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PRECEDING PAGE BLARR NOT FILMET

txtensive magnetic ficld observations hav; becn made ot
macnetopause crossings by satellites and space probes (Heppner et
al., 1963; Cehill and Amazecn, '963; Ness et al., 1964, Ness, 1965;
Holzer et al., 1966; Heppuer ot al., 1967; Fairficld and Ness, 1967;
Ness, 1967; Behannoa, 1963). Identifications of the magnetopause
have also been made by plasma measurements (Sridge ¢t al., 1965;
Wolfe et al., 1906; Gosliag et al., !967; Vasyliunas, 1968a).
Although these plasma cbservations indicated sudder changes in the
plasma characteristics across the boundary, their time resolutions
were not adequate to study the structure in the boundary laver. In
the electron plasma measurement on 0GO-5 to be discussed in this paper
the time vequired for one cycle of ovbservation is approximately 23
seconds, and this high resclu.icn has made it possible to investipate
the changes in the plasma parametcrs across the boundary in more
detail than has been possible in the previou: studies.

The observed average shapes and positions _f the maznetopause
have previously been found to be in gross agreement with theoretical
results based cn gas dynamical models (Ness, 1967; Heppner et al.,
1967; Gosling et al., 1967; for theoretical models: e.g., Spreiter
and Briggs, 1962 a,b; Midgley and Davis, 1965; Mead and Beard, 1964;
Spreiter et al., 1966; Dryer and raye-Peterscn, 1966). Ia these
theoretical models the solar wind pressure, represented in different
weys in different wmodels, is balanced by the magaetic pressure inside
the boundary, altogether ignoring thc plasma pressure inside it.
However, there is increasing evidence for the presence of plasma

inside the magnetopause btased cn observations-of magnetic field




behavior (Heppner et al., 1967; Sugiura et al., 1970)and on direct
measurement of plasma (Frank and Shope, 1967; Vasyliunas, 1968b).
Observational study of the pressure balance across tie maznetopausce
is obviously needed. The structure of the boundary layer is not uvell
understyod at present. A theoretical treatment has recently been
carried out by Eviatar and Wolf, 7€1968) who conclude that an unstable
boundary approximately '00 km thick would be sufficient to provice
the viscous forces to drive, for examplz, the Axford-Hines magneto-
spheric convection model.

In this paper several examples of magnetopause crossings are

shown with 0GO-5 electron plasma and magnetic field data; a diagnostic

study of the magnetospheric boundary using high time resolution magnetic

field and 45 eV electron flux measurements,aud typical changes in
some of the plasma parameters across the magnetopause are presented.
The pressure balance across the boundary is investigated, and the

significance of plasma inside the bnundary is pointed out.
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Experimental

Observaticns of electron flux as a function of energy were made
with the GSFC triaxial spectrometer (Lind and McIlwraith, 1965). This
device, which was mounted on the -Z face of the main body of the
satellite 0GO-5, has three cones of sensitivity, mutually ac right
angles, with the normal to the -Z face making equal angles with each
detector axis, Figure 2. The directions of the detectors were fixed
in satellite coordinaces, and so the axes made angles with the magnetic
field which varied along the orbit. Electrons entering each detector
were accelerated by falling through a potential difference of 100
volts, analysed in energy by a 127 degree electrostatic analyser and
recorded by a channeltron electron multiplier. The preacceleration
proceduce had the effect of ircreasing the abscolute width of the energy
pass band at low energies. This pass band JE at energy E is given by
the relation ZE = 0.16 (E+100), E in electron volts. Thus for example,
the pass band at a nominal 45 ev was from 33.5 to 56.5 ev. The
analysers were stepped through an energy range l0ev to 9.9 kev in
fifteen steps, at the satellite telemetry frame rate of 1.15 seconds
per step. The fifteen steps, calibration step, and exponential return
to zerc energy took a total of 23 seconds. The calibration was
accomplished by means of a radio-active Ni63 source, the electrons
from which were progressively attracted away from the detector as the
potentials applied to the analyser plates were increased. There was
thus a correction to be applied to readings taken on the low energy
steps, where the natural flux was normally larze, but essentially no

correction te the higher steps where the natural flux was small,




The detectors were opcrated in an analog mode, in which the potential
across the electron multipliers was variad to keep the output currcut
constant at 3x10—9 ampercs. The telemetr ed signal was proportional to
the multiplier potential, which was related in an approximately inverse
logarithmic way to the incoming electron flux. The detectors were
sensi ‘ive to a minimum flux of approximately 105/cm2/se:/sterad/kev,
and had a dynamic range of greater than 105:1.

This analog system turied out to be ill advised as the relatively
large current drawn from the multiplicrs proved to iiduce accelerated
degredution. The life of the experiment was thereby reduced to about
30 days, but during that time it cperated in 3 very satisfactory manner,
previding observations of the electrons in the solar wind, magnetosheath,
and magnetosphere.

The magnetic field data used in this paper were cbtainzd by a
triaxial fluxgate magnetometer, which is an improved version of those
flown on OGO's 1 and 3 (Heppner et al., 1967; Sugiura et al., 1968;
Ledley, 1Y¢9). With a digitally controlled field compensation system
che rang= of measurement is + 4,000y {gamma) with a digital resolution
of +1/8y, The sampling rate is 0.868, 6.94, or £5.55 times per sccond
for the three optional rates of 1, 8, or 64 kilobits per second, but
the present study is based on sampled data from 8 kilobit records. This
sampling was carried out by choosing the reading taken at the time
closest to a given second.

The plasma flux observations represent averages taken over a
period of 1.15 seconds, during which five individual observations were

made., For any given differential energy interval, Lhese average




observations a.e separated by the cycle time of 23 seconds. This is
also the time duraticn required to obtain an electron spectrum.
Changes taking place in less thaun this time will not be correctly
reflected in spectral changes or, therefore, be reflected in the
density or temperatures derived from such spectra.

The density and tcmperatures plotted and used in the calculations
that follow are derived by fitting the flux daca to a stationary

isotropic Maxwellian of the form

2 5
Flux = <eunts = [ 2ne 3].5&”-. (—_E:_.r) (1)

cm/sec/sterad/kev ~ | m (7kT,) e

This is done by a least squares technique, which exploits the fact that

Flux;
1n [ :

>

] = A(ne,Te) -+ B(Te)Ei (2)
i

where the Ei used are 25, 45, 80, and 130ev. This technique yields

A and B from which T, and n, may be straightforwardly calculated. The
form of equation 1 is derivable from the convected i: tropic Maxwellian
which would be more rigorously correct to describe an isotropic
Maxwellian distribution in a frame moving with a bulk speed U, as

observed from the relatively stationary frame of the satellite. The
approximation is a good first order ome since the bulk speed U<250 km/sec,
even in the sheath, while the thermal speeds v are of the order

3000 km/sec, making U/v <0.1,




Rescription of Qbservations

a)e Quiet Conditicns.

In Figure 1 we sees an example of a magnetopause crossing which occurred
petween 0217 ard 0230 UT on March 10, 1958, Reading from the top, the two
angles, solar eclintice longitude¢SE, and latitude©gy, which define the
uirection of the magnetic field vector in solar ecliptic coordinates, and its
macnitude B are plotted. In the lowest israph, to the same time scale, tne
ouservations cf the individual analyse:sof the 3 axis electron spectrometer
are denoted ry 2 cot, a cross, and a triangle respectively. The observations
representing the electron flux in the ener:y .in:e 3.5 to 50.5 ev are spaced
al intervals of 23 seconds, since each dirferential energy channel is sampled
once ior every s ectrometer cycle,

Cbservations in the magnetosphere are shown on the left, and observations
in the sieath on tune right; the iﬁ:reased flux there represents electrons
neated in the sheath oy energy dissipated by the solar wind in traversing
the earth's vtow shock., It is clear inat petween 3420 secs and 8630 secs
the magnetopause transition occurs. The large changes in direction and magni-
tude of the magnetic field are associated with the change in the electron
flux measured by all three detectors of avproximatsly one and a half orders
of ragnitude. This indicates no marked departure from isotropy on either
side oI the poundary. The magnetic field and particle detector directions
are snowa in Figure 2.

There are five observations in the rising part of the lowest graph in

Figure 1, indicating that the flux change occupied a time of approximately




115 secs. The magnetic field changes take place in about 200 seconds, If
the magnetopause is assumed at rest and the satellite speed is taken to be approx:
mately 1 km/sec, we obtain a minimum boundary thickness of 100 to 200 km.

In Figure 3 we see observations, displayed in the same way as those in
Figure 1, of a magnetopisuse crossing made between 1240 and 1250 UT on March
7, 1968, The angles ¢SE and Ocr show similar changes here tc those _-bserved
in Figure 1, ¢SE going from ~100 degrees to ~270 degrees, and eSE from 10
degrees to -30 degrees. The electron flux change is amaller (~10 times)
and takes place in a shorter interval of time thun on March 10, though there
are disturbances lasting for about 100 secs in the magnetic field parameters.
In this case the magnetic field in the magnetosheath is lower than in the
magnetosphere, the magnitude reaching its quiescent value at about 45930
secs. The magnetosheath field magnitude in Figure 1 also shows a
quiescent value of about 35 gamma, reached at 8630 secs, in this case
higher than in the magnetosphere. The angular relationships between
magnetic field and detector axes on March 7 are shown in Figure 2. These
typical combined observations at relatively quiet times thus strongly
suggest a boundary which,if at rest, has a tnickness between 100 km and
200 Kkm.

b. Disturbed conditions.

As an example of a more complicated situation, we now discuss obser-
vations made on March 17, 1968. During this period, the satellite was
outbound, moving between a radial distance of 11.3Re at 2010 UT and 15.8R,
at 2400 UT. A plot of the flux measured by two detectors of the electon
spectrometer is shown in Figure 4, A very clear example of a crossing

at 2313 UT from the magnetosphere to the sheath is indicated, together




with the corresponding magnetic field observations. It will be seen that
this is qualitatively very similar to those discussed above., A momentary
excursion from the magnetosphere into the sheath and back also took

place at 2105 UT, and is also illustrated in Figure 4. At that time the
recocded electron flux showed a shoic lived increase from the value of
between 107 and 108/cm2/sec/sterad/kev characteristic of the magneto-
sphere, to the value of 1.5x1010/cm2/sec/sterad/kev recorded in the
sheath later in that day.

Although many vari:tions are observed in both sets of cata beiween 2105
and 2:13 UT, comoarison indicates there are no other mainetopause crossinzs.
The combination of ragnetic field and low ener.y electron observations form
a2 good diagnostic ethod for the identification cf muznetopause traverszls.

The flux dats nave also been fi.ted to 2 stationary Maxwellisn velocity
cistrioution, as discussed xzoove. An example of the results ior the period
2000 to 2400 UT on :larch 17, 1963 ,.re shown in Figure 5. This covers the
radial distance 11 Rg to 12.0 Rg 1inclusively. Inside the magnetosphere,
urtil about 2100 UT, the c-nsities are very small, of order 1 cm” 3. The very
close correspondence between the results for all three axes should be noted.

At apbout 2105 UT the abrupt increase, wnich is descrived above, wecurred in

all tnree detectors, ana the clear wagnetopause crossing at 2313, also descr: bad

above, can ce seen, after which the satellite remained in the magnetosheath
where the electro. censity was 20 cm . This diagram is consistent with
our ricture of a thin ma,netopause boundary moving slowly over a radial range
of about two eartn radii.,

Data for a more disturbed period (Kp=4) are snown in Fi.ure ¢, There

tne electron densities, observed b, the taree detectors uof the electron

e




spectremetor, are shown ter the periocd 0510 to 0817 UT on March 13, 1963,
From 0539 caward all three detectors indicated densities of order 3¢ i 3
<haracteristic of the maznetosheath, and betore 0415 UT densities of
order 1 cm-{chnrattur.:ric of the ma-necospheres vhen observaticas arc
made at an enerzy above 215 ev. AL approximateiv 0418:3C UT a mopentars
density incrcase was observed in all three detectors. Correlatine thos
with simultanecus ma:inetic ficld observations, it appears tha® the
spaccecrait made a pevetraticu intoe the sheath at this time. Since

the electron fluxes may be chanving during the time of cne spectral scaa,

e
"

the maximum value oi density deduced dnes not necessariiy reflect the

trae magnitude of the tluctuation. The density ificrease observed at

abuut 0341340 UT (marked C in the diagram) .orresponds to a distucbance

in the maznetic 'ield,'but is not clearly a transition. The next definite
tiansition occurs at 8310:30; in becween this time and G329 several
transitions occur, leaving the spacecrait in the ma:netosphere uatil
approximately 0524:45 UT when it entars the sheath. After a transition

back to the macnetosphere at about w334, the spacecraicz =- £he

transition back to the sheath, C337:30, where it reae: : Cinte
the in“erplanetary medium. As can be seen from the deanii. - ° rustions,
the marnetosheath was very disturbed on this dav, and ir woold arpoac

that the magnetosphere adjacent te the boundary was alse disturbed. The

bounaary appecred to be in moticn, with ar mplitude of order +1 R
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Discus.ion
It can e rezcily seen Irim e [i_ures . .t the .ehavior oI tie elsctron

IIdX (L <S5 ev .iCras = v.luasle uia nostic lor tihe aetchiion of narnetopause

erossin.s. Detalled stucles of the nature of the ma nelor.use reguire ina

aCcurate izentiticaiion o€ made o2f c. ~~ings. Tnis is di:ficult usin: lhe

uignetic Jiela aione, aua it is precisely these ciilicull c-ses which are

-

~

sSten of cousicerztle interest. The observaticns made here are of limited

at.clar resolaticn, since <nly three svall solia angles are samplec. althoush

aporoiim-te isotresy is indilcatec. it a future study this is a perazecer

wnich could with .dvanta e ve covered in mcre detail.
I sup;or. of the identific.tiions made in ithe dia.rams, it is zeuer:lly
sotes tnz. tne flax cf eiectrons with snargies of order 1 xev cecreases

simulizanecusly with the increase in flux of 45 ev =iecirons zs the satelliie

|..n.

c@5 irox ine i neissonere to ths sne:in., I a pears tiat, at least at

g-12t times, e.ec.ruas of 1 <ev energy -re trepgel, or guasi-trapped, in

wne culermcst —aris of ine - netosshere. It nas Deen snown that the flux

oI elecirons of nl_fher ener-ies (7% «eov) under. Ses a marked cecrease, inci-

cating a cessation of trap:ing .t Tnese transitions (Cuilivie et al., 130%).
he ti:h time resolation observations snown in Figcures 1 and  snow

~.atl tle iar.e ar.uiaT cnanges in _ne :acnetic fielc cirection, correszoncin:

Lc (ne transiiion irom tloe szgnetcspheric fieid tc the interpianetary field

wedliliex Oy -assaze inrouct the ezrin's tow szock, and illustrated 1: Fizure

<, tzke -lice alier ine cuanse in ulasma flux., Thus the "ooundary lzyer®

s2caralins taog yvo re-lons, whilch might be identified with an unstable region
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such as that described by Eviatar and Wolf (1968), has a magn~tic ticld
conticuration like cthat of the magnetosphere, but ar electron population
similar to that of the magnetosheath. Mixing of the two plasma populaticns
in this region, one from the magncetosphere and one from the sheath at a
much hicher temperature, may be important in the mechanism of instabilicy
it the boundary.

Ficures 2, o and 7, which show taree represeatative electron density
variations obscrved during traversals of the region of the magnetopause,
are interpreted as showing that although the magnetopouse is sometimes
at rest, Figure 7, or mere accurately moving slowly with respect to the
spacecraft, it often moves arcund over a mean distance of order +1 Rv.
Thus the satellite encounters it several times, Figures 5 sad 6 |
its mean speed is perhaps several times that of the satellite,

1.5 km/sec . Fine detailed correspondence is seen between the three
decec tors in Figures 5, 6 and 7, indicating that this interpretation of
multiple traversals is correct, and that the more disturbed recdings, in
which large fluctuations are observed, do correspond to fluctuations in
the eloectron density. 1t should be noted that a spectrum tzakes 20 seconds
to aquire, and that observad ons at the same erergy are made at 23 second
intervals. Thus considerable smocthing has been introduced, for example,
into the data of Figure 5 by the operation of the instrument.

Considering the high resclution data for the "quieter" crossings,
such as Fisure 3, we see that the changes in B 2d flux occupy a total
time duration of ~100 seconds. Thus, assuming that the satellite speed
is large compared with any residual metion cof the boundary layer, and that
it crosses the latter at a larze angle to its surface, the tnickaness is

~1590 km. This is of the same order as envisaged by Eviatar and Wolf (1ly68&)




and others.
The value oi the quantity = = nkT
B§
may be estimated by pertforming a pressure balance calculation across

the magnetopause. We write the equation

(0] 2
B~ =B= c
(8= + n T (140) )

wvhere B' is the magnetic field in the magnetosphere and B, that in the
sheath, and the factor f represents the ratio of the proton temperature
in the sheath to Ts’ the electron temperature there.

We can only obtain order of magnitude results, since our values of
Ts, ns, are characteristic only of the electron populat:ion down to an
enercy of 25 ev; although observations are made at 10 ev we consider this
to be too close te the probable satellite potential enerygy for them to be
reliable. It is nonetheless interesting to see if the value of I we obtain
is of order unity, a value which divides the parameter regime between
the field dominated and plasma dominated conditions.

For the value of f we adept 2.5 based upor observatd ons in the foreward
hemisphere of the magnetosheath by Wolfe et al., 1967 and Montgomery et al.,
1965. Equation 3 ignores dynamic pressure; this is valid here because of
the angular distance from the subsolar point at which the measurements
were made, Table I. At these angles and very close cte the bcundary surface
the flow direction is parallel to the boundary.

In Table I we see a tabulation of the parameters and the corresponding

calculated values of - in the magnetosphere adjacent to the boundary;

— s




though not ot hivh precisicn, these values in most cases are ot order unity,
Ther~ appears tuv be o tendency for the highest values of = to be associated
with the quietest conditions. The high values ¢of I we calculate would imply
rather high densities in the far magnetusphere of 10 to 100 :m'3, if the
temperature therc is 105 to 104 degrees. However, a considerable contfibutiun
to = might be made by high =nergy parti-les. Heppner et al, {1967) and
Sugiura et al. (1970) have found & low field-gradieri reuzion near the
geomagnetic equator at distances between about 1i ke and the magnetosphere,
and interpreted this observaticn to imply a presence of plasma of 3~1.
Vasyliunas (1968b) has observed inteunse low energy electron fluxes near the
magnetopause on the morning side, where the dbservations discussed in the
present paper were made, also favoring high values ¢f Z in this region. The
present discussion refers te the morning side of the magnetosphere and the
possibility of a dawn-dusk asymmestry in the magnetopause pressure balance is

likely.
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IABLE I
Date Distance B! B N T (148)* b
Apprnx' Tim : from g Ys Cm§5 IOSSK
Uu.T Sub-Solar
1968 Poiut Degrees
March 7 62.5
243 20 30 6 3 219 0.27
March i0 b8.4
0220 225 35 26 2.4 3:91 D.74
March 15 GRERS
0418 40 5% 13 4.9 1.73 0.0!
0510 48 28 19.6 54 s .9 0,27
0524 S8 =18==Jy 4.3 1.24 B =al
0534 e e Sk 0.76 0.3z
0537 28.9 11.0 21.1 5.3 1.77 0.81
March 17 7523
2105 g7 5 0.89 0.25
2313 30 30 14 4.8 1.90 0.45
Marc= = 31
1747 29 22 EHmSE=i5 1.40 0.41
Averaze =73

*The precision of the quantity (143) depends primarily upon values of ns which
are not known absolutely to better than +50%. The value of o which is given in
column 8 is the variation of (1+2) using this uncertainty. Although three of

the values of (1+2) above are less than unity, and clearly not correct, when the

uncertanties in ng are taken into account £ is always consistent with heing >0,
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FIGURE CAPTIONS

The upper part of the diaygram shows “S and B for

Y -SE
the period 2:17:40 to 2:29:40 UT on March 10, 1968,

The lower part shows differential electron flux at 45 ev
for the same period,

These diagrams show the relationship between the
directions of sensitivity of the three detectors and the
solar direction and those of the magnetic field before
and after the traversal of the magnetopause.

Magnetic field and electron flux for the period 12:40 to
12:50 UT on March 7, 1968.

Electron flux as observed by two detectors between 2000
and 2400 UT on Marc: 17, 1968. Magnetic field observations
are shown inset to a laiger scale.

Electron density observations derived from 25 ev, 45 ev,
80 ev, and 130 ev flux observations from 2000 to 2400 UT
on March 17, 1968 showing several magnetopause crossings.
Electron density for the period G410 to 0615 UT on

March 15, 1968. Several magnetopause crossings are

seen, starting after 0510 UT.

Electron density observations from 1200 to 1345 UT on
March 7, 1968. A Single crossing of the magnetopaus

is seen.
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