In order to maintain a high bulb temperature without

overheating the valve the lamp configuration was altercd.
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The bulb and its coils were enclosed in an evacuated jacket
and the valve mounted on the reverse side of the card. This
rcdesign resulted in considerable improvement in the lamp's
qualitiest=~
1. The enhanced light output produced larger signals,
2. Striking is effected reliably and very quickly.
3. The light stability is very high.

The eneouraging performance of the enclosed bulb lead
to an investigation of the lamp oscillator. A version of thc
circuit used by Parson énd Wiatr wds modificd for optimum
performance. The configuration, in which two valves are
operated in push-pull, presents more clearly defined opcrating
qualities than the single valve oscillator and it was possible
to acquife maximum magnetometer signal with a lower H,T.
voltage, Several circuits have been designed and built for
appraisal in rospect of the various applications of the
magnetometervand it is expected that a satellitc instrument
will incorporate a lamp consuming less than 2 watts total
power and which can be fully operational within 30 seconds
of being switched on by command. Fig. 3.12 shows the circuit
for a two valve oscillator and a drawing of the configuration
of the lamp. The bulb is held in place within its evacuated
jacket by the tuning coils of the oscillafor and theilr
supports. Both jacket and valves are mounted on the insulated

circuit card on which the circuit is built. The whole assembly
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Tig. 3.12. Lemp clrcuit ond asscembly. The éxeciting coils
are 4 turns 1 em diamebter 20 5.9W,G. wire.

is contained in an aldminium case with a pdrabolic reflector

attached. The drawing in Fig. 3.12 is approximately to scale,
Improvement in the signal quality due to the lamp lcd

to a typical signal amplitude of 1 volt peak to peak and

a signal-to-noise ratio of 10 to 1, Current and anticipated

development of the rubidium vapour magnetometer is contained

in Chapter 7, where the instrument and data it provided in

ficld trials are evaluated and discussed. -



Fig. 3.2 shows theldependance of photocell output
upon the load‘resistance which it is reqﬁiréd to drive, and
indicates a best match at 16 K[i‘ According to the maximum
power theorem this suggests 4 K{lto be the internal rcsistance
of a 1l em x 1 em photocell,

Consider the case of a single photoeell connected
across a 1oad resistance 'z', shown in Fig. 3.13. If 'v!
is the voltage produced by a photocell under a selected-
illumination then |

i= v
B+2

where R is the internal resistance of the cell. The power

transferred to z, is given by

Pz = y2g
(R¥z)?
If z = kR, then the power transferred to the load =
v2, k_ W
R (1+k)2

In the case of four cells in series, Fig. 3.14,each cell,

given the same illumination, produces a voltage 'v'. Thus

i= by
LR+z
and using the notation above the load power is
16v2 k& (2)

R Tk )2
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For four cells connected in parallel it is neccessary,
for generality, to replace the internal resistance R, by
Ry and R, which represent forward and reverse resistances
respectively. Fig. 3.15A shows the general circuit and
Fig. 3.15B shows the current paths from any one cell. It is
possible to specif& the same 1llumination on each cell as

before, and therefore the voltage 'v' produces a signal

current
i' = v
Rl+Rl
where RY is given by
ey - 143
RT 2z R2
Thus i= v(R2 + 3z)

RiRp + 3R1z + Roz.
The voltage across z is (v - iRy)

B E )
R, + z + 3R
1-_ %21 4

2, X (3)
1 (TFk 381 )2
Ry

Thus Power in load =

v
R

Fig. 3.16 shows the fluctuations (2) and (3) plotted
for values of k in the range O (fk < 1%, vThis illustrates
that the series arrangement produces more power than the
-parallel connection. Even at k = 4, which approximates to
the practical value when the load represented is a common

emitter transistor stage.



~87-

SERIES 4,
‘ ‘g’l
. 03 !
! PARALLEL
| R0
s %1
!
7 Rl — __’_
j» 02 R." 10
! Re, L
3
o/ *,
£
R==’
L A ] ' e
Z=4R %R R

Fig, 3.16. Power transfer functions for series and parallel
connected photocells,

The points inserted in Fig. 3.2 were calculated using

equation (2) and show good égreement with experimental test.
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CHAPTER 4

A DISCUSSION OF THE MAGNETOMETER

General Remarks

As previously discusscd, thc design of magnetometers
using rubidium vapour separates.into two sections largely
due to thec capacitive property of the photocells. At low
electrical frequeﬁcies the photocells respond well to light
modulation and produce an output which is not greatly phase
distorted. At high frequencies their capacitance reduces
their response to light modulation and produces a large
phasc change between input light modulation and‘output
electrical signal. Thus ideally it is possible to produce
the requisite conditions for self oscillation at high
frequencies using a great deal of amplification and no added
phase change, and at low frequencies using less amplification
but inserting 2 90° phase change. |

It is possible to extend the range of each of these
conditions by adjusting the variation of phase change with
frequency and by taking advantage of the fact that, under
certain conditions, self-oscillation can be maintained at
frequencies differing from the resonance line peak, which

corresponds to the 90° phase point. If the measurements of
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magnetic field to be made do not-require a high degree of
precision as for example the absolute values of the field,
without recourse to calibration, a broad resonance line
width may be tolerated, and operation off the 90° point may
be used to acquire a wide range of operation,

It has not beeh possible to measure the line width of the
self-oscillator with great certainty. The method employed
at low field strengths.was applied in the Barth's field
and indicated a.maximum line width of 400c/s corresponding
to 80 gammas. This represents an absolute acecuracy of one
part in a thousand.

The resonance line consists of the six lines corresponding
to the individual transitions within the F level, adjacent
lines differing in freguency in the Earth's field by 32 ¢/s
and producing the main breadth of the unresolved line. The
separation of these components is proportional to the square
of the magnetic field (Parsons and Wiatr). The residual line
widening due to light intensity and Hy field strength is
shown to be sméll as indicated by the measurement of the
line width in low fields. In general then, the absolute
accuracy of one part in one thousand should be regarded as

an over estimate.



Low Field Magnetometer

The circuilt for the preamplifier of a magnetometer to
operate at low fields is shown in Fig. 4,1. The field range
covered is from 50 gamma to 10,000 gamma, the lower figure
being the lowest field in which a test was possible because
of interference from the power fields. The photocell matrix
is two 2 ecm x 1 cm cells in parallel, producing a source
impedance of 1 K{lshunted by O.l,Uf. This presenﬁs a good
match to the amplifier which has no special features other
than the feedback in the emittef circuits of each stage,

The 90O phase shift is acquired primarily from a small
differentiating capacitor in series with the Hy coil, and
care 1is taken in the design to ensure that the phase change
due to the amplifier and the photocells does not seriously

affect the operating range of the instrument.

Phase Switching

The low field instrument using the preamplifier shown

| in Fig. 4.1 has been proposed for use in future Earth satel-
lites. Since it is likely that such an instrument will

assume all orientations possible with respeet to the ambient
field vector a more elaborate set of electronics was designed,
incorporating a phase switch, which chooses the correct sense

of the 900 phase condition to permit oscillation in either

magnetic hemisphere,
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Fig. 4.2 shows the schematic diagram for the magnet-
ometer incorpo?ating phase switching, the prototype of which
has been built and tested. The operation is standard
practice with the exception of the unijunction U. and the
Silicon Control Rectifier, S.C.R. Both of these components
were suggested by Mr, Justin Shafford of N.A.S.A. and
simplify to a very great extent the adjustment of the
variables in the circuit.

The phase switch is inserted in the self-oscillating
loop after the preamplifier. It consists of a phase
splitting stage driven by the preamplifier, which produces
an output in phase with its input, ¢b and an output 180°
out of phasé'with its input, ¢618O' These two signals are
brought to opposite sides of a diode bridge which can be
biassed in such a way as to shoft one of the signals to Earth,
allowing the other tq pass on to the Hl colil, via an output
amplifier which makes ;p the losses incurred in the phase
splitting hetwork. Fig. 4.3 shows the phase splitter énd
diode bridge circuit. Buffer stages, emitter follower stages
with high input impedance and low output impedance, are inser-
ted to prevent unwanted interaction within the circuit.

The biassing of the diode bridge is performed by a
bistable multivibrator. Such a circuit is stable with either
of its transistors conducting and the other cut off. The

collectors of the multivibrator transistors are connected to
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opposite ends of the diode mesh so that in a stable state
the end connécted to the conducting transistor is at Earth

potential, while that connected to the transistor which is
cut off, is at the voltage of the power line. In this way
the proper choice of the conduction direction in either side
of the dilode bridge allows one of the phases to be connected
through the conducting bransistor of the multivibrator to
Barth, while the phase on the non-conducting side is
unaffected.

The process by which the switch chooses the correct
phase is one of sampling. The multivibrator is made to switch
from one state to the other, alternately allowing either
phase to reach the Hy coil. The multivibrator drive is
derived from the unijunction which acts in a similar way to a
thyratron valve and produces a sawtooth'wave form. This is
differentiated by the 0.0j//f capacitor and used to control
the multivibrator. Wﬁen the sensor enters an orientation
favourable fto self-oscillaﬁion, signal builds up very
quickly in the appropriate phase condition. The signal level
is detected and used to lock the multivibrator in the correct
state. |

Fig, k.4t is the circuit for the multivibrator and its
control elements. The build up of signal is detected by the

silicon control rectifier, which conducts at a predetermined
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signal level and, through transistors Tl and T2, cuts off

the transistor T3, preventing the unijunction drive from
reaching the multivibrator. The multivibrator remains locked
on the chosen state until the sighal deteriorates to below
the level required to fire the silicon control rectifier,
when the switch begins to sample the phases again.

The silicon control rectifier requires several cycles
of signal Eo fire so that the rate of switching must be
long enough for this tovoccur. The switching rate is control-
led by the Rlcl time constant at the unijunction and it has
been possible to achieve phase switching in the range of
signal frequencies from 15 ¢/s to 500 Ke/s in bench tests.

It is also necessary to haVe the #iring level of the
silicon aonﬁrdl rectifier sufficiently above the level of
noise to prevent the switch lockihg itself within the noise
level and therefore not searching for the correct phase. A
convenient feature of the S.C.R. is that the level at which
it ccases to conduct is lower than its firing level; This
~enables the switch to be designed in such a way that phase
searching does not occur until the signal has completely

disappeared,
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The Earth's Field Magnetometer

The preamplifier circuit used for the Earth's field
values is shown in Fig. 4.5, and operatés over the range
6f fields from 0.05 gauss to 1 gauss, corresponding to the
frequency range 25 Ke/s - 500 Ke/s,

The voltage gain in the range of frequencies greater
than 100 Ke/s is>10%and is constant over the range. Here
the photocell matrix, which consists of four 1 cm x 1 cm
cells in series, produces the 90° phase shift, and care is
taken to keep satray phase shifts to negligible proportions.
Phase shift due to the Hl colil is minimised by a large series
reslistor which presents suitable output éonditions to the
amplifier, and permits a simple adjustment of the Hy field
current, without changing the amplifier gain; a facility which
i1s necessary 1in optimising the feedback loop.

Since inductances and transformers were not to be used
in the amplifier because of their possible magnetism, the
amplifier phase characteristic was controlled by using small
values of collector load. This reduced the output time
constant due to output resistance and collector-to-emitter
capacitance of the transistor, thereby improving the high
frequency gain of the stage.

At frequencies below 100 Kc/s the amplification falls

off and an associated phase change exists. This is used, in
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conjunction with the enhanced photocell fesponse and their
intermediate phase shift, to extend the range of operation
on the low field side.

A control is incorporated in the amplifier to adjust the
level of amplificatién. This was used to study the signal
quality under varying conditions of témperature, gradient
and orientation and is a convenient method of adjusting to

optimum signal conditions in the field.

Disgussion of the Magnetometer

The properties of optically pumped self-oscillation
were studied at low fields to teake advantage of photocell
response in order to optimise the design of a magnetometer.
From the experience so gained the properties of the device as
a magnetic field measuriné'instrument were then studies in
the Earth's field, The operational testing of the magnetometer
was carried out as a series of obsérvations of micropulsations

and is described in later chapters.

Orientation

Fig. 4.6 is a measured polar diagram of signal strength
of the magnetometer and indicates the form of the polar and

equatorial dead zones.

The variation of measured field with orientation, to be
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Fig. 4,6. Polar discgram for the self~osci11gt1ng tiagnctometer.
The -shall circle. represcnts the output noisc level.

expected from the selective absorption of the individual
lines, was measured. The measurement indicated that a
variation of:35'ex1sted between position where the magnet~
ometer was inclined at 650 and 25° to the field dlrectlon.
The greater value of measured field belonged to the 25
position, This variation is less than that quoted by other
workers, some of whom mention a 102§ variation (R, Morris
private communication), Two sources of the disagreement
are possible. The first is magnetism of components in the

sensor assembly. The value used in the lamp is known to

have magnetic elements in its construction, and the photocells

may be deposited on a nickel base, Measuremenis with a valve
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indicated that most of its magnetism is contained in the
leads, which are largely removed in the construction of
the lamp oscillator, and measurements, made by moving the
active lamp relative to the gas cell, indicated that its
effect in the usual operating condition was less than 1
at the gas cell.

It is possible that the high light intenéity used in
this instrument produces a greater broadening of the indi-~
vidual line structure and reduces Ehe orientation effect,
compared with that observed by other workers who were

perhaps operating with narrower line widths.

Temperature
Fig. 3.9 illustrates the thermal insulation of the

sensing head. It is found that the lamp is fully operational
within 30 seconds of being switched on in the normal range

of ambient temperatures, 15°C to 459C, The magnetometer
produces stable signal conditions within the range of temp-
eratures 25°C to 459, It is possible to operate within

the range 20°C to 50°C using the gain control to adjust the
feedback level and it is expected to obtain this working

range automatically using AGC, Below 20°C there is insuf-
ficient signal from the rubidium 85 to produce osecillation and
in the range 40°C to 50°C the rubidium 87 signal produces ‘

intermodulation which can be avoided by reduction of the
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of the magnetometer signal at various temperatures. These
photographs correspond with the photographs lettered *

similarly in Fig. 3.4,

Sensitivity

Bloom (1962) indicates a maximum sensitivity of 0,003Y¥
for the self-oscillating magnetometer, limited by the photo-
cell noise, and theoretical values of the time constants
involved suggest a similar figure.

Measurements of the sensitivity of the operating magnet-
ometer were restricted by the frequency counting apparatus,
whose maximum resolution within a one'second counting time
was 0,05 gamma, and by the geomagnetic field noise. It was
shown, by using a small calibrated magnet to produce field
variations, that the magnetometer exhibited a resolution as
high as the counting system permitted.

Further remarks about instrument resolution are contained

in chapters 6 and 7, where the field system is discussed.

Frequency Response

The measurable frequency response of the self-oscillating
magnetometer to field fluctuations is dependent on the time
taken to make an actual measurement, when frequency is

measured directly. Bloom indicates that the precession of
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transients, shown by the lower curve. It was not possible

to show the freguency change during the transient. The
amplitude modulation which takes place with large field

change 1s taken td represent the response time of the feed-
back loop. This indicates a maximum response of 100 ¢/s

(25 ) per second). However close inspection suggested that
the frequency change was continuous during the transient,
except in the case of the very large change. The significance

of the ringing is probably a transient effect of the ampli-

fier.

FPicld Gradients
Investigations of the effect of field gradient on the

magnetometer signal were carried out using a small calibrated
magnet. Signal amplitude was measured as a funcbtion of the
distance of the magnet from the gas cell. Measurements were
made with the magnet oriented along three orthogonal axes with
the magnetometer in its optimum position in the Zarth's field.
Measurements were also made along the field axis, and in the
plane perpendicular to it.

The conclusion drawn from the tests is that the self-
oscillation is affected twice as much by a gradient across the
field direction, as by the same gradient along the field
direction., It was found that in the parth's field, and in

the gradient orientation which affected the signal most, a
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10 gamma per cm. gradient reduced the signal by 10% of its
gradient-free amplitude. Self-oscillation is completely

:destroyed by a gradient of 502{/cm. in the same condition.

Applications

The two forms of the magnetometer were designed and
investigated under the auspicbs df'the'EdYal Soéiéfj
Committee on Space Research. The high field veréidn was
considered suitable for rocket probes of the ionosphere and
the low field instrument for Earth satellite and deep space
probe applications,

Satellite observations fall into three categorles and
the applicabllity of the rubidium magnetometer is discussed

for each case.

1. High éltitgde field mapping.

Observations of the strength and direction of the
geomagnetic field at altitudes between 100 Km and 20,000 Km
may be used to produce charts for use in describing the
Earth's field by spherical harmohic analysis, The present
harmonic analysis which uses values of garth's field measured
~at ground level, shows a deviation ranging between 0.2% and
1.2% from values determined by Vanguard III at altitﬁdes
between 500 Km and 4,000 Km, It is expected that analysis
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based upon measuremenﬁs, made at altitudes which are
sufficiently high to avoid the effect of local anomalies at
the Barth's surface, will permit the determination of a
reference field accurate to within 0,1%.

The absolute accuracy of the rubidium magnetometer has
been shown to be 0,1%, which in a field of 10LF gammas
corresponds to a 105’ error of measurement. The inaccuracy
of a vector measurehent of such a field is largely dictated
by the accuracy to which the reference coordinate system of
the measuring instrument is known. An error of 3 minutes of
arc in the reference cbordinates may correspond to 102( in
the total field measurement.  Such a precision of orientation
presents a considerable engineering problem in the satellite
system. Heppner et al (Cospar 1961) indicate that errors
arising from the inaccuracy of locating the satellite in
space in the flight of Vanguard III represented an equivalent
field indeterminacy ranging between 204 and 60 at different
locations.

Zmuda (1958) has shown, that, in the absence of external
field sources, scalar field measurements may be used to
calculate the coefficients in the harmonic analysis., This
fact, together with the greater ease with which precision of
measurement can be made using scalar field instruments

indicates that the rubidium magnetometer may be preferred to
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component field devices in this application. The wide
operating range of field values of the self~oscillating
system and the drift free character of its signal, are

advantageous features of the instrument.

2. Rapid Variations

This category of measurements deals with the location
in the exosphere of sources of the micropulsation activity
which is measured at ground level, Observations of rapid
fluctuations of fileld constitute a variation technique and
the resolution is limited by the data handling capacity of

the satellite telemetry system.

3. Low Ficids

The observations in this category are:
a) measurements of the boundary of the magnetosphere, which
is expected to be disturbed, and
b) measurements of the interplanetary magnhetic field.
Detection of low field values (- 100 gammas) is
restricted by telemetry bandwidth, and in some cases auxil-
lary techniques are necessary to prbvide a known additional
field to bring the signal frequency within the telemetry
band. At these low frequencies the rubidium magnetometer

has very little deviation from absolute accuracy, since the
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phase change in the feedback loop may be precisely controlled
at 90°, and the fine structure of the resonance line is

%

effectively zero,

3. High field measurements

Rocket measurements arc essentially confined to the
examination of the ionosphere for current layers which are
thought to be the so@rce of geomagnetic field phenomena
observed on the grOuﬁd; Thée observations are made as the
rocket passes through the current zones, and the variatibﬁ
of field strength is inspected for anomalous deviations which
may be due to local currents. This is essentially a varia-
tion experiment, and the technical difficulties, associated
with the rocket's flight charactefistics, outweigh the
problems associated with the magnetometer. The experiment
would provide more detailed information if vector measurements
were made, However the accurate orientation of the instrument
and of the vehicle in flight is not poésible.

Standard geomagnetic measurements on the Larth's surface
are made by vector instruments, which measure component
values, In order to obtain vector measurements from a scalar
field instrument a system of biassing fields must be used,
such as that described by Shapiro et al (1960) and used in
 the proton vector meagnetometer during the International

Geophysical Year, The measurement of micropulsations is also
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carried out in component field directions, and component
information is necessary for the identification of mode a2nd -
.polarisation of the waves. However, it is expected that a
sufficient fraction of micropulsation activity occurs in the
total field direction and so can be detected. Thus the
period of waves may be measured conveniently by the rubidium
magnetometer, and‘an indication of relative amplitude may be
available. It 1is therefore possible ﬁo take advantage of the
high sensitivity, and broad frequency response of the rubidium
magnetometer in synoptic observations of micropulsations.
In field work where the instrument must be transported to
several stations within a short time, the fact that useful
measurements may be made which do not require accurate setting
up of the sensor is an advantage,

Further discussion of the operation and effectiveness of
thé self-oscillating magnetometer in ground measurements of

the geomagnetic field is contained in Chapter 7.



-112~

- CHAPTER 5

A WORKING MODEL FOR THE
ORIGIN OF MICROPULSATLONS

Introduction

In Chapter 1 the theoretical analysis which was discussed
suggested a model from which it might be possible to arrive
at the basic elements of micropulsation origin and propagation.
In this chapter a simple model, based on this concept, is
derived from the properties of the dipole field, and shown
to satisfy the same}general conditions as the mathematical
treatment, ©Several inferences are drawn from the model,

which may be used to suggest experimental investigations.

Geometry of the Dipole Field

In this sectionh a dipole field is discussed using the two
dimensional coordinate system shown in Fig. 5.1.
The magnetic potential {1 is described by
7=~ M cos &
£} Megs™

The total force at P(r,9) is

- 20}
F ¥_2(1+3cos £€) (1)
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Fig. 5.1.Dipole coordinate system,

which makes an angle 50 with the radial direction such that
tén;ﬁ = % tan&, a direction which is the tangent to the
'1ine' of force passing through P,

The equation of an equipotential line is

£l = const, = + M cos'9
L T
and putting +Q~__§ = D = const,
M
becomes D= c059
: T2
In the transformation x=r sin@ , y=1rcos O ,

D =
Gc?'yf_y?ﬁ/z )
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Dx (x2 + y2)F
1 - 3Dy(xs + y<)7

il

ay
dx

3012 sin &
1 - 3Dr€ cos &

4 l1line of 'force through a point is perpendicular to the
equipoténtials through the point, but does not have
D = constant, and so

- (dx) = 3 c95259 -1
(dX)line of force 3 sin@ cos @

-1 5in & d@ + dr cos @

Since vy = r cos @ dy

I
i

b’ rc059d9+dr sinf;

T siné? dx
Therefore

r sin? d&@ + dr cos®@ = 3 cos?@ -1
r cos@ d& + dr sind 3 8in® cos®

ie. 2r cos @ 4@ = sin@ dr

dr = 24 (sin$)
T sin &
Integrating | ,
logr =2 log (sin & ) + k
e, r=¢C sin2d (2)

This is the equation of a line of force and since r = C at
€ = 90, C is the equatorial radius of the line.

Substituting r from (2) in (1), the variation of field
strength along é line of force is given by

F=M (1L+3cos?0) (3)
¢3 sin®
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The length of a line of force is calculated by d12 = (r 4 & )2
+ (dr)2 and r = C sin?@
dr = 2C sin{@ cos @ a @
whence
a12 = ¢2 5in*@ (16)2 + W2 5in?O cos2O (4 9)2
dl = #C sin & /[sin’?@ + 4 00329_7% da &
= MC (L + 3 cos2@® )% d(cos @ ),

d)
H : 2
snee "f + C(1 + 3 coszg)% d(cos@)

e—
€,

L=V3 /2+11lg (J3+2)_7
2 J3 3

= 1l.k4 ¢

Thus 2L==2,8C is the total length of a line of foree Whosec
equatorial radius is given by C.

Fig. 5.2 illustrates the geometrical disposition of
siome representative lines of forece for the Earth, and the
magnitude of their field strength on the magnetic equatorial
plane. Fig. 5.3 shows the calculated variation of field
‘strength (egqn. 5.3) along a line of force. The point of
interest is that within + 35° of the dipole equator the
. strength of the field is sensibly constant, and bounded on
either side by high and rapidly increasing field strengths.
The length of this constant section is given by

125° 1 ‘
f o C (1 + 3 c0s2@)% a(cos @), and is approximately
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equal to C, the equatorial radius of the line in question,

Maxwell (A Treatise on Electricity and Magnetism. & 642)
shows that the stresses in a medium due to a magnetic field
of strength F consist, in the simple case of an unmagﬁetiséd
medium, of a hydrostatic pressure F2/8rr perpendlcular to
the force direction, and a longitudinal tension /JF2/47?
along the force direction, The nressure will be seen to play
an important part in determining the interaction between
energetic particles emanating from the sun and the Larth's
field,

The tension, associated with a line of force, suggests
 that a situation exists which is analogous to the case of a
stfetched.string, and that if the limits of the constant
field section of a line of foree are taken to be fixed, -
vibration may occur¥, The period of vibrations of such
a system is given by T = 21\/rifl where 1 is the length
of the resonant section, m is Ehe mass density and P
represents the tension. If the magnetic tension is sub-
stituted in this equation the periods of the vibrations may
be calculated, provided some inertial property can be assigned
to the motion. This is discussed in more ¢etail later.

#¥The 'vibrating string' model, which is discussed in some
detail in this chapter is based on the analogy between the
oscillation of an elastic string and a line of force,
suggested by Alfven, Cosmical Electrodynamics, Oxford Univ.
Press, New York, 1950, A similar model has recently been used
by Sugiura and Wilson (Journal of Geophys. Res. Vol. 69, No.7,

196%) to explain perturbations of lines of magnetic force a
conjugate points. :



-119-

The boundary conditions used to define the vibrating
aetion of the lines of force of a dipole field are presented
by the rapidly increasing tension and pressure associlated
by the forece function (egn. 5.3) outside the central section.
Here the string analogy is perhaps better replaced by one
representing the line of force as a spring. In this case the
magnetic stresses are represented by the stiffness of the
spring, and the boundary region is where the stiffness
Ancreases rapidly, with a corresponding decrease in flexibil-
ity. |

| The inference is that the dipole field of the Earth has
a cavity wedge shaped in the meridian plane,all round its
equatorial plane and defined by the almost constant field
strength of the central section, and that conditions exist

which indicate that a resonant behaviour may be expected.

Interaction between the solar stream and the maghetosphere.

The model which describes the farth's situation with
respect to the solar system in shown in Fig. 5.% in which
the scale is half that in Fig. 5.2 and the same lines of
force are represented., A stream of particles emitted by the
sun flows past the Earth, The direction of the particle
stream, the so called Solar Wind, is radial from the sun

and it consists for the most part of protons and electrons,
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- It is assumed to be homogeneous aﬁd electrically neutral,
assumptions which in géneral are required to explain why

it does not dissipate by the action of electrostatic
repulsion, The solar stream may bezregarded as the important
vehicle for the transmission of solar activity to the envir-
onment of the Iiarth. |

The primary action of the solar wind on the magnetosphere
is to deform the shape of the dipole field. The conditions
occurring at.thé boundary between solér wind and magn?toé
sphere are not easily arrived at uniquely, but some general
conclusions may be drawn which are adequate for present
purposes, Firstly, since the solar wind consists of large
numbers of free electric charges, 1t may be regarded as a
good conductor of electricity. Consequently the geomagnetic
fleld lines at the boundary must be parallel to the boundary,
and may not project 1nto the conducting medium. Secondly,
the pressure of the impinging plasﬁa stream must be equalled
by the outward magnetic pressure of the dipole, which is in
effect the definition of the boundary between 'Earth' and
'Space!.

These two conditions imply.a narrow boundary zone aad a
compression of the outermost lines of the dipole field on the
side of the Earth facing the Solar Stream of particles.
| On the night side of the Earth, the boundary is less

clearly defined because the equations, involving the
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hxdromechanios of fluids and their electXomagnetic interaction
with the Barth's field, are too curbersome to solve directly.
Solutions nave suggested anoextension of the mégnetoSphefe
n the night side, although, since the dipole exténds to
infinity in the absence. of a conducting medium, tnelSignif—
icance of the ektension is not clear., The tear dfop model
described is closely analogous to a compressible sphere which
in a fluid stream, is compressed at the 51de of {mpact of the
fluid, by the impinging fluid pressure, and extended at the.
rcar by the vacuum it creates in the flnid. By analog&, it
may be expected that the wave patterns found in thensimple
case will have their equivalent in the reglons of solar wind
near the Barth. It has been suggested that vortices in the
'wake' formed in the solar wind by the Earth may be a possible
source of some d1sturbances |

Bearing in mind the dipole characterist1cs dlsplayed in
Figs. 5.2 and 5.3 the conjectured form of the deformed dipole
- field of tne magnetosphere may be represented as in Fig. 5.5
which is drawn in the equatorial plane and i1llustrates the
positions of the 1ines of force, or meridians,vunder‘the action
of a constant solar wind. Here the solar wind is taken to be
an 1nf1n1te uniform stream and the field lines belong to one
group wh1ch in the und1sturbed state would have the same radius
as those shown by the dotted continuations., It is clear that

the section of a line of force within + 35° of the equator
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is more strdngly deformed by particle pressure, due to its
uniformly weak field strength and its geometrical position,

If resonant behaviour may be attributed to a line of
force, it can be excited by any small irrégularities in the
solar wind stream. Small changes in the conductivity or
velocity of the particle flux will excite resonant vibration
in a manner analogous to the wind blowing on telegraph wires,
The precise form of the exciting mechanism and its inter-
action with the lines of force cannot be discussed with any
confidence, however it is not unreasonable to assume that
some interaction does exist which is capable of exciting the
vibration. If the central section of a line of force is taken
to be the active section, several conclusions may be drawn
from the model. |

If it is assumed'that small disturbances of the plasma
stream are normal to the plasma front, the initial displacement
of the 1line of force lies in the direction of the velocity‘
vector of the stream. If this direction is called ‘Noon' then
the diurnal variation of the resonant behaviour may be
related to it. 1In Fig. 5.5 suppose the Earth to be rotating
in a counter clockwise direction. At noon the resonant
interaction produces linearly polarised vibrations in the
magnetic meridian, Which, if transmitted to the Earth's
surface along a line of force, would appear as pulsations in

the meridian plane and perpendicular to the total force
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direction,

At sunrise, the top of Fig. S;S,the disturbance produced
would be perpendicular to the meridian in an undeformed
dipole field, and would produce linearly polarised pulsations
in the E-W horizontal plaﬁe. Similarly, at sunsef the pul-
sations would be in the E-W plane. In the case where defor= .
mation of the line exists, the restoring force is not co-planor
with the disturbance. This produces eliptically polarised
vibrations of the line,; which at sunrise are counter clock-
wise in Fig. 5.5 and at sunset are clockwise. The
characteristic pulsation activity at the ground is, in these
cases, eliptically polarised in the plane perpendicular to
the field directioh, in opposite senses on either side of the
noon meridian. Thus in the course of a day the plane of
polarisation of pulsations might be expected to rotate round
the field direction from the horizontal in the morning, through
vertical at noon, back to horizontal in the evening, and the

sense of its polarisation reverses at noon.

Period of the modes

If a line of force may be regarded as a stretched string,
the frequency of modes is given by O = nV" , where n is the
order of the mode, i/"is the correspondiﬁé wave velocity and
1 is the‘length of the vibrating section., It can be shown

that the wave velocity for propagation of a magnetic
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- disturbance along a line of force is

v =F //{..f_
2\ IT_,P

where F is the field strength,
A/ 1s the permeability, and
jois nass density of exosphere particles.

For the resonant section, withn =1

TRl

Also, since T = C sin?@ for a line of force, and t = a for

a spherical Zarth, C = a/cos2)\ describes the point where a
line of force with equatorial radius C meets the Earth's
surface, with)\, the geomagnetic latitude,equal to 900 - &
Hence T) , the period of fundament resonance of a line of
force, referred to the magnetic latitude on the Earth's surface

where the line intersects the marth is given by

Ty =1= %ljigg

Considering the central section of a line, with 1 =C

T, = uc/F 1

| o v F

Using eguation (3) T = 4C c3 [ sinbt & 7
4 ‘ M T1+3 cos2 Q)%

) c‘oseji T T1+3 cos2@ )2

In fact the substitubtion for F 1is more correctly replaced

v
VA
= a)‘*‘ M 1 /—Sin6& _% 7
yz )

by an integration of the foréd/;.dl. However within the
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vibrating section considered it is sufficient to take

F = %3 s l.e. the equatorial value. The term in square

brackets is included in the calculation to indicate that a
variation does exist within the section. The simplified form
of this equation ?X oc %EE&A is the same as that defiv§d
by Dungey in his discussion of the resonant modes of oscill-
ation of the magnetosphere, and used by other authors as the
baéic equation describing the behaviour of micropulsation
periods with latitude. ,

The cog‘:ei law indicates that TA-% o0 when)\vapproaches
90°, i.e. at the poles. It is clear that a cut-off period
must exist in the real situation, corresponding to thé finite
outermost line of force. This also suggéSts that a poiar tdead
zone' may exist, lines of force within which do not connect
directly with their couhterparts at the opposite pole.

\The equation for the wave velocity in the above shows that,
although a magnetic line of force in free space has no mass,
and thus, if displaced from its equilibrium position by sbme
meens, would return to it on release at 'infinite' speed,
and with no feSultant oscillation, the interaction between a
line of force and any electrically chdrged particles in its
vicinity, is such that the inertial properties, which requires
finite force to produce finite acceleration, is present in the

displacement of magnetic lines. Thust, the density of
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charged particleé, replaces M, the stfing density, in the
velocity formula.

It is not intended to deal with the particle content of
thg exosphere in a detailed way. However, the general
structure of the particle distribution has a strong bearing
on the form of the latitude dependence of period and on the
boundaries of the resonant cavity;

A particle, travelling across a line of force,experiences
an acceleration toward the line of force due to the inter-
action between the magnetic field and the component of its
velocity perpendicular to the field direction., In the
exosphere this leads to a trapping of particles by the
geomagnetic field lines where the particles spiral along the
Lines until their parallel velocity is reversed, at the so-
called mirror points, by the increase in field stfength as
the poles are approached. In the propagation equation the
wave velocity is inversely prOportionai to the sqaare root
of the particle density, so that the mirror points represent
the extremities of a low velocity zone created by the density
of trapped particles. It is clear that the location of the
mirror points, although dependent on several factors, is
- associated closely with the high field region at the ends of
the vibrating'séction'discussed. In this way an enhancement
of the reflecting properties of the high velocity regilon

outside the central section may be imagined. Such a dependence
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of the Alf&én velocity upon partiCIe density is used by
Kato to derive a resonant cavity at low altitude, using
the very high particle density of the upper ionosphere,

A second important respect in which the particle
density distribution affects this discussion is where its-
magnitude produces a deviation of T ) from the . 15: law.
Fig. 1.2B shows a model for the density distribgggon with
altitude, and it is clear that where lines of magnetic forece
traverse regions of high particle dénsity, viz. those inter-
acting the Earﬁh at low latitudes, the fundamental period of
oscillation is increased because of the greater inertial
property 6f the gas. At the same time, consideration of a
magnetosphere which is constrained to be inside a cavity in
a conducting medium, suggests that the high latitude periods
given by the sec 8A law may be reduced, a greater.reduction
occurring at greater latitude. When the dipole geometry is
considered it seems likely that the greatest effect of the
compression will exist in the vibrating section of the
outermost lines, resulting in a flattening of the secs)\
curve at high latitudes., Fig. 5.6 shows the sort of
modification in the simple theory, of the effect of confining
the dipole field to within 10 E.R. which is illustrated
in Fig. 5.3, and of the low altitude particle density.
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g, 5.6, Illustrating the sec8A 1aw and its modifications
- duc to the pressurc of the solar wind and varic-
tion of particle density in the exosphere.

Modes of propagation

It is not clear what the interaction process causing
small disturbances of the magnetic field may be. If the

boundary is very clearly defined, and it may be assumed that

- few concentrations of particles cross into the magnetosphere,

then the inference drawn previously holds, at least for the
noon meridian. At sunrise and sunset it is likely that a
propor#ion of the disturbance is along the particle stream

vector, but if an intense burst of fast parficles of one
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electrical sign passes in the solar stream at these regions,
the electromagnetic interaction upon a line of force is
likely to be normal to the stream vector. If the magneto-
sphere boundary 1s circular in its equatorial section, it
is possible to argue that the polarisation of vibration
should be in the meridian, everywhere on the day side of the
Barth, |

Considering again the noon meridian, if pérticle bursts
can cross the boundary, with sufficient energy not %o be
trapped by the outermost lines of force, then the disturbance
on the field line is perpendicular‘to their velocity vector,
‘and may in consequence produce an E-W polarisation.

The magnetic field disturbances so far discussed have -
been perpendicular to the field direction, and it has been
assumed that transmission takes place along the lines of
force. It has also been assumed that no interaction occurs
between adjacent lines of force.

The displacement of a line of force in its meridian
plane from its equilibrium position implies that in the
displaced position the force value has been changed by an
amount, say A F, in the field‘direction. A\ F corresponds
to the difference in force between the line's equilibrium
value and the value of the line, in equilibrium through the

displaced position, Thus, it occurs that where previous
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remarks have dealt with oscillations occurring in the
meridian plane it is more correct to think of the disturbance
vector as lying in the direction of the field line. This
corresponds to the poloidal mode described by Dungey, and
transmission takes place isotropically.

In the case where a line is displaced to a position on
its own shell during osecillation, it is clear that ho such
longitudinal vibration exists. This representsAthe torsiohal
mode,

It is possible that oscillations taking place in the
meridian plane may give rise to a component which has its
disturbance perpendicular to the field line and is trans-
mitted along the field line as indicated earlier in this
chapter. | |

Thus, both modes of vibration may be inferred from the
dipole field geometry without specifying very different
conditions for their origin, and an interaction between them
may be expected. Watanabe indicates an interaction between
modes and this seems a reasonable condition to exist in fact,
Also a complete lack of interaction between lines of force
specified so far is not realistic, and it would seenm |
reasonable to expect that considerable_volumes of the exo=-
sphere are involved in any osecillation, particularly in the

case of Pe aetivity which lasts for long periods of time.
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Such volume oscillation may be indicated by the line width

of the observed pulsations,

Conclusions

Several features of micropulsation occurrence may be
inferred from a model of the exosphere based on the dipole
field geometry, using simplifications which, in general,
are no more sweeping than’those required by the more specific
mathematical treatment.

1. Transverse'waveslmay Qxist, which display a clearly
defined polarisation content. However, the mode of excitation
cannot be specified and may lead to different polarisation
features,

2, An oscillation whére the disturbance vector is in the
meridian plane may exist,

3. A latitude dependence of period is associated with the
geometry of the situation,

4. Diurnal variation of the polarisation and mode of
occurrence may be expected of both types of oscillation,
Exact measurements of these vafiations may allow conclusions
to be drawn about the excitation process of the vibration.

Several reservations are necessary in an intuitive
analysis such as this, in view of the apparent discrepancies
with the mathematicai treatment of the obvious lack of

experimental verification,
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The model does not indicate a specific difference
between the transverse and isotropic modes. In fact the
difference is due to the behaviour of exosphere particles.
Thus, in the case of transverse waves the boundary conditions
may be specified, since propagation is along a line of
force. In the isotropic mode, which has been thought to be
excited by the same mechanism as the transverse, the propa-
gation is, in the simplest case, at right angles to the
field line and the final resonant cavity is not specified in
an Intuitive way. It 1s possible that secondary resonances
may be available, cf_Kato,.where standing wave patterns are
formed in a selective way from disturbances travelling
down from high altitude. The boundary conditions within
such cavities may affect the polarisation properties inferred
from the simple model, in the formation of standing wave
patterns.

The only divergence from the mathematical treatment is
the stated possible existence of a transverse mode with its
disturbancerin the meridian piane, and the suggestion that
this may be the source of elliptical polarisation in observed
events. The direction of rotation of polarisation of such

‘an event observed at conjugate points in the north and south
hemispheres would be opposite. Such events have been observed.
Howéver, Piddington has indicated that such polarisation

phenomena can be explainéd because of the anisotropy of the
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conductivity of the exosphere,

The events discussed have been related in a more or
less direct way to the incidence of solar plasmé‘on the
magnetosphere, The same modes of resonance are available
on the night side of the Earth, but their excitation cannot
be specified. However, obser#ations of the occurrence
throughout the night of specific events may allow some
conclusions to be drawn as to the position of their source
in the magnetosphere, since their occurrence is limited.

One further point is relevant to the discussion of night
time events. ©OSince the dark side of the Rarth does not
suffer the confining influence of the impinging plasma stream
the modifications of the latitude dependence of period due to
this cause do not apply, and it is to be expected that a
greater variation of period will occur in the case of Pys than
in the case of Pc's,

The direction of the plasma stream vector does not coin-
cide with the Opticél direction of solar radiation, because
of the rotation of the sun about its axis and the motion of
the Earth within its orbit. This, together with the fact
that the geomagnetic dipole is eccentric, may indicate that a
reference timec scale, related direcﬁly to those phenomena
might be more appropriate than local time.

The polarisation modes to be expected cannot be specified
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in a precise'way because of the unknown mannef in which
excitation may occur. Experiment must therefore be directed
toward identifying the mode of occurrence and its polaris-
ation properties. From observations of this nature it may
be possible to indicate the exciting mechanism of exosphere
oscillations,

The most important reservation about the analysis
contained in this chapter concerns the two diemsnsional
analysis, and the interaction of neighbouring lines of force,
via the medium in which they exist. The two dimensional
analysis corresponds to the mode with m = O in Dungey's work.
It is not intended to consider any change in the order of
mode or symmetry which may be dependent on a coupling of
adjacent lines of force. However, since it 1Is unreasonable to
assume that each line of force may oscillate independently it
vis necessary to take account of the possible effects upon the
conclusions which have been drawn so far. It has been
indicated that large volumes of the exosphere may be involved

on any given oscillation event.

Consider an event which is stlmulated by a precise impulse
delivered to a chosen line of force and which is transmitted
to the greund along the lines of force. If interaction exists
it produces a widening of the region of occurrence of the event

on the ground in two essential ways. The first is where the
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interaction takes place between adjacent lines on the

same shell, and produces a broadened range of 1ongitude

‘over which the event maykbevdetected. The second is where

the interaction causes lines of force at lower altitude to be
oxeited, end produccs a widencd range of period'énd of latitude
over which the'event may be observed. Measuremenfs of the range
of occurrence in latitude and longitude of event$ which may

be thought to originate from a very distinct event, may
indicate the degree of interaction which does -take: place.
Further, thé time taken for the interaction to be transmitted
betweén adjacent lines may be represented by a variation of
time duration of occurrence on the ground, or of a time con-
stant of the detected event, over the range of occurrence.

In the case where many excitation-events occur in a short
time, in a random way, which corresponds to the case of Pc
activity, considerable volumes of the exosphere may oscillate.
The large volume oscillation may be sustained by individual
stimuli occurring at widely separated locations and with
quiﬁe diffefent characteristics, Therefore it is to be
expected that the'general level of activity may contain all
polarisations occurring in a random manner, and the broadening
of the resonance will result in a bfoad line width of the
observed pulsations. Further the distinct latitude dependence

of micropulsation period may be hidden within the range of
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occurrence of the pulsations caused by a large scale
volume oscillation of the exosphere. The degree to which
such interaction effects occur can he determined to some
extent by experiment, and is highly signifiéant in the

s interpretation of measured events.

Finally, it must be stated that since the excitation
processes envisaged in this section have been derived from
the solar wind, and since the variation of field stréngth
within the vibrating section is rapid with altitude the
resonant actions discussed should occur at high altitude,
and therefore represent high latitude events. It is not
possible to indicate the range of latitude within which the
assumptions used are valid because of the vagueness of these
assumptions. ,Howe#er, Dungey's analysis of the same type
of phenomenon was limited to geomagnetic latitudes greater
‘than 40° and it seems reasonable to place the same general

lower 1limit to the latitude range covered by this discussion.
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CHAPTER 6

THE FIELD TEST

Introduction

The field test to which the instrument was subjected
was designed to enable an accurate appraisal to be made
of the Rubidium Vapour magnetometer and its associated
monitoring system. At the same time it was intended %o
act as a sburce'sf experimental information on miecro-
pulsations 1sadingAto the design ofvfuture investigations
bothvsn the ground and using satellites.

From the review of pfeéent knoWledgevand the consensus
of theqretiCal opinion it seemed possible to attempt to
establish the dependence of pdisation period on latitude of
their occurrence. To this end a traverse approximately
along a line of longitude was made. Four observations were
visitsd in middle and high latitudes where the change of
period is expected to be most noticeable. Only one magnet=-
ometer svstem was available for the work, so that coincident
measurements were not possible, It was thought that pulsat-
ions at each station might display sufficiently distinet
‘period features that a generalisation bésed on recordings

taken at different times would be satisfactory. The four
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locations are shown in Fig. 6.1, the geography of North-

West Europe. They are Kiruna (magnetid latitude 65,3°N),

Lerwick (62.5°N), Eskdalemuir (58.4°N) and Hartland (54,6°N).

Recordings were made for about seven days at each station.
The equipment used in the field work is listed in

Table 6.1. The total weight of the apparatus is 120 1bs and

- mains power consumption is less than 100 watts.

" TABIE 6.1

A, Lamp power supply [115 volts 15 ma
? 6 volts 300 ma

B, Amplifier power supply 12 volts 10 ma
C. Decoder power supply 10 volts 0.75 ma
D, Frequency Counter. '
E, Decoder
F. Potentiometer recorders 6" per hour

30" per hour

A domestic fan heater was taken on the field work to
ensure adequate heating facility, and an oscilloscope, in
most cases borrowed from the observatory, was used in the

initial setting up procedure to monitor eignal quality,
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Frequency measuring system

In order to attain the highest possible Sensitivity3
and to take advantage of the digiﬁal form in which the
magnetic field measurement is presented by the self-oscillat~
ing magnetometer, a frequency counting technique was
employed. It can be argued that since the present application
'is to small variations of field value, the frequency
counting system is used in a very inefficient way. However,
its directness and the facility with which measurements and
tests, other than those of micropulsations, can be made,
fecommend frequency counting at the outbset.

An alternative method, that of using a frequency
discriminator to demodulate the magnelometer signal was
“tried. This method introduced some of the difficulties common
in other types of highly sensitive magnetometers, but not
inherent to the self oscillator. The discriminator output
is 1iab1e to drift due to variations of input signal amplitude,
temperature and supply voltage,and it was clearly not possible
to improve the magnetometer signal to noise ratio sufficiently
to acquire the resolution with a discriminator of -which the
sclf oscillator is capable.

It was considered to beat the magnetometer signal with a
standard local oscillator to produce an audio frequency output

which could then be applied to a frequency discriminator. The
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resultant situation is not greatly different from the simple
case and a certain degree of limitation would be imposed
by the limited final bandwidth.

It is possible to construct a very compact recording
magnetometer using a frequency discriminator and such an
instrument may well have applications where variations of
field need only be measured with a resolution of 1 gamma.

The counfing system, which is illustrated schematically

in Fig. 6.2 was designed with the Venner frequency counter

o
§
9

SensoRr -

Preamp, }

‘ FREQUENCY
: o . N COUNTER ;
TUNABLE ' A -2 4 ;
" AMPLIFIER o P
SWI. ) ' ]

Fig. 6.2. Schematic diagram of the frequmency counting.systom,

(TS 3336) as the basic element. The system originally

included automatic recording of the data, in binary form



T

on punched tape. This is the most direct way of recording
information received by telemetry from a rocket born
magnetometer, in a form suitable for machine analysis,

The magneﬁoﬁeter consists of the sensor and Earth's
field preamplifier described previously (Fig. 4.5), with
the addition of a tuned amplifier, which has a bandwidth of

20 Ke/s (shown in Fig. 6.3) whose purpose is to amplify the

g e I N I
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Fig. 6,3.Tuned amplifier circuit.

signal and improve the signal-to-noise ratio, The biassing

of the last stage of the tuned amplifier is such that the
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transistorris overdriven at the peaks of the signal wave,
resulting in a clipped output whose amplitude does not vary
with small variations of the input signal amplitude. This
procedure ensures that the triggering of the counter is
affected as little as possible by small variations in the
quallty of the magnetometer signal. Using the tuned amplifier
it is possible to produce sensible_ffequency measurements
from less than a one to one signal-to-noise ratio from the
magnetometer.

Two facilities are available in the counter. The
direct measurement of frequency is carriecd out by counting
the number of magnetometer cycles occurring during a selected
time interval, which is accurately set in the counter by
counting a specified number of pulses from a standard oscil-
tator. The reference standard of the Venner counter is al
Me/s oven controlled crystal oscillator whgse stability is
better than one part . in a million. The direct frequency
measurement by this method results in an uncertainty of
ill count in the magnetometer signal measured, which for Rb85
operating in a typicél Sarth's field signal of 200 Kc¢/s
produces a resolution of 1 in 2 x 105 x T. T is the time
in seconds over which a measurement is made. For a one
second counting time this represents a sensitivity of 0.2

gamma, and for ten seconds 0,02 gamma,
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In order to improve the resolution without resorting
to long counting ‘times, and the'corresponding loss of high
frequency information, the counting procedure is inverted,
The second facility in the Venner counter allows a fixed
number of magnetometer cycles to be counted. This number
is selected absolutely and used to define a time interval
in which pulses from the standard oscillator are counted.
Thus the megsured quantity is the time required for the
chosen number of signal pulses to pass, and is limited to
+ 1 /Usec..due to the uncertainty in counting the standard.
The signal-to-hoise ratio of the magnetometer signal is
sufficiently high for the uncertainty due to noise to be
less than l;/Jsec. The resulting accuracy of measurement is
1 in 106 x T. Using the same values as before,the resolution
with a 1 second counting time is 0.05 gamma.

It is clear that in both methods of counting the
resolution attainable 1s directly proportional to the time
over which a measurement i1s made. The measured quantity 1s
thus the average value over the counﬁing time, and a contin=-
uous record of field measurements consists 6f a series of
discrete field values separated in time by the time taken
to make a count. In Fourier énalysis it requires three points
to specify a sine wave uniquely, and in the analysis of

continuous trains sampled as above it is not possible to
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resolve fluctuations whose periods are less than twice the
sampling rate. Since the field work was to be carried out.
without machine analysis in the first instance;'it was
decided to let experimental test be the criterion in arriving
at the compromise between re501ufion in field sﬁrength and
resolution in time. A smallbmagnet was rotated by an eléctric
motor to produce suitable fluctuations of field at the sensor
and it was found that a period five times as long as the
sampling rate could be distinguished clearly. Periods less-
than this value can be detected, but their recorded qudlity
depends very much on the precise value of the period and ibs
phase with respect to thé sampling process.

The sampling time includes the 'display time' of the
cbunter. This is the time during which the counter holds the
counted number and resets itself for the next count. The
minimum display time in the counter used is approximately
one second, so that the maximum sampling rate is limited to
a great extent by this.

Typical Pc periods observed by Lock and Stevens (private
communication) at Christchurch, Hants., have periods of the
order of 40 seconds and reported periods by other authors
have similar values. Taking this into account, it was possible
to use a one second counting time to produce a resolution of
0.05 gamma, and a short period response of 10 seconds. Since

reported amplitudes of micropulsations indicated component
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values of the order of 1 gamma, this resolution was thought
adequate.

The 'divide by two' unit (<~2) shown in Fig. 6.2, and
the switch SW1, was inserted into the counting circuit
because the times over which a frequency cbunﬁ can be made,
dnd the number of cycles over which a period count can be
made, can only‘be changed by factors of ten in the counter.
Thus frequency may be measured for 0.1 sec., 1.0 sec., 10 secs
etec. and period measured over th cycles, 105 cycles etc.
It was therefore a considerable improvement to the range of
counting times to be able td divide the magnetometer frequency
by two, making it typically 100 Kec/s in the Zarth's field.
Thus a 105 cycles period measurement produces 2 counting
time of 1 second with the 'divide by two' switched in, and
of + second in the normal case.

Not The electronic arrangement of the divide by two facility

®

was found, by the manufacturers, to be more conveniently
made by doubling the number of cycles used to gate the counter,
and this is what was done in practice. For clarity it is

more easily described in & literal way.

Table 6.2 shows a table of the resolution and the
counting time of the Venner counter using the two methods of

frequency measurement and the 'divide by two' modification.
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The 'Function'column indicates the type of count used and its
length. The 'Full Scale Deflection' column shows the scale
value of the recording system which monitors the 'tens apd

units' digits of the counter display.

TABLE 6.2
Function Divide by Sampling Full Scale Resolution
2 : time Deflection in gammas
10 secs  Normal 11 secs 2 0,02
-2 : 21 R 1 0,01
1 sec Normal 2 " 20 0.2
: =2 3 10 0.1
0.1 sec Normal .1 " 200 2.0
2 1.2 " 100 1.0
10“ cycles Normal 1.05 sec 100 1.0
‘ -2 1.1 " 50 0,5
109 cycles Normal 1.5 - 10 0,1
=2 2.0 5 0.05
105 cycles Normal 6 secs 1 .01
-+ 2 11 0.5 . 005

Recording System

At the end of the counting period, the counter displays
a number corresponding to the number of cycles of magnctometer
signal occurring in the chosen time or the number of micro-
seconds taken to paés the chosen number of signal eyceles.

In the Larth's field and using a counting period of one second
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the number displayed has six digits,

Since geomagnetic variations have a long time constant,
and micropulsation amplitudes are reported to be of the
order of one gamma to ten gammas it is sufficient to monitor
only the two least significant digits of the displayed count
(i.e. the 'tens' and 'units'). In this way inétrument
/sensitivity is retained at the recording stage, since full
scale deflection is one hundred times the smallest measurable
variable;"In the example used previously, where é one second
period is made in the Earth's field using the divide by two
facility, the corresponding full scale deflection is § gamma.

The monitoring arrangement’is,illustrated schematically
in Fig. 6.4, where, for simplicity, the output signals are
'shbwn directly associated with the displayed count, The
switch SW2 is a provision to enable recording to be cérried
out at one tenth of the best sensitivity by monitoringvthe
'hundreds’ and 'tens' of the count. This facility extends the
range of values shown in Table 6.2.

The counter outpuﬁ for each digit consists of four pins,
1,2, 4, 2x’ each of which during the display period may have
a voltage -8v or -2,5v corresponding to a YES or NO condition.
The decimal digit repreéented is the sum of the designated
values which are active (the YES or -8v condition). Thus for

example a 'five! is represented by -8v on the 1 and 4 pins,
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Fig, 6.4, Schematic diagram of the monitoring system,

the 2 and 2¥ pins being at =2.5 v, The pins correspond to
the outputs of the binary units used in the counting process.
To present an output form suitable for analogue recording
on a paper chart,‘it is necessary to decode the coded binary
readout into serial decimal form., This is done by an array
of relays and a chain of resistors, which produce a voltage
staircase to correspond with the decimal numbers.
The schematic diagram‘of relay closures used to convert
the four line 'binary coded decimal' output to decimal digits
is shown in Fig. 6,5. The numbers by the relay contacts |

represent the binary outputs and the decimal values appear
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on the right of the diagram., Unshaded eontacts.are in the
position of being open when the corresponding relay is
unenergised, Shaded contacts represent the closed side of
the change over. Thus, for example, when the 1 and 4 relays
are energised, pin 'five' of the decimal system is connected
through the relay ‘2', which is closed to 'five' when it is
unenergised, through relays 'ht and 'l', and via relay !2¥:
to the common line, 1In this way the decimal digits are built
up. The arrangement of the relay change-overs is such that
when any two or more relays are energised the sum of their
values only is connected to common. If this were not taken
care of all the decimal digits comprising the sum would be
connected to common, For example, in the previous case the
~decimal 'one' is blocked from the common line by fhe "1
relay, and the decimal 'four' is blocked by the operation of
the binary 1 in the selection matrix.

The manner in which the final output is arranged is shown
in Fig. 6.5. A series of equal resistors is connected as a
potentiometer, with a stabtle voltage connected across it,
The voltages at the resistors are then in the ratio 0, 1, ...9.
The corresponding points of the relay matrix are connected here
and the closure of selected relays connects the common line
to the appropriate voltage, in this way producing a staircase
of equal voltage steps corresponding to the decimal digit

represented, The common line is connected via a voltage
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divider and potentiometer recorder to Barth as shown, The
voltage divider serves two functions other than ﬁatching the
outﬁut to the recorder. By arrahging the two channels
corresponding to the 'tens' and 'units' digits to have
voltage dividers differing in ratio by a factor of ten; it is
possible t0 use identical decoding channels for each digit.
Also to ensure that the recorder circuit doés not load the
resistof chaih in any way it is necessary to ha%e a large
resistor in the recorder cireuit. Such loading would result
in non-linearity of scale. The voltage used in the divider
chain may be supplied by the counter or a'dry battery, and a
potentiometer is used to permit convenient adjustment of the
full scale deflection of the system.

The counter outputs are not suffici ently powerful to
drive the relays and driver stages are included, one for each
binary pin. Fig. 6.6 illustrates the use of the Venner TS 3k
~stage in this application. The TS 34 conducts through the
relay when the ~8.5 v level is applied to its input. The
39 resistor is used to obtain the correct bias, and the
Zener diode to maintain the bias when the stage is not con-
ducting.

Because the counter outputs are directly connected to the
counting units; it is necessary to isolate the relays from the
counter durihg the count phase. If this were not done the

relays would attempt to follow the counter as it sums pulses
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Fig. 6.6, Relay drive using the TS 34 stage.

in the counting process, to the detriment of the recorded
signal, The method by which reliable read out is achieved
makes use of the display time of the counter, when all the
colnting units are held at their appropriate values. The
relays are isolated fiom the counter outputs except for a
for a.§h6r§ imterval during the display time when they are
commanded to interrogate the counter.

The sampling process requires a 1atching arrangement on
the relays in order to hold them in their appropriate 'sampled!
states during the rest of the counting cycle. Fig. 6.7 shows
the driver circuit with the addition of latched sampling.

The change over A is operated by the latching relay and the
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Fig, 6.7. Relay drive incorporating iatching.

contact B, n¢rma11y open, is operated by the number relay.

A command pulse energises the latching relay, changing over
the contacts A, and thus connecting the number relay to the

TS 3%, If the TS 34 is conducting, the number relay is ener-
gised closing the contacts B. At the end of the command pulse
contacts B change back, disconnecting the number relay from

TS 34. The capacitance C, discharges through the number relay
coil, maintaining the relay in the energised state long

enough for thé Chénge-over ¢f the contacts A to be effected,
If this condition is satisfied at the end of the command

pulse the number relay is then energised directly from the
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~10 volt line and holds itself there until the next command
connects it to the TS 3%, If the TS 34 is not conducting the
contacts B open, and at the end of the sampling command the
number relay remains unenergised.

The command signal is derived from a pulse generated by
the counter at the end of the count period. Since the counter
pulse has a duration too short to achieve reliable operation
of‘the relays, it is used to trigger a flip-flop circuit,

shown in Fig. 6.8. The flip-flop is a circuit which has one

Rt T COMMON
é 18 K SO0K 18K
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47K c ig
2% |
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it ‘ L - 6v ?
i |-s-
. INPUT !

Fig, 6.8. The flip-flop circuit.
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stable staté5 with T, conductihg and T2 cut off. The counter
pulse (-8% v) instantaneously lowers the voltage at the base
of Ty, cutting the transistor off., The rise in Tq's ¢ollectof
voltage raises the base voltage of Ts, éausihg tﬁe tranSisﬁor
to conduct and so lowering its collector voltage. This state
lasts until the capacitor C has reversed its charge sufficient-
ly to raise the base of Ty to make the transistor conduct,
cutting T, off, The time ¢onstant RC determines the
duration of the process, In the circuilt used, the command
pulse length is 0.5 seconds.

Fig. 6.9 is a schematic diagram of the decoding system.
The flip-flop output has insufficient power to drive the
latching relay and therefore is made to activate a TS 3%
stage (Fig., 6.6), which drives the relay. Since a latching
change-over is required by the driving circuit of each binary
digit, relays usirg four sets of change-over contacts are
used. Thus one latching relay is needed ﬁer decimal channel,
and the command pulse is used to activate two driver stages,
one for each channel. The four change-overs on each relay are
enough to supply the decoding capacity, together with the
extra contact réquired in the latching circuit. The latching
contact, B is Fig. 6.7, is not shown in Fig. 6.9,

The current used by the relays and their drivers ranges

between 0,3 and 0.7 amperes in normal operation, and is
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supplied by a lead-acid battery, or a suitable power supply.

Instrument Performance

The operation of the counting and recording System was
tested at Silwood Park by making continuous measurements of
the Earth's magnetic field there. It was not possible to
identify any micropulsation events because of the 'noise!
in the.geomagnetic field due, presumably, to the electrie
rail system around Greater London., The amplitude of the
random fluctuations at Silwood is of the order of 10 gammas,
with time constantsvwithin the range of micropulsation periods,
This field variation is responsible for much of the difficulty
encountered in meking observations of resonance line width
at low fields and of the orientation effect. Recordings
made at night showed a cessation of the magnetic noise at
approximately midnight and a gradual build-up beginning about
0500 hours. The instrument performed satisfactorily under
the test conditions, where the laboratory was kept warm, and
attention was available when required. |

One of the features resulting from mohitoring the last
fwo digits of the count is that the recorded field value is
always on scale, For example if the last three digits change
from 599 to 601 the recorder pen changes position from 99 to
Ol. Thus in theory there should be no loss of information

"due to large field changes, 1In practice the advantage of the
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- feature i1s often reduced by héving micropulsations occurring
on an average field value close to 00 or 99, The resulting
rccord may present some difficulty in the analysis., Figs.6,10
and 6.11 show examples of the O A‘99 shift,

The field observations were carried out successfully
at all of the stations visited. Recordings were made at
chart speeds of 6" per hour, 3" per hour 1" per minute and
#" per minute. It was found that for general observations
6" per hour was a satisfaétory speed, and it was used in the
analysis that follows,

Under normally quiet conditions it was possible to
operate the instrument using a sensitivity of 5 gammas full
scale, although at Kiruna the very large amplitude field
fluctuations which occur in association with the auroral
current system necessitated the uée of a full scale sensit-
ivity of 20 gammas, - Both the large scale activity, and the
reduction of sensitivity resulted in a loss of micropulsation
Information.

The counting and decoding system functioned in a
satisfactory way. It was found that unreliable gating of
the frequency counter could occur if the room temperature
rose above 30°C., Because of this a housing was constructed
around the sénsor so that its ambient temperature could be
kept high while the room temperature was allowed to remain

at normal values (" 20°C). Because of the problems of
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- supplying heat to the housing, and interferenee when the
fan heater used was closer than six feet to the sensor the
final arrangement consisted of a housihg with a long tunnel,
constructed from polystyrene sheets. It was possible to
stabilise the temperature inside the housing under varying
conditlons of noom temperature by adjustment of openings in
its construction. The polystyrene sefved»a double purpose
as shock insulation In the packing cases used in the
transportation of the eqdipment.

- It was found that proximlty of the sensor to the
electronic equipment resulted in interference which took the
form of spurious counts. Part of this was attributed to the
magnetism produced by the decoding relays. It was therefore
necessary to maintain a distance of over ten feet between
the sensor and the main electronic units.

It was demonstrated to be possible to operate the
recorders remotely from the rest of the equipmeht, allowing
such tasks as the changing of charts to be carried out in
the main observatory office, while operating the equipment
in a distant building. At Lerwick the distance between the
magnétometer and the recorders was 300 yards. This was of
considerable advantage where an immediate examination of the
magnetic field activity was requiréd.

Timing pulses were added to the recorded sighal by

short circuiting the recorder input by a relay closure
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avallable from the observatory chronometer. Timing pulses
were Gaken at five minute intervals, and 1t was found that

a three second closure was sufficient for the purpose. The
significance of the technique lies in the ability to

acquire reliable and accurate time correllation between
recordings of events at two or more stations., For phase
measurements of periods in the region of 30 seconds, the 1
second accuracy available is sufficient to detect a 10°
phase change.

| At Lerwick an attempt was made to measure the component
of micropulsation activity in the horizontal plane. To do
this the vertical field was backed off'using a set of
Helmholtz colls. Current was supplied to the colls by a
battery ahd controlled by a rheostat. The records showed

a Slow increase of field opposite. in sign to the diurnal
variation at that time, and a high noise level. Pulsatioﬁs
were observed, but doubts as to the stability of the battery
current, and the effects of gradients due to the colls exist,
It was known that the batteries used were run down. The
conclusion drawn from the test was that the technique was
feasible for measurements of component activity, and if
successful would provide a sighificant incrcase in the
effectiveness of the rﬁbidium magnetometer as a detector

of micropulsations. Further remarks about the bilassed

field operation of the instrument are contained in Chapter 7.
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The difficulties fesulting from the large amplitude
fluctuations observed at Kiruna indicate that the unfiltered
recordiniy of magnetic fields is not a suitable method of
detecting micropulsations of low amplitude in auroral
regions. A simple RC filter would eliminate enough of the
longer period events &to allow the small Pe's to be detected
consistently, However, such a device would result in a
variation of the magnetometer system response with micro-
pulsation period, because the large events have time constants
not greatly differing from those of Pc's. Since true response
over a very broad range of periods is one of the advanbtageous
features of the rubidium magnetometer, loss of long period
information 1s to be avoided. At the other latitudes visited
loss of information due to field activity was negligible.

 Pig. 6.10 shows sections of record. In A, Pc activity
occurred in the forenoon and in B, similar activity occurred
in the late afternoon. On both records the full scale
deflection is 5 gamma and the chart speed 6" per hour.

Fig. 6.10C shows a section of record taken at Hartland
in which activity; occurring at 01,00 displays a marked
- irregularity both of period and of'form. The broadening of
the trace is due to a + 1 count variation, initially thought
to be due to the magnetism of the relays, although it may

have been low level pulsation activity at periods -~ 5 sees.



-167~

Fig., 6.1l shows a section of record taken at Kiruna during
a period of large scale activity. The effectiveness of the
0 - 99 shift is clearly demonstrated, as is the loss of
information inourred during such activity. The scalec value
is 5 gamma and the chart Speed_is 6" per hour. The lower

record shows a reconstruction drawn from the original.

Footnote: Later work showed that the magnetism of the relays
could have been responsible for such trace broadening. However
it has since been shown that 50 c¢/s magnetic fields can

produce a similar effeect on the counted field, by frequency
modulations of the magnetometer signal. The occurrence of.

this type of effect has been correllated directly with the

time of the use of external lighting at one of the Observa-
tories.
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CHAPTER 7

ANATYSIS OF MICROPULSATION DATA
AND CONCLUS IONS

' General Remarks

In thé measurement of pulsations the object of the
field study was to provide a working knowledge of the nature
and occurrence of the phenomena within the latitude range
conveniently available. It was hoped that the traverse of
stations, which are close to the same longitude, would provide
results sufficiently typical of each latitude that a
comparative study could be made on that basis. Specifically,
the latitude dependence of micropulsation period was to be
examined, and it was thought possible that an indication might
be found of events appearing in one region which do not
appear elsewhere. The basis of this test is Kato's conclusion
that toroidal waves, being generated at the magnetosphere
boundary occur only at high latitudes, and that Pc events
occurring in middle latitudes are due to a poloidal mode
of excitation. The toroidal mode, distinguished by E = 0
in Dungey's analysis, has 1ts magnetic variation in the
East-West plane, while the poloidal mode has its variation

in the plane of the magnetic meridian.
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For a dip angle i, referred to the horizontal Barth's
surface, the variations in total field magnitude due to the
contributions of variations §H and &2 are respectively,

OFp = §H cos if
and AF, = & 7 sin i
For the latitudes at which observations were made i  70°

so that

DF, = 0,35 SH
OF, = 0,95 b3
Fluctuations in the plane normal to the field direction are

related by the formula
(F1)2 = 72 + 6D2

where D represents the small variation normal to F.

i.e. » Fl = r@1 + (4D)2 )%
‘ F
=F(L++(4D)2 + .....)
F

and AF = FL-F is the variation in field magnitude due to D,

and is given by

AT = % &p?
F

Thus a peak amplitude of a pulsation in the plane perpendicular
to F of 10 gammaskproduces a variation in the total field of
10-3 gammas, an entirely negligible amount. |

Thus it is clear that measurements using the rubidium

magnetometer indicate pulsation activity in the meridian
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plane only, and then largely the vertical éOmponent in high

latitudes,

General Analysis

A_general aﬁalysis was carried oﬁt in an attempt to
arrive at a statistical distribution of the frequency spectrum
throughout the day, at each station. The method employed was
to measure the periods of pulsations occurring during each
hourly interval and plot these as a function of time of day.

Some features of the method should be noted:

1. No account is taken of the amplitude of pulsations,

2, No account is taken of continuity or coherance of
wave trains within each hourly interval. TFor this
reason continous activity with a variable period
content is often included as two, or three, discrete
period points.

3 The overall error of period measurement is of the order
of 1/5 of the period.

Y, The period range 10 - 250 seconds is covered.
Remarks concerning the recoxds gt individual stations

“are given below,

a. Kiruna: Here large scale activity resulted in the loss
of a chsiderable amount of low amplitude information,

particularly in the evening and night time. The measurements
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made at Kiruna are plotted against G.M.T. which is used
thrdughout this discussion. A correction of 1} hours should
be added to the plotted time scale to adjust the results to

a local time reference,

b. Iskdalemuir: Here records were obtained which contained

a considerable amount of activity at periods less than 30
seconds. The form of the activity suggests in places that
it 1s in fact spurious, due to inadequate functioning of the
‘magnetometer system. That i% occurred mainly at night
suggeste that the thermal environment was at fault causing
the sensor temperature to fall below .the 1imit required for
consisteﬁt operation. However, much of the activity was
regular in pattern, and periods of this order had been
observed at the other stations, or suggesﬁed by fluctuations
of very low level comparable with the + 1 count resolution
of the system, For these reasons it has been included in
the analysis, ,

The general form of the analysis does not include any
determination of energy content. It shows the periods
avallable for pulsation activity during the course of the
day. |

The main features of the analysis are displayed in.

Fig 7.1 where the chart of thevcollected data 1s shown.

The change in frequency content between day and night is
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shown by all stations. The compérative lack of points
during the hours 16.00 to 02,00, particularly in the period
range 30 - 60 seconds corresponds to the time when Pe activity
is not apparent,
Fig. 7.2 shows the spectral content for each station,
taken from Fig. 7.1. A shows the frequency spectrum covering

the whole day and the histograms have been normalised approx-

imately. B and C show the histograms for the day and night
intervals, corresponding to the times shown, -and are taken
from A. The results from Hartland and Kiruna show ¢learly
the difference in‘period content between what may be called
the day and night phenomena, and the same trend is identi-
fiable at Lerwick. The Eskdalemuir record shows the trend
clearly if periods less than 30 seconds are neglected,

The period interval used in the compilation of the
histograms of Fig, 7.2 was 25 seconds. This was chosen on
the basis of the error in measurement of periods a% about
mid range of the spectrum shown, and also because of the
indeterminate way. in which a value was assigned to continuous
trainswhose period changed during the course of an hourly
interval, Whereever pdssible an average value was assigned
to such a case, However in some instaﬁces it was necessary
to plot two points for the hour if clearly defined periods

resulted from the variation.
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A Teature of the spectral content which is indicated
by the histograms of Fig. 7.2.fis the harmonic content of
activity, displayed at Lerwick and Kiruna at periods'of
approximately 120 and 180 seconds. The harmonic relationship
appears to be exhibited particularly well by Pc's and is
shown in most of the records used to illustféte this
discussion. In Fig. 7.2 the higher terms at aporoximately
30 secs, 45 secs, 60 secs and 90 secs, which are obvious
on examination of records, are not resolved in the histograms.
The‘trend has been confirmed by Dr. M.J. Usher, who
carried out a detailed spectral analysis of the Hartland
records, taking into account the number of waves of each
period. The resultant Spectrum.shows clear peaks at 40
secs,, 65 secs., énd 90 secs, The maximum at 65 seconds
may be due to the intermodulation between wayes at 40 seconds
and 90 seconds., althoughbthis is ﬁbt definitely indicated.
Fig, 7.3 shows the diurnal variation of Pc activity. The
‘values were arrived at by assigning to each hour a number
0, 1, 2 to correspond to the degree of continuity of the
events. O corresponds to the lack of any activity of a
continuous nature, 1 to detectable activity up to 0.5 gammas
peak to peak amplitude, and 2 to continuous pulsations of
large amplitude (:> 0.5 gammas) lasting, with good coherence
throughout the hour. No account was taken of period and no

precise definition of Pc was adhered to. Because of this
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last condition the Lerwick graph does not show a distinc$
minimum at night. Evening and night‘pulsations at Lerwick
often lasted for times greater than 30 minutes and showed

a tendency to recur within short intervals. For this

reason many night time events were classified with the

value 1, where a specific definition of Pec might have exclu~
ded them. The dotted line in the Lerwick graph illustrates
the effect of neglecting events of this nature,

Figs., 7.1 and 7.3 illustrate the broad time range of
the occurrence of Pc activity throughout the day.

Fig. 7.4 shows histograms representing the selectivity
of Pc activity. The information was obtained by measuring
the distance between adjacent peaks in a single continuous
train of waves, neglecting any wavés or pulses which showed
obvious deformity. The accuracy of measuring the period of
individual waves 1is i 3 seconds and it is possible to estimate
the frequency occurrence within a second. There is no
apparent change in line width over thelrange of latitudes
inveStigated; The periods of the events shown in Fig. 7.4
have no significance, since good sections of Pc activity were
chosen in a purely arbitrary way.

The width of the line at half maximum is about % of

the period of the line peak, A close scrutiny of many contin-

uous pulsations, however, shows that good quality events with
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large signal-to-noise resolution and apparent continuity,
in fact exhibit a great degree of incoherence. It seems
likely that many randomly occurring wave trains are inter-
mixed.

Consider two waves A4 cos & and Ay cos (<9+¢ ) super~

posed to give _
A=A cos @ + A, cos O+ )

a4 = A, sin® + A, sin @)

g 1 |

= Ay sin@ + Ay sin 9cos¢+ A, cos & sin?‘

i.e, dA = sin @ (A + Ay cosfs ) + A cos & sin¢
ag .

which may be written

g%z R sin(9+}£')

where R 0057[/ (A + A, cos;{f} )

R siny = 4, sin
wave peaks are defined by dA =0
iy
i.e. neglecting R = O which is a trivial case,
sin (6’+%)'= 0
i.e. & + tan~l Ao _sin g =uw
Ay+as COS¢

or & =1Nr- tan~l A, sin
A1+A2 cOoSs

A©, which is the distance between adjacent peaks, is
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controlled by the inverse tangent function. Thus if A1,
4s orqé‘vary during a long train of wavesé&éﬁs altered.
This is the case with incoherent pulsations and it is
possible, therefore, that the interference of incoherent
wave trains is responsible for broadening the'resonance
width of Pec's detected and analysed in the above manner,
Fig. 7.5 shows sections of record where the incoherence of
pulsation activity is displayed.

It was possible, while at Kiruna, to compare the
rubidium magnetometer records with.those obtained from the
micropulsation variometer at the observatory. This instrument,
which was designed and built by Dr. Hans Voelker, of the
Geophysical Institute of the University of GBttingen measures
magnetic variations in the three component direction H, Z and
D, using an induction device. The sensitivity is~ 4 mm/§
and the frequency response is essentially flat between
10 seconds and 100 seconds period. The incoherence which
was obvious in the rubidium magnetometer, was not shown -
distinctly on the component records, and may have been due
to the lower resolution of the optical recording system,
and the filtering of the signal. The component records
show that variations in amplitude and period occur
irregularly in each component, and that variations in phase
exist between components. Such variations are thought to

be sufficient to account for the incoherence observed in
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Figs. 6.10A and B show records of pulsations where
highly resolved Pc's are intermodulated in one case,
Fig., 6.104, with a shorter period fluctuation aﬁd in the
other Fig. 6.10B with a long period event,

Fig. 7.7 shows two sections of the same record covering
the times 05.45 - 06.45 and 07,30 - 08,30 and illustrates
twe parts of a continuous train of Pec activity which changes
its predominant period from 30 seconds at 06,00 to 60 seconds
at 08.00. Intermodulation of the two frequencies occur in
the later section. The intervening section of record is not
shown, because the pulsations occurred at the regien where the
0 - 99 shift operates, and spoiled the recording; The
activity shown in the latter part of the first section
continued until the beginning of the second. |

Fig. 7.8 shows three consecutive hours of record ﬁaken
from 22.45 to 01.45 at Lerwick., The sections show pulsations
of 120 second period associated with long period field
fluctuations. The length of the long pulsation varies between
20 minutes and 30 mindtes. The association between the two
fluctuations is further characterised by an emplitude'modu-
lation of the shorter period waves at a frequency which
corresponds to that of the long period train.  With only two
exceptions the bursts of short period events occur on the

leading limb of the long wave, which represents increasing

field strength.
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Eskdalemulr within a week and covering approximately the‘
isame time of day. Each record shows distinetly different
period from the others. The periods displayed are 20
seconds and 50 seéonds in A and B respectively and 90 and
180 seconds in C. In each case the time scale is the same,
and 1s I1llustrated by the 5 minute timing marks in C.

It was found in some cases that an increase in the period
of the predominant continuous pulsations occurred during the

course of the forenoon. Two examples are shown in Fig. 7.1l
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Fig. 7.11. Some examples of the observed increase in Pc
period during the morning. ‘

where the average periods of Pc activity are plotted against

time of occurrence, It was not possible to demonstrate this

property more generally, because of thé uncertainty of
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measurements and the spread of periods encountered.

The harmonic structure of the spectrum of micropulsation
activity would appear to confirm the resonant origin of the
phenomenon., Inspection of the records during the compilation
of the general analysis showed a great number of periods of
good quality events and, in particular, periods which
recurred during the observations were 30, 45, 60, 90, 120
and 180 seconds. A further period of 240 seconds occurred,
although with less frequency than the higher order peribds.
The values given to the lower periods are very approxinmate
due to the number of values which occurred. Consider the
two harmonic series 240, 120, 80, 60, 48, 40, 34, 30 seconds
and 180, 90, 60, 45, 36, 30, 26, 22% secoﬁds. It is clear
that these two series are sufficient to explain the periods
observed, and the number of higher harmonics in the low
period range agrees well with the uncertainty encountered
in attempting to detect a single specific value to the events
of this period. The question of false peaks caused by the
intermodulation of harmonically related wave trains may
exclude the necessity for requiring two series to explain
the observed results.

Detailed examination of the periods of Pc activity is
obviously required in order to indicate the precise harmonic

series occurring, and in particular to resolve the components

between 20 and 50 seconds.
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The significant conclusion to be drawn from the fore-
going remarks is that the fundamental period of Pc activity
may be longer than that previously suggested from the
direct measurement of Pc events. A fundamental of 180
seconds or 240 seconds is indicéted, perhaps suggesting that
fhe orlgin of pulsations is located near the magneto: sphere
boundary,

Such values for the period of the fundamental mode of
oscillation may invalidate the reasons given by Kato for
considering a low altitude resonant cavity., The period of
L0 seconds, occurring over the range of latitudes covered
does not agree with Dungey's analysis. However the values
suggested by Westphal and Jaéobs,‘when the compression of
the dipole field and the particle density of the cexosphere
are taken into account, are in reasonable agreemeht with a
period between 120 seconds and 240 seconds.

Two rescrvatlions about the vallidity of such a simpie
picture must be remembered. Firstly the period of the longer
pulsations are not easy to sstimate by virtue of their line
width, and the‘relative shortness of a wave train. A greater
volume of data will be necessary before the values of the
1onger periods which occur can be determined with confidence.
Secondly the manner in which harmonics were displayed often
suggeéted that the fundamental and its first and/or second

harmonic occurred together, as illustrated in Fig. 7.6, 7.7
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and 7.10. While this may not alter the suggested pattern to
any great extent, it may indicate, on further study, that
the fundamental period of oscillation is itself wvariable.

Since the E-W component of micropulsations is observed
to have a similar magnitude to the N-S at Kiruna, it is not
possible to exclude toroidal vibrations from the possibie
modes ef origin, particularly when it is remembered that
activity is detected in the vertical component during highly
disturbed times. It is observed that during undisturbed times
the sequence of activity occurs in a generally similar form
in btoth N-S and E-W components, while within the individual
bursts of pulsation the traces do not necessarily correspond,.
This has been suggested as a possible cause of the incoherence
of the total field record, and may represenﬁ an intermixing of
modes at the same frequency. The wide diurnal range'of
occurrence is, however, not directly compatible with the
conditions imposed in the theoretical treatment of toriodal
resonance, where interaction between adjacent lines of force
is zero, limiting consequent activity on the ground to the
regions corresponding to excited lines of force.

The form of therdiurnal spectral distribution of
period (Fig. 7.1) is in agreement with the general concept of
the deformed magnetosphere, where the confining effect of the
solar wind may be expected to reduce the resonant periods in

the day time hemisphere. The indicated increase in period
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during the course of the day (Fig. 7.11)does not fit this
model, since the reverse trend should be indicated. This may
be due to lower modes of activity being excited by the more
direct action of the solar wind, or to vhe diurnal variation
of such a low altitude resonant cavity as suggested by

Kato, due, perhaps, to a diurnal variation of particle density
in the lower atmosphere, or to such a daily variation in the
density distribution of the exosphere as would affect the

calculations of Westphal and Jacobs.

Pr_Analysis

Fig. 7.12 shows a comparison of Pp events between
Lerwick and Hartland. Evening events at Kiruna were
masked by disturbances and few Pp8s were observed at
Eskdélemuir. In the analysis events were classified with
the value 1 or 2 to distinguish clearly defined transient
pulsations from short bursts of pulsation, The graph was
plotﬁed using the totals of the designated numbers,

The frequency spectra shown are approximately normalised
and indicate a difference in period. - The observed period of
120 seconds at Lerwick agrees with the predicted values of the
compressed dipole field taking particle density into account,
but the Hartland value of 90 seconds does not agree with any
expected period.

Fig. 7.13 shows a comparison of the occurrence of Pys
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Fig. 7.13. Occurrence of Pp events at Lerwick and Hartland.
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at Hartland and Lerwick, The range of occurrence is between
17.00 hours and 03.00, and is seen to be generally compli-
mentary to the range of Pc occurrence. The reduction of
activity somewhere between 2300 and OLOO is displayed at
both stations.

The lack of statistical mass of information about Pgs
hampers any conclusions to be‘drawn from the analysis.

Fig. 7.14 illustrates three transient pulsations which
occurred on different nights at Lerwick. The time scales
are all approximately the same and are indicated by the five
minute timing marks on A. A and B show periods of 230 and
120 seconds respectively and may be taken to indicate a
harmonic structure in the periods of Pts. They occurred
between 22,00 and 23.00, where the peak of P, activity at
Lerwick was observed. Fig. 7.14C shows a transient type
event which occurﬁed at 03.30. The period of 30 seconds
corresponds to that of Pe's observed at that time. Beyond
the record shown in C there occurred two more transient events
of the same period, the lést one developing into continuous

activity.

Large Pulsations

Pulsations with periods in the range 5 minutes to over
an hour were observed at all stations visited. At the

stations south of the auroral zone the amplitude of such
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activity which occurred at 10.00, The period of the event
is approximately 6 minutes and its peak amplitude is 10
gamma., The amplitude increases with time and it starts
and ends abruptly. The spikes on the record are spurious
counts thought to be due to the proximity of the electronic
apparatus to the sensor,

Study of the observatory magnetograms showed that such
'long period pulsations displayed a strong component in the
vertical direction, and at least one case was observed where
the event occurred in the.vertiéal component alone. The
period corresponds well with the theoretical values and it
is of note that Dungey's values agree closely with those of

Westphal and Jacobs at auroral latitudes.

Magnetometer and Instrumentation

Sensor: The sensdr configuration is considered to be
satisfactory for use in ground instrumentation. The sensor
was transported in its assembled form in a packing case with
other heavier equipment, and on at least one occasion was
dropped from a height of two feet to the floor. Having
survived these rigours without noticeable effect some
confidence may be expressed concerning the robustness of the

configuration,
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Lamp: The modified lamp design has now been operated
continuously for over 4,000 hours and has shown no
detectable change in performance. During this time it

has been subjected to switching off and on associated with
tests of'the instrumentation which have taken place.
Deslgn work 1s being undertaken in order to find a suffic=
- dently rigid bulb enclosure and mounting to satisfy the
rigorous envirnomental conditions of a rocket launch.

While the valve oscillator is thought to be in every
way~satisfactory, the use of transistors-may have advantages
 when the total instrumentation requirements of a satellite
are considered. The valve oscillator requires 110 - 120 v.
H.T. supply which necessltates a multiplier to convert the
voltage from the satellite supply, which is'typically 30 v.
Transistors operating directly from the satellite supply may
be preferable, However, it 1s not clear whether transistor
efficiency will be satisfactory when operated at 100 Mc/s
nor whether the voltage swing in the exéiting coils in a
transistor ciréuit operating from a 30 volt supply will be
sufficient to maintain the discharge.

A possible development, which is not essentlal in most
of the magnetometer!s applications, is that of isolating the
lamp oscillator from the bulb. Such a design would greatly
reduce the dimensions of the sensor unit and eliminate

magnetism from the lamp circuit. However it is not likely
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that this practice will be resorted to unless its necessity

is dictated by experimental requirement.

Monitoring System

The performance of the counting and decoding apparatus
was satisfactory with the exception of a thickening of the
trace, thought to be a +1 count deviation caused by the
magnetism of the energised relays. An example of this form
of interference is shown in Fig. 6.10C where the'thickenihg
of the trace corresponds to a 1 count variation. Because of
this effect, and the large current required by the decoding
relays it has been éuggested that transistorised switching
circuits might be used in the deéoding system, Such aﬁ
arrangement may be powered from thevcountér's internal ﬁower
supply, and would not require a long d;splay time for latching
purposes. Thus it is possibie to maintain the present.
magnetic field resolution while eliminating the 1 second
display time of the counter to increase the time resolution
of the system. It will then be possible to use a % second

counting time bto produce g field resolution of O,l gamma and

a pulsation resolution upper limit of 24 seconds.

Resolution.

In Chapter 6 the resolution of the counting system

was shown to be F/100T gamma, where T 1s the time in seconds
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over which the count is made, and F, in gamma, is the field
represented. The examples given were of measuring a.S0,000
gamma field to an accuracy of 0,05 gamma wifh a 1 second
counting time, The inverted system of counting was adopted
to make full use of the l/Usec resolution of the available
counter,

The above formula indicates that as F decreases, the
fractional accuracy to which it can be measured increases.
The limit of sensitivity occurs when the indeterminacy of
the magnetometer signal frequency is reached due to the noise
level,

Consider the case of a sinusoidal wave of peak amplitude
5 and peak to peak noise N, The uncertainty d.x to which a
wavelength (or period) may be measured is given by the
'thickness' of the noise measured across the wave in the

direction of the®coordinate (Fig. 7.16),dA at any point

on the wave is given by

d = N
>\9' tan 1 ’

where I is the slope of the curve,

Hehce, assuming a sine wave
d}\e = N
d (sin@)
6
= _N_
cos O
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N Erpnp e ey ey s

Fig, 7.16 Illustrating the time resolution in a measure-
ment of the period of a noisy sine wave,

The coordinate system is one where the peak amplitude
of the wave, S, is of equal magnitude to 1 radian on the ®
axis,

Thus aA = N
A 21S cos @

In counting techniques it is usual to arrange that, in

effect, the point at which a wave triggers the gate of the
counting scheme is the crossover point, where the error due
to signal to noise ratio is least., Thus it is permissable to
take & = 0, whence ,X/dh = 277 8/N = A, for convenience in

what follows, The value of A represents the ultimate
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resolution to which measurements of the magnetometer
frequency can be made, |

In a counting system the maximum efficiency is reached
when the resolution of the magnetometer is equal to that of
the frequency standard. If N is the humber of periods used
to gate the counting of the standard oscillator frequency,
then the error in time due to N is 1/f.A, with f = magnetometer
frequency and N = f.T,

Where the maximum time resolution is 1lpxrsec then
(= 106/A) is the field frequency at which the maximum
sensitivity is attained. Thus for a one second count, if A
has a value of 25, corresponding to a magnetometer signal to
noise (= 28/N) ratio of 8, f is %0 Ke/s, a fieid value of
8 x 103 gamma. The resolution obtained is 8 x 103/ 10'6
gamma, i.e, less than 0,01 gamma.

Two further features pertain to this discussion.
Firstly, at the low frequencies indicated a signal~to-noise
ratio of 30/1 has been observed, and secondly, the addition
of a tuned amplifier to the Barth's field instrument improved
its signal-to-noise ratio by a factor of five, Thus it is
possible by utilising A values of the order of 60 which are
available, to measure field variations with a sensitivity as
high as 0.005 gamma with a 1 second count, or 0.05 with a
0,1 second count,.

In order to improve the resolution of measurement of the
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magnetometer two possible methods are available, (1) the
use of a frequency greater than 1 Mc/s as the standard

(2) the use of biassing coils to reduce the magnitude of

the measured field, The use of a higher standard frequency

1s not discussed further,

The use of biassing fields is illustrated in Fig. 7.17

SRS i

i z’

Fig, 7.17 |
Zamd

Hamo + Z cead

where the vertical component of the total force Z is to be
balanced by a bias field Zl, which in practice is inaccurately
aligned with Z. For simplicity the angular inaccuracy  is

taken to be in the meridian plane.
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Then' B2 = (N - z% sin®)? + (2 - 21 cosp{)2

dR = 0
azl

when Zl = H singd+ Z cos

Thus a minimum field value exists, when the resulting
field is perpendicular to Zl and has a value H cosO< - 2 sin((
In the case wherec{ is small the direction of the field to be
measured is thus‘effectively that of H, | '

For the stability of the reduced field it 1is necessary
to consider the effect of variations & 2zl of Zl, The
components of &zt along and perpendicular to the H direction
are C;Zl sino( and &zt COSC(’, reSpectively, énd their
effect upon the magnitude of the resultant is given by

7t sin¢(, and (&2t cose()2/ oH,

If H is similarly reduced by a field Hl, which may have
an angular inaccuracy/5 tﬁc vafiations in th? resultant” may
be referred to the same coordinate system, for simplicity.
They are 81&'cos~g along the resultant direction and
(&H! sinB3)?/2(H - HL), Tuile 7.1shows the permitted
deviations to each component to produce a measured field
variation of 1 gamma. The conditions chosen for their
calculation were Z = 5 x 104,gamma, zl =3 x'104,

H=2x 104, Bl = 10% and d = 3°, Allowable variations are
calculated for measurements with and without the use of the

biassing field Hl.
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It is clear that the greatest stability is required
of the bias field acting in the direction of the measured
field., It rémains a matter for experiment to discover to
what extent biassed fields may be used in the‘study of
micropulsations. |

The comparatively low stability required for a bias field
perpendicular to the direction along which observations are
Go be made sugggsts, without direct reference to resolution,
that some form of component studies may'be undertaken by the
rubidium magnetometer, merely, by eliminating eithef the

horizontal or vertical components of the total force.

Conclusions

The dual object of the field study was to determine the
'capability’of the self-osecillating rubidium vapour magnetometer
in the measurement of rapid variations of low amplitude of the
geomaghetié field, and to provide'preliminary information and
experimental familiarity ﬁith micropulsation phenomena.

The instrumental system has been shown to be reliable
in opération over long periods of time, and has provided
satisfactory observations of the micropulsations which occurred.
Comparison with the variometer at Kiruna showed that apart
from that due to the rapid large scale fluctuations, the

magnetometer recorded pulsation activity without noticeable



-206-

loss, The loss of information due to the scalar form of

the measurement is largely overcome by the high sensitivity
of which the instrument is capable., This, together with the
unrestricted response to low frequency variations have
permitted significant results to be made available. The
value of the instrument in synoptic obserwations of micro-
pulsations, and in particular within the frequency domain
has been established.

Technigues have been suggested which may be uSéd to
incréase the resolution of the magnetometer system in bbth o
time and magnetic field. The biassed form of the instrument,
which may add to the capability of the system-requires to be
investigated in the field, where the difficulties to be
encountered due to the misalignment of the cqils and the
stability of the biassing currents may be assesséd.

It has not been possible to resolve the q&astion of
the iatitude dependence of micropulsation period, or to
indicate in any confident way the mode of excitation\of their
vibration. However, the harmonic content of the observed
pulsations leads to longer periods of the fundamental mode
of oscillation than had previously been considered appro-
priate, and a general agreement with the work of Westphél
and Jacobs has been found. The complimentary form of the
diurnal range of Pc and Py activity, together with the

harmonic structure shown by each type and the overlapping of
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their forms, indicated in Fig. 7.13, may indicate that
they differ only in their mode of excitation. It has been
shown that,during'ﬁhe times when their occurrence overlaps
it is possible to have clearly defined transient events with
periods corresponding to those of Pc's and almost continuous
events at periods corresponding to Pt's;_ Holmberg
has indicated that the observed decay rate of transient
pulsations corresponds to the excitatidn, by a single pulse,
of a resonator having the same bandwidth as observed Pc
activity. Holmberg's value of bandwidth has been confirmed,
but it has not been possible to arrive at a value for the |
decay rate,

The apparent variation of Pp period with latitude is in
general agreement with the ideas of the intuitive model.
It is clear that the form of the daily occurrence of PT;s
and their period structure‘must be investigated in some
detail, using a much greater amount of data, in order to
establish their source and the mechanism of their excitation.

The existence, over the range of latitude studied, of
long period pulsations may be related to the higher order
modes of ﬁhe mathematical analysis, or the high altitude
poloidal mode. Dungey / did not calculate the periods
for such events in detail; however, he did indicate that

one hour was the order of magnitude of the period to be

expected.
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The observations have established the existence of
'pearl' typc of phenomena within the period range 30 to
120 seconds and, in one example shown, indicate a relation-
ship between such events and a long period field fluctuation.
The pearls discovered by Mm. Troitskaya and investigated by
Tepley and Heocock occurred at periods less thdn 4 seconds
and are thought to be caused by 'bunches' of trapped
electrons shuttling to and fro between mirror points. The
period of the observed micropulsations are taken to represent
the 'bpuﬁce' period of the electron bunch between the
mirror points, and since the velocity of such a bunch is
expected to be greater than the velocity of sound in the
corresponding region of the exosphere, it is.thought‘thétvthe
shock wave associated with the motion produces the hydro-
magnetic disturbance. The observations made using the
rubidium magnetometer indicate pearl type activity requiring
a 'bounce' period up to 40 times as long. The extreme
value may correspond to the case where proton bunches are
involved.

However, it is not established that the amplitude
modulation observed in the longer period range has the same
sizgnificance as the pearls of Mme. Troitskaya. The asgocia—
tion of the event with a longer period disturbance may suggest
an entirely different cause, based on a stimulus, of some |

undefined form, acting upon a damped resonator at regularly
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repeating intervals. The existence of the damping of the
resonance is demonstrated directly by Py's. The
association with the long period fluctuation may suggest
that either the long period wave contains the stimulus,
or acts as a shutter, which impedes the exciting stimulus,
cig. dilating the\field around the arca resonating at. the
higher frequencies, It is possible, also, that a variable
transmission of shorter period waves may be set up in the
exosphere associated with the long period fluctuation,
resulting in a simple amplitude modulation of the short
period event. HoweVef, since an example 1g shown Where
pearl type events occur without any association with long
period events further speculation is unwarranted without a
_greater mass of information. |

Several conclusions may be drawn from the described
observations which will be'used in the planning of future

studies of the subject. -

1, Any attempt to detect period differences between
pulsations occurring at different latitudes must use coink
cident methods, Coincident measurements at a chain of
stations at approximately the same longitude will allow
detailed measurement of the period variation of individual
~events, and will allow observations of the extent of their

simultaneous occurrence to be made. A suitably placed
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station at a different longitude will provide additional
information on the daily occurrence, which may be important

in locating the source of P¢'s,

2. 1In general manual analysis of the records is considered
to be preferable to machine analysis, because of the
detailed inspection which is required in the identification
of events and the large rénge of activity which occurs,
Maéhine analysis is not expected to be available because of
the amount of the data to be examined, ahd an automatic
system of recording in digital form would therefore be waste-
ful. However, it is possible that machine analysis may be
employed to provide detailed examination of specific events
and of the periods involved in intermodulating trains,

€.g. to determine the line width of events, and the decéy'

constants of Pg's,

3. In order to resolve some of the questions of mode and
propagation it is necessary it provide detailed information
about the vector properties of the vibrations. It is not
expected that the rubidium magnétometer will provide this
information completely in the short period range. Vector
information may allow a determination of the plane of
polarisation, if it exists, and the direction of rotation

of the vibration vector.
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In conclusion it must be admitted that the statistical
data used in this analysis is limited by the number of dayé
spent at each station and some of the results, and the
conclusions drawn from them,vmust be confirmed by a
substantially increased amount of data. However, the very
high resolution in time and mégnetic Tield allowed every
pulsation which occurred to be inspected, a feature which

is not common on Ssome préVious analyses of micropulsations.

TABIE 7.1

(nglcosa(' 2 AZ sinX bH cos B (& H sin B )2
2H

oH
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—ZI z1 Tl 0
without HI 1 1 - -
250 500 |
with H 1 1 1 1
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