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KPATKOE HSJOKEHAE PE3YUbTATOB, L04LYUEHHBX
0T MKC-I II0 HCCIEZOBAHMK MATHMTHOIO HOJA .

Hopuar @. Hecc, Kuea C. Cxupc
Hocud b. Cax ® JxoE M. Buakoxc

PEQEPAT

lleppad MexiyniaHeTHas KOHTpPOAbHASA cTaBuHMa, MKC-I, GOunaa
sanymeBa 27-ro HoAGpa 1963 r. 4o anorea 31,7 Re. OHa coobmuia
OeépBHeé TOWHHE H3MEPeHHSA MEeXJYIJAaHEeTHOrO MATHMTHOI'O HOAR, MATHWTO-
cjepHO# rpaHMON W HeCTAaJKHBaADHEACA MATHHTOIMZLDOIMHAMMIECKOi yiap-
HOH¥ BOJHH CBA3AHHOH CO B3amMOZefiCTBHEM COIHEUHOIO BeTpa C reomar-
EHTHHM DOLeM. K3MepeHHs GHAM NOM3BEJEeHHW € NOLCOIHEWHOH TOUKM IO
HOWHOI'O MArHETHOI'O XBOCTA, BKJKYaA CbEMKY MATHETHOIO LOJA 3eMiH B
npezelax MATHATOCGEDH. JKCIELHMEHTAABHOE o0HapyxeHKA NPOTAKEHHOrO
MarEMTHOrO XBOCTa Ha HOYHOH CTOpPOHE 36MIH H MArERTHO OTOPOXEHHYD
HEHTPaABHYV NOAOCY KBAAETCA HOBEHNHM BaXHLM MaTEepHaAOM O BHEIMHEeM
MAarEATHOM @IOX€ JeMaM. B 3To#f paboTe naeTcd KpaTKOe H3IA0XeHHE pe-
3yIbTATOB 3TEX NOLPOOHHX H3MEPEHHH M DKCIepMMEHTAaXbHME IAHHHE,
O0bACHADEMS® ITH palNAvYHNE ABIEHHEA. I[pexHne COOOWEEMA O nepBOoHa-
WaJIbHHX pe3ylbTATAX NONOAHAWTCA AONOIHHTOILHHMEK LaHHEHMH ¥ OOGCyx-
A€HHEM TONOJOTH# MArHATHOIO NONA, KaK B MeXAYNJaHEeTHOM N JCTpPaH-
CTBEe, TaK H B IOpejeJax MarHuTocdeps.

CpeiHee HanpapBleHHe MeXAyIAAHETHOrO NOAA NPUOAM3UTEAbHO
140° Bocroumee ammum 3emua-Coxnna, Haum e 60° K 3amaisy ot Coaxua.
BexTOp MarvHTHOro Hoas OOHKHOBEHHO HAXOIMUTCA OJAH3KO K NJIOCKOCTH
SKIHOTHKEe, a e€ro CTATHCTHYEeCKOEe pacnoJoxeHume npubausuTeabHo 20° k
Ory OT NAOCKQOCTH JKARITEEA. 06mas ApPXUMeZOBa CHHDAABHAA CTPYKTypa
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MexJynJaHeTHOT0O Ma&rHETHOT'O IOJAA HOATBEpPXIaeTCA MeXAynJaHeTHhMH pe-
3yabTaTaMi, JTO ABIAAETCA UPAMHM pPe3yAbTATOM DAJHA&JIBHOIO HOTOKA
HOHH3HPOBAHHOI'0 rasa OF COJHeWHOH KOPOHH NOCPehCTBOM CBepX—Alb(BeH-
OBCKOI'O MalHMTOIHJIPOJLHHAMHUECKOI'O pacCHMpPEeHHMA, KaK 3TO OnAO Opei—
cKa3aHo [lapkepoM. -
B3auMozeicTBHE CBepPX—AAdb$BEHOBCKOr0 HOTOKa mnaa3ms OT CodHua
C reOMArHMTHHM [OJeM BejeT K pas3sBHTHD 000co6iaeHHOR roaoBHOR yaapHOH
BOJHH H Typ6yaeHTHO# mepexozBo#f o6aacTH, B KOTOpoH HabaogaeTcA mepe-
OIeTeHHHEe K GHCTPO QAOKTYHPyOEmHe MAarHHTHHWe HoxA. IlepexogHaa obJaacTb
rPAaHHUYHTCA B TOWKE 3&CTOA C HecTaJaKHBawimeica yzapHo#t Boano#h y 13,4 R,
H Marsurocg¢epro#t rpanuue#t y 10,2 R, PesyabTaTh yKa3bBaoT Ha 3Ha-
YHTEeJbHY® CTEHNEeHb CJYWaiHOCTH HampaBJEHHA MACHATHOTO HOAA OKOIO
TOYKH 3aCTOA H pa3BHTHe YHOPALOUEHHHX MACHHTHHX NOoxe#, oT 9 mo 20
raMmM,Io0 CTOpPOHaM MarHuTocdepH. [locleZHAA OKa3nBaeTCA rpy6o-UUAMH-
APHUEeCKO# mO ¢opme, C jgUaMeTpPOM paBHuM 40 R,, moaycgepudeckod mankoh
¥ palMyCOM KPDMBH3HH DaBHHM NPHOAM3HTEAbHO 14 R, .
[loxpo6Hoe oTOOpaxeHBe 3€MHOI'O MArHMTHOI'O IOJAA H& HOWHOH CTO-
POHE 3€MAH BHABMJAO pPa3BHTHE 3HAWHTEABHOrO MAlCHHTHOI'O XBOCTa, He
Bpamaomerocas BMecTe C 3eMmieil. MarHuTHHE CHAOBHE JAHHHHM HOWHOH CTO-
POHH 3eMJH, COOTBETCTByOWHe 3HAWEHHAM L., NpHOIAM3KTEAbHO MeHbme 8,
BHIMMO BpamaoTCA BMecTe C 3eMmaeft, a pa3BuTHe Goabmoift moaocoobpas3HOH
MarHETHO-HeHTpallbHOK NOBEPXHOCTHM B OpejejaxXx MarHETHOIO XBOCTa ABAA-
€TCA pe3yibTaTOM OJH30CTH CHJIOBHX JHHHH{ NPOTHBONOAOXHOrO HanpaBie-
HHA. Ipeznoaoraerca, ETO OHM HENOCPeJCTBEHHO CBA3aHHW ¢ O0AacTAMH
OOJAPHOY mWanmkKH. JHAYMTOJIbLEHN® BpPEeMEHHH® BapHaloHK MArHEHTHOI'O HoJAA
B XBOCTE 3eMaH HPOTHBOCTOAT rAaBHOH# ¢(a3e BHe3aIHWX IeOMarHHTHHX -
6ypb. HTaK, XBOCT HOBHIXMMOMY HrpaeT Npeobiajawmiyod podb B pasiuy-
HHX 3eMHHX ABIEHHAX. HefTpalbHad Hoxoca 3aceleHa JHEPreTHYECKHMH
3UEeKTPOHAMH, KOTOpHE MOryT OhiTh MCTOWHHKOM H3JAyYEeHHA, NPHBOLALMM K
OpOABIGHHAM CEBEPHOTO CHAHHA H NOACY H3Jy4YeHHA BaH AJleHa.

(KOHEL)

2
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Summary of Results from the IMP-1I

Magnetic Field Experiment

Norman F. Ness
Clell S. Scearce
Joseph B. Seek
Space Sciences Division
NASA-Goddard Space Flight Center
Greenbelt, Maryland
and
John M. Wilcox
Space Sciences Laboratory
University of California
Berkeley, California eretr
298/0
Abstract: The first Interplanetary Monitoring Platform,
IMP-1, was launched on November 27, 1963 with an apogee of
31. 7 Re. It has provided the first accurate measurements
of the interplanetary magnetic field, the magnetosphere
boundary and the collisionless magnetohydrodynamic shock
wave associated with the solar wind interaction with the
geomagnetic field. Measurements were made from the subsolar
point to the nighttime magnetic tail and included a mapping
of the Earth's magnetic field within the magnetosphere. The
experimental detection of an extended magnetic tail on the
nighttime side of the Earth and the enclosed magnetically
neutral sheet represents the most recent important result
with respect to the Earth's outer magnetic field. This paper

presents a summary of the results of these detailed measure-

ments and the experimental data yielding the interpretation
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of these various phenomenon. Previous reports on the
initial results of the magnetic field are expanded upon
and the magnetic field topologies both in interplanetary
space and within the.magnetosphere are discussed.

The average direction of the interplanetary field is
approximately 140° east of the Earth-Sun line or 60° west
of the Sun. The magnetic field vector generally lies close
to the plane of the ecliptic but with a statistical distribution
approximately 20° southward from the ecliptic plane. The
interplanetary results confirm the general Archimedean spiral
structure of the interplanetary magnetic field. This is a
direct result of the radial flux of ionized gas from the
solar corona by super-Alfvénic magnetohydrodynamic expansion
as predicted by Parker.

The interaction of the super—Alfvénic plasma flow fraom
the Sun with the geomagnetic field leads to the development
of a detached bow shock wave and a turbulent transition region
in which tangled and rapidly fluctuating magnetic fields are
observed. The transition region is bounded at the stagnation
point by the collisionless shock wave at 13.4 R, and by the
magnetosphere boundary at 10.2 Re‘ iThe results indicate a
significant rapndomization of the magnetic field direction near
the stagnation point and a development of ordered magnetic
fields of approximately 5 to 20 gammas on the flanks of the

magnetosphere. The shape of the magnetosphere is found to be
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roughly cylindricals in shape, diameter = 44 Re’ with a
hemispherical cap with a radius of curvature of approximately
14 Re‘

Detailed mapping of the Earth's magnetic field on the
nighttime side of the Earth has reveéled the development
of a significant magnetic tail which does not co-rotate with
the Earth. The magnetic lines of force on the nighttime side
of the Earth corresponding to L values of less than approximately
8 appear to co-rotate with the Earth while the development
within the magnetic tail of a large sheet-like magnetically
neutral surface is a result of the proximity of lines of
force oppositely directed. These are inferred to be directly
connected to the polar cap regions. Significant time
variations of the magnetic field in the tail of the Earth are
in opposition with the solar phase of the geomagnetic sudden
commencenent storms. Thus the tail appears to play a dominate
role in various terrestrial phenomenon. The neutral sheet
is populated with energetic electrons which may be the source
of radiation leading to auroral displays and the Van Allen

radiation belts.



1.0
2.0
3.0
4.0
5.0
6.0
7.0

Introduction.

CONTENTS

Interplanetary Magnetic Field Results .

Correlation with Photospheric Magnetic Fields

Magnetosphere and Boundary Layer Results .

Tail of the Magnetosphere .

Neutral Sheet Characteristics .

Summary . .

Acknowledgements .

References .

Figures .

®,

10

14
24
29

33

.35

.36

. 42-88



1.0 Introduction.

The Interplanetary Monitoring Platform IMP-1I, the
first in a series of satellites monitoring the interplanetary
medium in cislunar space, was launched on Nov. 27, 1963. The
satellite carried instruments to perform detailed measure-
ments of magnetic fields, plasmas, energetic particles and
solar and galactic cosmic rays. A number of publications
on the initial results of the magnetic field experiment
have already appeared (Ness et.al., 1964; Ness and Wilcox,
1964; Ness, 1965a, 1965b; Ness and Wilcox, 1965a, 1965b).
In addition publications presenting the results of other
experiments carried onboard the satellite have also
appeared in the literature (Anderson et.al., 1965;
Balasubrahmanyan et.al., 1965; Bridge et.al., 1965; Fan et.
al., 1964; McDonald and Ludwig, 1964; Serbu, 1965). It is the
purpose of this paper to briefly summarize and review the
significant results of the magnetic field experiment and
to present certain new aspects of the experimental measure-
ments and their interpretation. This introductory section
will review pertinent characteristics of the IMP-I satellite
orbit as a function of time and present a brief summary of
the initial results to set the framework within which the
remainder of the paper shall be presented.

The initial apogee of the satellite was on the sunlit

side of the Earth at an Earth-Sun angle of approximately 33°



west of the Sun at.-a geocentric distance of 197,616
kilometers = 31.7 R, (Re = Earth Radius) and an initial
perigee of 192 kilometers. The period of this highly
eccentric orbit is 93.5 hours. Interpretation of the
results from the IMP-I satellite was initially performed
by transforming all data obtained into a solar ecliptic
coordinate system. This is because the interaction of the
solar wind with the geomagnetic field shows a strong day-
night asymmetry with apparent cylindrical symmetry about
the Earth-Sun line. The geocentric solar ecliptic
coordinate system is defined by an X-axis directed from
the Earth to the Sun, the Y-axis in the plane of the ecliptic
and the Z-axis pointing towards the north ecliptic pole.
In this coordinate system, the apparent motion of the satellite
apogee is one of westward precession of 4°/orbit as the
Earth moves about the Sun.

In figure 1 is shown the variation of the apogee of
the satellite in solar ecliptic coordinates. The angle ea
is defined as the solar ecliptic latitude and the angle ba
as the solar ecliptic léngitude of satellite apogee. The
measurements of the magnetic field in space will also be
presented in the solar ecliptic coordinate system with 6 and
¢ defining the direction of the field with magnitude F. As

shown in Figure 1 the useful lifetime of the satellite
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extended over a period of approximately 6 months while
satellite apogee varied from a solar ecliptic longitude
of 335% to 155°. This permitted mapping of the boundary
of the geomagnetic field formed by the interaction with
the solar wind from the subsolar point through the sunrise
terminator and far into the nighttime region of the Earth.
As shown in Figure 2, apogee was sufficiently high
so that during the first 21 orbits of the satellite direct
measurements of the interplanetary medium were possible
which were not affected by the presence of the Earth and its
magnetic field in the supersonic flow of the solar wind.
Following orbit 21 measurements in cislunar space were
limited to that portion associated with the interaction of
the solar wind with the geomagnetic field. Finally
subsequent to orbit 31 the measurements were performed while
the satellite was completely enclosed within the distorted
geomagnetic field. As seen in Figure 2 the space surrounding
the Earth is divided into three characteristic physical
regions:

1. The interplanetary medium, ,

2. the turbulent transition region and

3. the magnetosphere or distorted geomagnetic field of

the Earth.



These three regions are separated from each other by two
characteristic boundaries:

1. The collisionless magnetohydrodynamic shock wave

(Axford, 1962; Harrison, 1962; and Kellogg, 1962) and

2.. the magnetosphere boundary or magnetopause.

Repeated traversals of these two boundaries by IMP-I have
yielded extensive measurements defining their physical
properties and have permitted the geometrical description
and physical separation of cislunar space into these three
characteristic regions.

The interplanetary medium is characterized by a weak

magnetic field of approximately 5.1 gammas average magnitude
embedded within a radial plasma flux emitted from the surface
of the Sun which is referred to as the solar wind (Parker’1958)
At the Earth's distance of 1 A.U. (Astronomical Unit) the
plasma shows flow velocities between 300 to 700 kilometers/
sec and densities between 2 to 20 protons/cubic centimeter.
The direction of the magnetic field is variable but the
magnitude is impressively constant over long periods of time
so that 8f/F =< 0.1. A general Archimedean spiral structure
has been observed in the interplanetary field which can be
correlated with the rotational period of the Sun and hence
corotates with the Sun and is suggested to be of solar origin.

The transition region is observed to be a turbulent

thermalized and magnetized plasma with field strengths varying




between 5 and 20 gammas and fluctuations over short time
scales of 10 to 20 gammas. No periodic wave forms are
readily discernible in the data and the fields are thus
described as tangled or randomly oriented. A thermalized
plasma is observed near the stagnation point of the solar
wind flow in which the spectrum is considerably broadened
and the density increases by a factor of approximately 8
(Bridge et.al., 1965 ). The solar wind is found to resume
a supersonic flow condition around the flanks of the
magnetosphere.

The measurements of the distorted geomagnetic field
on the night side of the Earth reveal the extension of the
geomagnetic field far behind the Earth forming a magnetic
tail. Embedded within this magnetic tail has been discovered
a magnetically neutral surface separating regions of oppositely
directed fields over a thin planar region of space. This is

referred to as a neutral sheet and can be correlated with

increased particle fluxes illustrating a balance between field
and particle préssures.

This paper is organized to present first a summary of
the results obtained while the satellite was in interplanetary
space beyond the shock wave during orbits 1 through 21. This
represents the time interval November 27, 1963 through
February 17, 1964 and corresponds approximately to three

solar rotations, 1784 through 1786. In general solar



activity has remained - at a low level throughout the

entire lifetime of the satellite. This paper will not
present a discussion of any storm time variations, either

of the interplanetary magnetic field or the Earth's magnetic
tail field, Subsequent publications shall deal with these
transient phenomenon in as comprehensive a treatment as
possible.

2.0 Interplanetary Magnetic Field Results

Subsequent to the early suggestions by Biermann (1951)
that the Sun must be a continual source of a low energy
corpuscular flux or solar plasma, Parker (1960) developed
the theory of the solar wind. This described the expansion
of the solar coronal gases into interplanetary space at super
Alfvénic velocity.a particular distinguishing result of
Parker's model is the twisting of solar photospheric magnetic
fields into an Archimedean spiral in the ecliptic plane as
a result of the uniform radial flux of coronal gases and
the rotation of the Sun. This is illustrated in Figure 3 for
solar wind velocities as typically measured in the inter-
planetary medium from 300 to 900 kilometers/sec. (Snyder
and Neugebauer, 1964; Bridge et.al., 1965) It is seen that
the angle ¢ or ¢'is approximately 135° or 315o respectively.
Thus the direction of the field is approximately 45° with
respect to the Earth-Sun line. This is a direct result of the

approximate equality of radial velocity of solar plasma witn




the tangential velocity of a radius vector fixed to the
Sun and rotating with a synodic period of 27.3 days.

The measurement of the magnetic field on IMP-I was
performed for 4.8 seconds every 20.4 seconds repeatedly
within a telemetry format for a consecutive total of 12
such data points. These were distributed over a time
interval of 5.46 minutes in the transmission of information
from the satellite. These measurements yielded 12 vector
samples of the interplanetary magnetic field. Individual
orthogonal components of the vector field were averaged
and used to construct an average vector magnetic field for
the time interval of 5.46 minutes. The statistical distribu-
tion of the direction of the interplanetary magnetic field
observed by the IMP-I satellite, when beyond the shock wave,
is shown in Figure 4. A broad but nonetheless distinct
peak in the direction of the field is observed at approximately
the angle predicted by Parker's uniform coronal expansion
model. The left-hand side of Figure 4 shows the direction
of the interplanetary field projected into the plane of the
ecliptic. The right-hand side of the figure shows the
direction of the field as projected normal to the plane of
the ecliptic and without regard to the direction of the field
in the plane of the ecliptic. Accompanying Figure 4 is the
magnitude distribution of the interplantary magnetic field

as shown in Figure S. It should be noted that extremely



stringent requirements were placed upon the satellite
experiment hardware to minimize their magnetic properties.
In addition the satellite was constructed with long booms
which supported the magnetometer sensors at remote distances.
These procedures yielded measurements of fields accurate
to + 1/4 gamma, the most accurate in space yet performed.

Individual measurements averaged over 5.46 minutes have
been component averaged over a time interval of 1 hour.
The statistical distribution of the direction of the inter-
planetary magnetic field on such a time scale is shown in
Figure 6 in the same format as used in Figure 4. The average
direction closely parallels that proposed by Parker, as
clearly evidenced by the closer and more peaked distribution
about the theoretical angles. Accompanying Figure 6 is
Figure 7 which shows the interplanetary magnetic field
magnitude constructed from the hourly component averages.
The average magnitude is seen to be 4.5 gammas, approximately
1/2 gamma less than that for the individual values. This
indicates that the magnetic field fluctuates in direction and
magnitude about the average spiral direction such that the
average field magnitude decreases as averages extend over
longer time intervals.

Additional statistical characteristics of the inter-

planetary magnetic field are presented in Figures 8, 9, and

10. These show respectively, the directional distribution




of the 3 hour component averages of the interplanetary
magnetic field, the average magnetic field magnitude over

3 hour intervals and finally a magnitude averaged inter-
planetary magnetic field over the 3 hour time interval.
Figure 10 illustrates the differences of averaging the
magnetic field compnnents or magnitudes over different

time intervals by comparison with Figure 9. The description
of a vector field which is time variable in both directimm
and magnitude is a complex task since simple component
averages may represent an average vector field which does
not correspond to one which the '"'real'" field ever showed.
Thus in the analysis of the time changes of the magnetic
field direction which follows in section 3.0 recourse was
always made to the original 5.46 minute averages. Directional
histograms were then constructed for time intervals of 3, 6,
12, and 24 hours yielding characteristic directions for i'.e
field rather than to directly average the components of

the magnetic field separately and thence to construct an
average field direction.

The measurement of 5.1 gamma average magnitude field
roughly in the plane of the ecliptic, but with a slight
southward component of the field, and directed approximatcly
parallel to the angle predicted by Parker for the field,
dramatically confirm the uniform coronal expansion model
proposed by him, at least during the years of the quiet Sun.

It strongly suggests the Sun as the origin of the interplanetary
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magnetic field and indeed in the next section this
argument will be developed further to illustrate the
continuity of field lines from the Sun out to 1 A.U.

3.0 Correlation with the Photospheric Magnetic field

As shown in Figures 4, 6 and 8 the direction of the
field can be assigned as either positive or negative
depending upon whether or not the field appears to be
directed away from the Sun or to be directed back towards
the Sun along the streaming angle. Using the range of ¢
indicated in Figure 4 as positive or negative, it is possible
to assign a +1 or -1 to each 3 hour interval covered by the
interplantary data on IMP-I. This time series of alternating
values shows the changes in direction of the field as
measured at 1 A.U. by IMP-1I. Construction of the auto-
correlation function will reveal any basic recurrence
. tendencies within this time series. Figure 11 presents the
normalized auto-correlation of the direction of the inter-
planetary magnetic field and the results show a statistically
significant peak at a time interval of approximately 27 days.
Since this corresponds to the solar synodic rotatiomn period,
it is strongly suggestive of a direct connection of the
interplanetary magnetic field with magnetic fields originating
on the Sun.

It is possible to directly compare the interplanetary

and solar fields by utilizing data obtained with the solar
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magnetograph at the Mount Wilson Observatory in California
(Babgock, 1953)- Figure 12 illustrates the result from the
solar magnetograph during the IMP-I lifetime which presents
a mapping of the photospheric magnetic field as observed

at central meridian passage (CMP) on each day. The magnitude
of the line-of-sight component of the photospheric magnetic
field is measured by the longitudinal Zeeman effect on one

of the Fe lines in the solar spectrum. Consecutive daily
measurements at CMP are combined to produce a contour map
which shows large areas on the surface of the Sun with magnetic
fields in the photosphere which are directed either out-of

or into the Sun.

In a process similar to that for the interplanetary
data, a time series was constructed for individual latitude
bands of 10° width across the Sun, by determining the direction
of the field within the surface area of the solar disk
corresponding to a 12 hour longitude interval; equivalent to
6.7° heliographic longitude. With a time series covering the
same interval as IMP-I in interplanetary space, it is
possible to construct a cross-correlation function between
the directions of the interplanetary magnetic field and
the photospheric magnetic field. This result is shown in
Figure 13 in which a statistically significant and coherent
peak is shown for three separate latitude bands across the

solar disk. The time lag of 4.5 days is evidenced which
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corresponds to a transport velocity of lines of flux by

the solar wind to 1 A.U. of approximately 385 kilometers/sec.
The uncertainty in the time lag corresponds to the smallest
unit of time available, + 12 hours so that the average solar
wind velocity from the magnetic field measurements is
inferred to be 385 + 45 Km/sec. The lower limit of

this velocity, 340 Kn/see is very close to_the direct
measurement. of the solar wind velocity by the MIT plasma
probe which yielded an average of 320 kilometers/sec.

(Bridge et.al., 1965).

In addition to investigating the solar origin of the
interplanetary magnetic field by the previous method of
analysis;it is also possible to superpose the time variations
in magnetic field direction in a circular epoch graph as
shown in Figure 14. It is seen that the direction of the
interplanetary magnetic field is repetitive on a time scale
of 27 days in a very dramatic fashion which reveals the
existence of 4 distinct sectors or filaments. Within each
sector the magnetic field is directed either away-from or
towards the Sun within the entire sector. Three of the
sectors have a time interval of approximately 7.6 days, while
the third sector shows a time interval correqunding to
3.8 days at 1 A.U.

This superposed epoch chart also illustrates the

characteristic geometrical configuration of the field lines
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within the interplanetary medium during three solar
rotations of the quiet Sun. As the Sun rotates, this
sector structure sweeps past the Earth and changes
associated with spatial variations within each sector can
be associated with changes on the surface of the Earth

in magnetic field activity and cosmic ray variations.
Shown in Figure 15 is the variation of the planetary magnetic
index Kp within the 2/7 sectors of the interplanetary
magnetic field. 1t is seen that high Kp follows shortly
after a sector boundary passes and that low Kp values are
reached towards the end of each sector. There appears to
be no significant difference between + and - sectors, at
least at the present time.

It should be noted out that there is a close
correspondence of the orbital period (3.9 days) with the time
scale of the sector structure (1/7 sector = 3.8 days). The
analyses have been critically reviewed to verify that the
sector results are not an artifact generated in the analysis.

In summary these results show that during the three
solar rotations near the minimum of the solar cycle,
the photospheric field is dragged out by the solar wind
to form the nearby interplanetary magnetic field and that
a semi-permanent sector structure exists. These conclusions

are consistent with the model suggested by Ahluwalia and

Dessler (1962) in which the sense of the field in the sectors is
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related to the sense of photospheric magnetic field regions. - ‘
In the interpretation of the solar wind interaction with

the geomagnetic field, it is necessary to have average

values of the interplanetary medium available from direct

measurements to justify a comparison between supersonic

gas dynamics and the flow of solar wind. Figure 16 summarizes

the average values of pertinent physical parameters in the

interplanetary medium deduced from the magnetic field

experiment on IMP-I. The average magnitude of the magnetic

field is 5.1 gammas and the directional changes indicate

a solar wind velocity of 385 kilometers/sec. which yijeld

a proton cyclotron radius of 820 kilometers. It has been

suggested by Axford (1962) and Kellogg (1962) that this

represents the appropriate physical scale unit to utilize

in considering the characteristics of the interaction of

the solar plasma flow with the geomagnetic field. Since

the magnetosphere as shown in Figure 2 is approximately 44 Re

in diameter, clearly the plasma flow can be considered as
a fluid since the proton cyclotron radius is much smaller
than the size of the magnetosphere.

4.0 Magnetosphere and Boundary Layer Results

Magnetic field measurements by the IMP-1 satellite,
in comparison with plasma measurements,have shown a unique

and coherent picture of the termination of the geomagnetic
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field and the transition to the interplanetary medium.
The first traversal of the magnetosphere and shock wave
boundaries by IMP-I is shown in Figure 17 for the magnetic
field experiment. The magnitude, ,F, and the two angles
6 and ¢ describe the vector magnetic field over the 5.46
minute time interval. The root-mean-square deviation of
the individual solar ecliptic components is also shown as
68X, 5Y agd §Z . It is seen that the transition
region is one in which both the direction and magnitude of
the field vary on short and long time scales. Within
the interplanetary medium, magnetic field fluctuations are
less than the quantization errors of the telemetry system and
correspond to a few tenths of 2 gamma. Thus for the
interplanetary medium the characteristic fluctuations 6F/F
are seen to be less than 0.1 while within the transition
region §5F/F varies generally between 0.5 and 2.

An enlarged time scale presentation of the traversal
of the shock wWave boundary is shown in Figure 18. Individual
measurements at 20.4 second intervals are illustrated for the
three orthogonal components. The motion of the satellite
between successive 20.4 second samples corresponds to
approximately 40 kilometers in space. The iQentification
of the shock wave boundary as an abrupt change from a stable
weak ordered field to a turbulent stronger field is clear

and indicated by the dashed line in the figure.
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On an expanded scale Figure 19 shows the characteristic
raw telemetry signals corresponding to individual samples
of the magnetic field as sampled by the fluxgate magneto-
meters at time intervals of 0.160 seconds. The individual
spin modulated segments of the telemetry signal are
presented on an enlarged scale but in time sequence. Again
the identification of the boundary is evidenced as a
transition from a uniform stable field to a turbulent and
rapidly fluctuating magnetic field. This characteristic
thinness of the shock wave boundary, separating stable and
turbulent fields, was not anticipated and is one unique
aspect of the magnetic field measurements by IMP-I.

Corresponding to the magnetic field measurements
on outbound orbit # 1, Figure 20 shows the pertinent plasma
measurements from the MIT plasma ‘Faraday Cup (Bridge et.al.,
1965) . The diagram shows the maximum and minimum flux
values during each spin period as measured in the channel
corresponding to protons with energies between 220 and 660
electron volts. A measurement of the extreme fluxes during
each satellite spin is an indirect measurement of the
anistropy of the plasma flow. Within the transition region,
which corresponds perfectly with that defined by the magneto-
meter measurements, the plasma flow is seen to be generally
isotropic and other energy channels not shown would indicate
a similar response characteristic. The MIT plasma measure-

ments have revealed a broad region of turbulent, thermalized
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plasma flow immediately behind the shock wave and enclosing
the magnetosphere. The remainder of orbits 2 through 21,
which permit sampling of the interplanetary medium, show
excellent agreement between plasma and magnetic field
measurements with respect to the positions of the characteristic
shock wave and magnetosphere boundaries in cislunar space.
Figure 21 presents the inbound orbit # 1 magnetic field
measurements illustrating the character of the magnetosphere
boundary near the stagnation point. The magnetic field
interior to the boundary is seen to be increased by
approximately a factor of 2 above that theoretically
predicted by extrapolation from the Earth's surface using
spherical harmonics. This corresponds to the compression
of the geomagnetic field by an infinitely conducting plasma
and the factor of two is in agreement with theoretical
prediction (Beard, 1964). The direction of the field is
seen to be only slightly distorted interior to the
magnetosphere boundary. Beyond this a turhbulent magnetic
field is seen both in direction and magnitude as shown
previously in Figure 17. Accompanying Figure 21 are the
energetic particle results for inbound orbhit # 1 showing
electrons with energies greater than 45 KeV as detected by

the gieger counter experiment of Anderson et.al. (1965).

An intense flux of particles is observed interior to the
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magnetosphere boundary to the trapped particles in the
outer radiation belts. The termination of the trapping
region is seen to be coincident with the boundary of the
magnetosphere as observed first by Freeman et.al. (1963)
on Explorer XII. This is a characteristic feature of
orbital data obtained near the stagnation point, that is,
within 45° of the Earth-Sun line. Magnetic fields interior
to the magnetosphere boundary in this region of space are
connected in a distorted but approximately continuous
dipole topology which supports trapped particle motion.
Figure 6 illustrates magnetic field measurements
obtained on orbit # 6 inbound previously reported by Ness
et. al. (1964). For this orbit, original determination of
the boundary was based upon magnitude measurements and
showed a boundary at 10.3 Ré. Subsequent re-evaluation
of the data has indicated that the termination of the
magne tosphere boundary must be determined by the topology
of the field: as to whether or not the field is connected to
the Earth or to interplanetary space. On the assumption
that the change in direction of the field is the pertinent
parameter determining such connection, the boundary of the
magnetosphere is identified at a distance of 8.1 Re' That
the magnetic field magnitude is continuous acréss the boundary
is an interesting aspect which cannot be expanded upon in

this brief summary of results,
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Accompanying Figure 23 is Figure 24 showing the flux
of electrons with energy greater than 45 KeV. Again the
termination of the trapping region is seen to be exactly
coincident with the boundary of the magnetosphere even
though it has moved im to a distance of 8.1 Re in this
particular orbit. No important solar event or associated
terrestrial event has been associated with a boundary in as
close as this. The only other unique event associated with
orbit # 6 which possibly might be physically related to
it is that during orbit # 5 the magnetohydrodynamic wake
of the moon was detected by the IMP-1 satellite while in
interplanetary space (Ness, 1965a). Whether or not it
is possible for the wake of the moon to disturb the
characteristics in the transition region and thereby effect
the position of the magnetosphere boundary is presently
unknown but currently under investigation.

Continuing in orbital coverage around to the Sunrise

terminator, Figure 25 shows magnetic field measurements from

outbound orbit # 11. The boundary of the magnetosphere is

discernible as an abrupt change in the direction of the field

and in this case again accompanied by a change in the

magnitude of the field. Beyond this boundary{the turbulent
and tangled magnetic field is observed until the shock wave
boundary is detected at 19.7 Re. Accompanying Figure 25 is

Figure 26 showing the flux of energetic electrons greater

than 45 KeV energy for the same orbit. Here it is seen that
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the boundary of the trapping region occurs close to
the Earth at approximately 4 or 5 Re and hence not
coincident with the boundary of the magnetosphere.

This is a characteristic feature of the results from
the IMP-I satellite. The boundary of the trapping region
and the magnetosphere boundary are coincident near the
stagnation point but gradually separate towards the Sun-
rise terminator to an appreciable distance on the night
side of the Earth. This implies that the magnetic field
topology within the magnetosphere is such that durably
trapped particle motions are possible for field lines which
are approximately dipolar and connected from one hemisphere
to the other. However, particles are not capable of stably
drifting in longitude which correspond to field lines
beyond approximately 8 Re on the night side of the Earth.
Although beyond this regipn of space intense transient
fluxes are observed on field lines which originate at the
surface of the Earth, the field lines do not appear to
be directly connected to the other hemisphere. Additional
discussion of the field topology within the magnetosphere
will be presented in Section 5.0.

The last orbit on which interplanetary magnetic field
measurements were performed was orbit # 21. Outbound orbit
# 21 is illustrated in Figure 27 showing the magnetopause

at a distance of 18.7 Re' Again the magnetosphere boundary
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is identified by an abrupt change in the direction of

the field. The magnitude of the field is many times

larger than that theoretically predicted. The simple

model which explains the factor of two increase in magnitude
at the stagnation point is no longer applicable on the
flanks of the magnetosphere. The remainder of outbound
orbit # 21 is shown in Figure 28 where the transition

region is seen to consist of intervals in which the field
strengths are high when compared to the interplanetary
region and directions reasonably stable which alternate

with regions of fluctuating and weak magnetic fields. This
is a feature reminiscent of the Explorer 10 results near the
Sunset terminator side of the magnetosphere (Heppner et.al,
1963; Bonetti et.al., 1963). Detailed co?relations of these
data with the plasma measurements will be necessary to
determine whether or not the boundary of the magnetosphere
has been traversed more than once on this particular orbit.
The motion of the boundary of the magnetosphere was first
deduced in the Explorer X results in 1961 (Ness, 1965c).

A summary of the positions of the magnetosphere boundary
and the shock wave are shown in Figure 29. Each dot represents
either the inner-most or outer-most position‘of the boundary
as observed on each orbit. The terminations of the boundary
on successive orbits are connected by solid lines if no

data is missing or no boundary was unambiguously defined and
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dashed if otherwise. 1In general it is seen that the
magnetosphere is roughly hemispherical on the Sunlit

side of the Earth with a radius of 13.9 R, (Ness, 1965b)
but broadens out to approximately a diameter of 44 Re

on the flanks of the magnetosphere. The shock wave
boundary is separated from the magnetosphere by a distance
of 3-4 Re at the stagnation point and increases to 5-7 Re
on the flanks of the magnetosphere.

It is possible to consider a comparison of the super-
sonic gas dynamic analog of the solar wind flow with the
magnetosphere, as studied initially by Spreiter and Jones
(1962) . 1t is important,however, in this interpretation
to attempt to take into account the variable angle of
attack which the Earth's magnetic dipole presents to
the solar wind flow. This is associated with the obliquity to
the ecliptic of 23.4° and the 11.7° tilt of the dipote
axis of the geomagnetic field to the spin axis of the
Earth. Figure 30 shows the variation in the angle of attack
over the lifetime of the IMP-I satellite. This angle, Xgg ?
has been used previously in attempts to rectify the positions
of the boundary to the ideél position of impact of the solar
wind flux normal to the axis of the Earth's magnetic dipole
(Ness et.al., 1964). As the angle of attack increases it

would normally be expected that the magnetosphere would

increase in size since the magnitude of field at the
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stagnation point increases. A first order correction
using xss yields the rectified positions of the magneto-
sphére boundary and shock wave as shown in Figure 31.
The inner solid line correspond to the theoretical
predictions by Spreiter and Jones (1962) of the shape of
the magnetosphere baindary and assuming an individual
particle model with specular reflections. A gas dynamic
shock analog has been used to compute the shock wave position.
and shape using this theoretical magnetosphere. 1In general
the shape comparison is excellent for the shock indicating
substantial agreement in the physical model. This is to
be expected since in any physical model of a shock,
mass, momentum and energy must be conserved. It should be
noted that the shape of the bqundary on the flanks of
the magnetosphere does not appear to correspond well with
that predicted. The magnetosphere appears to be broader
than anticipated and indeed is suggested to have a radius
of 22 R . Also the position of the shock has been adjusted
slightly to yield the comparison shown (Ness et.al., 1964).
This section summarized briefly the results of the
mapping of the magnetosphere boundary and shock wave by
the IMP-I satellite. Detailed discussions of the
individual experiment results can be found in the original

papers by the appropriate authors. The confining of the
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geomagnetic field permanently by a continual flux of
plasma from the Sun is a very new aspect in the under-
standing of the Earth's environment in space when
compared to earlier work on a transient Chapman-Ferraro
cavity as reviewed by Chapman (1963) . Equally important
are the results obtained on the night side of the Earth
from IMP-I which shall be discussed in the following
section.

5.0 Tail of the Magnetosphere

Detailed measurements of the distorted geomagnetic
field on the night side of the Earth were performed by the
IMP-I satellite on orbits # 31 through 47 (Ness, 1965b).
A conspicuous and dominant feature of the measurements
on these orbits was the direction and strength of the
magnetic field when the satellite was beyond approximately
10 to 15 Re from the Earth. The direction of the field
was observed mainly to parallel the Earth-Sun line with
magnitudes of 10 to 20 gammas. A representative orbit
has been chosen to illustrate these characteristics. In
Figure 32 the outbaund portion of orbit # 41 shows the
direction of the fieid paralleling the Earth-Sun line
within a few degrees and with magnitudes many times larger
than predicted as shown by the dashed curve. These data

extend out to satellite apogee, which corresponds approximately
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halfway to the distance of the Moon.

Accompanying Figure 32 is the inbound portion
of orbit # 41 shown in Figure 33. In this a continuation
of the characteristic direction of the field is indicated
with magnitudes again between 10 and 20 gammas. However,
at a distance of 16 Re the magnitude of the field is
observed to decrease rapidly while the direction of the
field abruptly changes from being directed away from
the Sun to being directed towards the Sun. This change
in direction of the field is interpreted to be associated
with the magnetic neutral surface in the Earth's magnetic
tail (Axford et.al., 1965). This surface separates regions
of space in which the direction of the distorted geomagnetic
field is either away from or towards the Sun.

That the direction of the field parallels the Earth-
Sun line appears to be associated with the mechanism for
the formation of the tail. Although this is not yet under-
stood in detail it is clearly associated with the inter-
action of the solar wind with the magnetic field of the
Earth. Since this parallels the Earth-Sun line, neglecting
the 3°-5° aberration effect, then the direction of the tail
and indeéd the field direction within the tail can be
expected to parallel the Earth-Sun line. The discovery
of the neutral sheet in the Earth's magnetic tail by IMP-I

is one of the very significant results of the experiment.
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Theoretical treatment of the formation of a magnetic
tail of the Earth by Piddington (1959, 1960)was on the basis
of storm theory and more recently by Dessler and
and Juday (1965) and Axford et.al., (1965) on the basis of
limited satellite experimental data (Heppner, 1963; Cahill,
1964) . This extended magnetic tail represents a change
in the concept of the Earth's magnetospheric cavity shape.

A summary of the hourly average components projected
on the X-Y plane within the magnetosphere is shown in
Figures 34 and 35. The measurements are shown for even
hours only for clarity of presentation. The formation of
the extended magnetic tail of the Earth is dramatically
evidenced in this presentation. The crosses correspond to
traversal of the magnetosphere boundary by the satellite
and individual orbits are distinguished by a continuous
pattern of vectors which can be discerned in these figures.
Figure 34 shows the X-Y component of the
magnetic field corresponding to positions of the satellite
when below the plane corresponding to Zse==-2.5 Re while
Figure 35 corresponds to Zsat > -2.5 Re' ~+In this figure the
reversal of direction of the field across the neutral sheet
is readily evidenced. In some instances the direction of
the field does not change by exactly 180° and the field
topology across the neutral sheet is not exactly anti-parallel

but rather crossed. The thickness of the neutral sheet can
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be inferred but not accurately determined since it is
not known if the neutral sheet is in motion at the time
of traversal by the satellite. Assuming that the
satellite motiopn is the only pertinent relative velocity
then it is possible to estimate the thickness of the
neutral sheet as a fraction of an Earth radius over

the 14 orbits in which it has been observed. This
indicates a very thin magnetically-neutral sheet (on the
scale of the magnetosphere) embedded within the Earth's
magnetic tail.

Figure 36 through 39 show the hourly average
components of the magnetic tail field projected on X-Z
planes. An attempt has been made to present a three
dimensional view of the tail field in these 4 figures. They

are separated according to Zs; being below the plane of the

t
ecliptic for Figures 36 and 37 while the satellite is above
the plane of the ecliptic in Figures 38 and 39. 1In the

pair of Figures 36-37 and 38-39 the position of the satellite

is separated according to whether or not YSa is greater than

t
or less than -3.0 Re respectively. Finally the projection
of the vector on planes separated by intervals of 2 Re are
shown offset in an isometric projection. Careful inspection
of Figures 36 through 39 and also Figures 34 and 35 yields
the details of the physical existence and directional char-
acteristics of the magnetic tail of the Earth.

The measurements of the magnetic tail extend over a time

interval of approximately 4 months. Thus the Earth's
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magnetic tail appears to be as permanent a feature of

the Earth's environment as was previously deduced about
the confinement of the geomagnetic field by the flow of
solar plasma. The original suggestion by Piddington (1959)
was for the temporary existence of a magnetic tail of

the Earth. The characteristics of the neutral sheet are
an important aspect of the Earth's tail and shall be
discussed in the following section.

A schematic summary of the cislunar space environment
is shown in Figure 40, This shows the projection of the
interplanetary field lines on the plane of the ecliptic
as well as the shock wave and magnetosphere boundary.

The magnetosphere tail is shown to be filled with lines of
force which originate from the southern polar cap region.

An estimate of the total magnetic flux in the Earth's
magnetic tail can be obtained by integrating over an

assumed cylindrical surface. Equating this total flux

to that through a polar cap region of colatitude = 6 should
yield equivalence if the total flux in the cap is dragged
behind the Earth to form the Earth's magnetic tail. Figure
41 illustrates this relationship and inspection of the chart
shows that for observed field strengths of 20 gammas and a
tail radius of 22 R, the colatitude predicted for the polar
cap region is approximately 16°, This is in remarkable
agreement with the positions of the auroral zones as directly

measured and substantiates the general qualitative model
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of the Earth's tail which is formed by the distortion

of the geomagnetic field by the solar wind. Recent

low altitude measurements of particle fluxes on the night
side of the Earth at high latitudes above the trapping
regions support the field topology proposed (McDiarmid
and Burrows, 1965) .

6.0 Neutral Sheet Characteristics

Observations of the magnetic neutral sheet in the
Earth's tail have been performed on 14 of orbits # 31
through # 47. These have ranged over geocentric
distances of 9.9 Re to 28 Re. In general the early
orbits possessed neutral sheet traversals closer to the
Earth than later orbits. Analyses have been performed to
deduce the orientation of the neutral sheet in the Earth's
magnetic tail. Indeed, that the neutral surface separating
fields of opposite direction is more or less a flat planar
feature, as suggested by the word sheet is one result of
this particular investigation. The latitude of the positions
of crossing of the neutral surface in the Earth's magnetic
tail has been examined in three coordinate systems:

1. Solar ecliptic,

2. Geomagnetic

3. Solar magnetospheric
The last system is a recent addition to those coordinates

used in interpretation of magnetospheric phenomena.
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It incorporates the Earth-Sun line as the X-axis but
unlike solar ecliptic includes a dependence upon the
position of the geomagnetic axis rather than the ecliptic
plane. The coordinate system is illustrated in Figure

42 showing the XZ plane as including the magnetic axis

of the Earth. This implies that the Y axis in the new
coordinate system is always normal to both the Earth-Sun
line and the Earth's magnetic dipole axis.

Previous research workers in the field of magneto-
sphere physics have suggested that such a coordinate
system might be appropriate in the analysis of magneto-
spheric phenomenona (Dessler and Juday, 1965) but until
these IMP-] data were available there appeared to be no
appropriate need for its consideration. The variation and
position of the neutral sheet in the three coordinate systems
discussed has been investigated. The best fit to the
equatorial plane in the three coordinate systems occurred
in the solar magnetospheric coordinate system. This is
shown in Figure 43 in which it is seen that the position
of the neutral surface crossing is always within g)or 10°
of the solar magnetospheric equatorial plane. Thus it is
suggested by these results that the neutral sheet in the
Earth's magnetic tail is roughly parallel to the solar
magnetospheric equatorial plane and indeed is approximately

equivalent to it. The variation in the tilt of the neutral
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sheet to the ecliptic plane is an important parameter in
comparing these results with previous and future satellite
measurements. Figure 44 shows the annual variation of
the tilt of the neutral sheet with respect to the ecliptic
plane when viewed along the Earth-Sun line. The maximum
inclipnation is + 35.4° with an annual seasonal variation.
Measurements by Anderson et.al., (1965) Frank and Van
Allen (1964) , Freeman (1964), Gringauz et.al. (1960) , Montgomery
et.al. (1965), Singer et.al., (1965) and Anderson et.al.,
(1965) have shown enhanced particle fluxes on the night side
of the Earth. Some of these are probably related to the
magnetic neutral sheet. Previous measurements by Frank (1964)
are particularly pertinent in this respect since they revealed
the formation of an electron '"tail" of the magnetosphere
on the night side of the Earth with the Explorer 14
satellite. As noted by Axford et.al.(1965) in order that
a magnetic neutral sheet exist in the Earth's magnetic tail
it is necessary that the sheet be filled with an increased
plasma flux which balances the opposing field configurations.
Figure 45 predicts the minimum particle flux necessary to
balance a magnetic field in the Earth's tail and superimposes
experimental evidence of the neutral sheet. 4These measure-
ments were not originally interp;eted to be indicative of
the neutral sheet but with the magnetic field topology of

the Earth's tail as measured by the IMP-I satellite, it is
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possible to place these measurements in a proper perspective
As noted by Van Allen (1963) the measurements by Gringauz
(1960) do not necessarily indicate a third radiation belt.
They now can be reasonably interpreted in terms of the
neutral sheet in the Earth's magnetic tail.

In Figure 46 correlated particle and field measurements
performed on IMP-I in the Earth's magnetic tail are shown.
Precipitious increases in particle fluxes are observed
coincident with rapid decreases in magnetic field intensity.
The interpretation of these time variations is that the
total flux of the electrons in the Earth's tail at this time
is sufficiently large that the diamagnetic moment of the
particles cancels the magnetic field in the Earth's tail,
at least locally. Thus the Earth's magnetic tail, at times,
may form a third regime in cislunar space quite unlike that of
the interplanetary medium in which plasma energy completely
dominates magnetic field energy nor the radiation belts
in which the reverse situation is true. Rather there is
an intimate coupling of the magnetosphere plasma and field
and in which the B value is close to unity.

The principal problem related to the tail is whether or

not it is the source of auroral particles which are
accelerated from low energies to high energies by a mechanism
acting only in the Earth's tail. Ness (1965b) has previously

suggested that this mechanism may be related to instabilities
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of the neutral sheet similar to well known sheet pinch
instabilities studied in the plasma fusion program

(Furth et.al.,1963) . A schematic summary of the geomagnetic
field topology and its interaction with the solar wind in
the noon“midnight meridian plane is shown in Figure 47.

A strong day-night asymmetry is indicated in the trapped
radiation belts and the neutral sheet is shown as including
the Earth-Sun line. A sample orbit of IMP is shown in the
Earth's tail to illustrate the region of space in which
magnetic field measurements were performed which reveal the
formation of this extended magnetic tail of the Earth.

Polar regions of the Earth are as yet unmapped at great
distances. The indentations shown on the boundary of the
magnetosphere are associated with theoretically suggested
neutral points of the Earth'skmagnetic field in the geomagnetic
cavity {(Beard, 1964).

7.0 Summary

The continual flux of solar plasma confines the geo-
magnetic field to a region of space surrounding the Earth
but extending on the night side to a distance as yet un-
known. It appears certain that the Earth's magnetic tail
extends beyond the orbit of the Moon and thus the Moon
must traverse the Earth's magnetic tail once every 29.5 days.
The presence of the neutral sheet in the Earth's magnetic
tail implies an enhanced particle flux within it to balance

the field pressure.
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It is possible that the Earth can be viewed as a
magnetic comet if the Earth is considered as a nucleus,
the radiation belts as a coma and the Earth's magnetic
tail as a cometary tail with characteristic Type-1 cometary
tail rays represented by the Earth's neutral sheet. Certain
aspects of this analog are currently being investigated
and will be reported upon in future publications. At the
present time investigation of the Earth's magnetic tail
and its association with auroral and radiation belt phenomena

present distinct challenges to futhure space experiments and

theory.
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Figure 11. Auto correlation of the direction of the interplanetary
magnetic field as observed by IMP-I. The direction of
the field is defined to be either positive or negative
according to Figure 4. The Auto correlation of this

time series yields a significant peak at approximately
27 days. (See text).
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Figure 13. Cross correlation of the IMP~I interplanetary magnetic

field data and the photospheric magnetic field for three

latitudes illustrating the coherent and statistically
significant peak at 4.5 days. This corresponds to a
transport velocity of solar lines of flux to 1 AU of

approximately 385 kilometers/sec.
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Figure 21. Magnetic field measurements on inbound orbit
# 1 from the IMP-I satellite on Nov. 30, 1963. The
magnetosphere boundary is observed distinctly as
an abrupt magnitude and direction change at a geocentric
distance of 10.8 R,.
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Figure 24. Measurements of the flux of electrons with energy
greater than 45 KeV on inbound orbit # 6 by the
IMP-1 satellite. Coincidence of the magnetosphere
boundary and the trapping region is again evidenced
with small electron fluxes beyond the boundary.
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Figure 30.

Variation of the geomagnetic latitude of the subsolar
point during the life time of the IMP-I satellite.
During the early portion of the satellite the "angle-
of-attack" of the solar wind is seen to have been
approximately-10 to-30 degrees.
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RESULTS OF IMP-1 MAGNETIC FIELD EXPERIMENT
(11/27/63 TO 5/31/64)
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Figure 40.

Interpretation of the IMP-I magnetic field measurements of the cislunar
environment. Illustrated are the directions of the interplanetary magnetic
field, the positions of the magnetosphere boundary and the collisionless
shock wave as observed by the magnetic field experiment. The extended
magnetic tail is shown to be roughly cylindrical about the Earth-Sun line
although IMP-I did not probe the sunset terminator portion of the boundary.




*p ‘uor8aa deo xetod ayy jo

9pn3T31BIOD OY3l pue «Bm ‘1Te3 OotTxaydsoilsulew oyl Jo SnIped Oyl aJe saajouesred

arqetraeA ayl, ‘'suotrBoa dedo aejod woxy xniy orisuldew JO UOTIBAJISSUOOD JUTWNSSE
Ite3 orjaulew s,yjxed ayjz utr yiBuaxiys piory or3zaudeuw Jurindwoo JI0F 3xey)d Iy 9aIn8td

("d) VL JIYIHISOLINIYN 40 SnIQvY=*Y
0] 8¢ 9¢ Ve 22 0¢ 8l 9l 4 ¢l 0l

I 1 ' 1 | 1 I 1 i ! ! 4 I i 1 T _

——————

VL JIY3IHISOLINOVA NI XN1d 13
JILINOVN ¥V10d 40 NOILYAYISNOD

hm
2\ Y

¢

i
@ W

o
N

(@)
(4) H19N3YLS 01314 8

i
i
K

8l -
108
/N 3 ool




‘ . ‘yzaed oyl Jo Trel
orjouSew oyl ur POAISSQO SB 399YS Telyndu syl jo uoritsod ayz Fo uotrieviraxd

-I93UT Oyl UT pPosn wol}sSAsS 93eUIPJIOOD oraaydsojsusew JIefos 3Yyi jyo uorjruryed ‘&¥ aan3td
(WVHOVIQ 40
3INV1d 40 LNO 3AILISOd) \oo\w
SIXV 37010 T "o \@ﬂ E
30 NS
3Sv-\NS
P AA& (3Sx=) WS X Ol
PP
\,70&0
\¢OA
\v‘\w
\w.u/
P\ SIXY OILINOVNO3O
S\ v 3710dI0




oraeaydsojaudew IeT0S 29U} JO 50T JI0 oG UTYITA ©q 03 uUddS ST 199YS aYL

‘sTesaaAeI} 9Tqelreae HI ay3 JoJ aueld [erxojenbs

*s8urssoad

paaxesqo T o2y3z Joy aueld Jerxolenbs oraeydsojouldeu IBIOS 9Yl JO 01 JI0 oS

UTYITA BC O} POAISSHO ST 3193Ys aylL

‘yjaeq ayj Jo TTe} oTloudew ayj UT STTUM

jusutxadxs pIaty orjoulew I-dNI 92Uyl Aq paAxasqo se 13199ys Tesinau ayj} Jo uorirsod °E€F san3td
o0l-—
INIOd ¥v10881S 40 3ANLILYT 91LINOYWOI9 = *°X @
006G+ . oOb+ . o0L+ . 002+ . o0l+ _ o0l-
® X ’ S &
¢ w
o o9 T &
® o S=
@5
o0l B2
4
m &
T =2
. mw mM
S
|| X NSy 02 B —
=5
l —
I-dWI c
401vNd3 OIL3INOVNW T o
_ 20§




*1-dNI 49 pPaIsA0d TeAx23uT swtl OU} ST 6D@OQEAM®Q5n
courtd otradrioe 8yl o1 100dsax UITa wolsAs 93BUIPJIOOD oraoydsojouldew J1eI0S
ayyr 3o suetd 1etraolenbs a8yl 3o 31113 9yl Jo uotrjeTIRA 92U} JO uoryex3sniil v¥ 2an3t

09—
oOb -
002
XONIND3 ,
, JNWLOY PN .
| MR ;
= o

\ 3

///////////// T pese/s—e -

co/L2/- o N




*ITel Orjoudew s,yjraey O9Yjl Uur 399Yys feIINAU 8yl JoO
uotrjlelaadrojur oyl 03 juaurjaoad suorjeaxssqo suseid pue a7orzaed axe pasodurt

~-xadng ‘389Yys TBIINBU JO Topow pazyTeapt 03 Burpuodsasxoo vuseyd UOI}OITD
pazijauSewuou pue SPISTF orzoudew wnnOrvA uUsaMlaq aoueTeq osanssaxd paunssy Gy axnlrd
(09s-,Ww/) XA14 NO¥LOIT3
10l o0l 0! 40l 0l 0l
Trrvr LI L LA UL |} _———-—« ¥ || yrr i LI
N6l v 13 g . ]
| /:5_,__5 26] m
DN 1 &
\ \ =
MO S
\-—_(#961) 1 m
61 / N3TV NVA 1 E
. 2
L EE'EN v// M% (98 |30 =2
N\ W LT NOSHIONY |
, \ //// woel{ =
(18- NGO, ¢ ANV
v v v

o~
=




-

v

°XNTJ UOJX}D9I9 8yl ur asgaxour jdnaqe ue YITs
1usapIouTOoO m 8°6T Jo uoratsod ® 1€ 3IQJIO STIY3} SuTINp POAISSHO SBM 199YS 9YL

*$96T ‘67 Irady punoqur QF 1T1qIo uo I-dWI Aq paaxasqo aaaydsolrauldew ayy Jo
o IT®1 99Ul UuT suorlerJeA apnjrudew PIaSTF OTloudBW PUE XNTF UOILDD[d PO}EIDII0D

1QVY H1¥V3 NI 3ONVLSIG DY IN3ID039

2 8 0 2 b9 8 02 ve 92 82
1 T T T T T T T Y T T T T T T
i EN
l N Wy Pl
C | | ]
% N | f “ m
- _ | ,& 4,0
| | 4
! | ]
_ | T
- “ | [ “ hmo_
(v96! ‘v 13 NOSHIONY) | _ Lo
i ADI Gp= X014 NOMLOZNI | _ o 3,0
|
o o
! | L
T T T T T T T T 1 + + +
| I
" _ _
{
(961 'SS3N)
viva 47313 JILINOVIN
oo-f | \<sz<\
<L L
v_.-l._ O {g
= 't
09+|- W)
0
L v
09 i
o2
z oalf
ov2} ]
oosk 42 0L 0g Jos
T 1 ] T T om
05 Sl 0 ve- G-
WWIN

GN0OJ3S/SLINNOD 031338Y0D

9VN4

*9% oan3td




*yjaed 9yl Jo TTre3} Orjauldew papuslxo oyl Jo juswdoyeAsp oy} pue S3T9q UOTIBIPRI
oyl ur Axjsumdhse 3y3tu-£Lep Suoars SBurjzeaysniit or3drios 8ayy Jjo sueid ayz o3
xeTnotpuadaad ejep I-dNI o9yl Jo uorielaxdaajur ayjl JO UOTIBIISNTIT AJeuwwng

S1139 NOLLVIQV¥ N3TIVNVA XY

LIGYO J1dWVS

Ly ean38td

INV1d NVIQI¥IW LHOINGIN NOON NO
A9010401 Q1314 JILINOVIW 10 NOILIIIO¥d

~— 1VINIWI¥3dX3 QI10S
----IV)I13803HL QIHSVQ
\ Vave HLava NI SDRVISIa
0L N\ -
oLt .

AN

/V\ \\\y/ o~ ./,7/
(. / - AN
L3HS 40 o 1O VAUNS e IVHLNIN NN\ .//////////////, NS Y——
o- 0 0t ENNNOFONNNNI+ 7 01 0z
= D 113 JILINOYW
L )| AUVIINVI¥ILNI
J43HASOLINOVW . .
NI 8V10S
ot
. 4INdSOLINOVW 40 NEYOND
DNIINTINL
10 NOI93Y
¢ 34
(v9/16/s o1 £9/2z/11)

INIWI¥3dX3 @13l JILINOVW 1-dWI 40 S1INS3Y



