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MAGNETOSHEATH PHENOMENA AT LUNAR DISTANCES 

by 

GARY SANDERS 

Simultaneous data returned by the Apollo Suprathermal 

Ion Detector Experiments are combined to yield information 

on the properties of plasmas in the magnetosheath at lunar 

orbit. 

Recent analysis of magnetosheath data has shown that 

the magnetosheath at lunar distances consists of two proton 

populations having different temperatures. There is 

evidence that the colder component (kT~10 ev) is unshocked 

solar wind. The hotter component (kT~100 ev) is character¬ 

istic of shocked solar wind. This two temperature structure 

is observed across the entire magnetosheath at lunar orbit. 

In addition an interface between the magnetosheath and 

the plasma sheet is identified. This layer is identified 

by a systematic change in the magnetosheath flow properties 

in the vicinity of the magnetopause. The flow is observed 

to turn inward toward the plasma sheet and become thermal- 

ized indicating that the magnetosheath particles can gain 

access to the plasma sheet at lunar distances. This layer, 

which we term the injection layer, is believed to be the 

extension of the entry layer observed on the dayside to 

lunar orbit. 



INTRODUCTION 

The earth in its orbit about the sun encounters a 

supersonic magnetized plasma flowing radially outward from 

the solar corona. The plasma in the corona is accelerated 

to supersonic velocities by the conversion of thermal energy 

into kinetic energy. The solar wind plasma interacts with 

the magnetic barrier presented by the earth's intrinsic 

dipole field. In the vicinity of the earth the mumber 

density of the solar wind protons is approximately 5 per 

cubic centimeter and the bulk velocity is approximately 

450 kilometers per second. The ion thermal energy (kT) is 

on the order of 8 ev while the electron thermal energy is 

approximately four times higher. The solar wind has imbedded 

in it a magnetic field with a spiral sector structure. Each 

sector covers approximately 30 degrees in longitude with the 

direction of the magnetic field reversing across the sector 

boundary. At the orbit of the earth the interplanetary 

magnetic field has a magnitude of about 5 gammas Cl gamma 

is equal to a nanotesla) and makes a 45 degree angle with 

the sun earth line Csee figure #1). Observations of the 

solar wind ion distribution function were made with the 

Vela 3 spacecraft Qhmdhausen, et al., 1967), Figure #2 

shows a typical coutour map of the distribution function. 

The ion distribution function is highly anisotropic. A 
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FIGURE 1: Solar sector structure viewed from above the ecliptic 
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FIGURE 2: Solar wind distribution function in the ecliptic plane 
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The near Earth environment in meridional cross section 
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tail of protons at high energies is aligned with the inter¬ 

planetary magnetic field and represents a conductive heat 

flux flowing away from the sun along the field lines. The 

temperature along the field line is highest being 1.4 

times larger than the kinetic temperature computed for the 

overall distribution. The existence of the temperature 

2 2 
anisotropy can be explained on the invariance of Vi/B 

as the plasma expands outward from the sun. 

This study is concerned with the interaction of the 

solar wind with the near earth environment. A schematic of 

the near earth environment is shown in figure #3. The 

velocity of the solar wind at the earth is supersonic and 

superalfvenic and hence a bow shock must form upstream of 

the obstacle presented by the geomagnetic field. The shock 

front is observed approximately 15 Re from the subsolar 

point on the dayside. The bow shock is collisionless; wave 

particle interactions involving plasma and the electromag¬ 

netic fields are responsible for the entropy increase 

across the shock front. The combined gas pressure and 

magnetic pressure of the post shock plasma confines the 

geomagnetic field to a region called the magnetosphere. 

The boundary between the geomagnetic field and the post 

shock solar wind is the magnetopause. This is where the 

combined solar wind gas pressure and magnetic pressure 

balance the magnetic pressure of the geomagnetic field. 

Spacecraft observations place the magnetopause on the day 

side approximately 10 Re from the earth. The region 
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between the bow shock and the magnetopause is known as the 

magnetosheath. 

A prominent feature on the dayside is the polar cusp 

or cleft. This region occurs at high latitudes and con¬ 

tains the boundary between those field lines which close on 

the dayside magnetopause and those which map onto the 

night side. At the cusp, magnetosheath particles can gain 

access to the magnetosphere transferring momentum and 

particles across the magnetopause; particles travel down 

the cusp, mirror and then ExB drift onto the night side 

along field lines which thread the cusp. The particles 

which gain entrance to the magnetosphere in this way make 

up the plasma mantle or boundry layer. Particles can also 

enter the cusp and become trapped on those field lines 

which close on the dayside magnetopause. These particles 

make up a stagnant irregularly flowing plasma known as the 

entry layer. This layer is thick near the cusp and becomes 

thinner at lower latitudes. 

On the nightside the earth’s magnetosphere extends to 

great distances. This region is known as the magnetotail. 

It is roughly cylindrical in shape with a diameter of 20 to 

30 Re. The magnetotail has been observed out to distances 

of 80 Re and theoretical considerations suggest that it may 

extend much farther. Magnetic field lines from the polar 

cap regions are mapped into two flux tubes which we refer 

to as the high latitude tail lobes. These field lines are 

open which means they are connected directly to interplanetary 
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field lines. Field lines at lower latitudes are closed and 

map to a region of hot plasma known as the plasma sheet. 

This regime begins about 10 Re behind the earth and extends 

beyond the lunar orbit. The average thickness of the plas¬ 

ma sheet at lunar distances is approximately 6 Re near the 

center of the tail and approximately 12 Re near the 

magnetopause. Since the magnetic field changes direction 

across the plasma sheet, there is a current flowing from 

east to west which closes over the high latitude magneto¬ 

pause. The plasma sheet is constantly losing particles and 

must be supplied with a source. Two mechanisms have been 

suggested by which solar wind particles can gain access to 

the plasma sheet. One mechanism involves the injection of 

magnetosheath particles at the low latitude magnetopause 

while the other populates the plasma sheet with plasma 

mantle particles which are convected to the plasma sheet 

by the cross tail electric field (Hardy et.al., 1976). 

Observations made by the Apollo suprathermal ion 

detector experiments (SIDE's) indicate that both mechanisms 

are operating. The later mechanism was studied by Hardy. 

This study will present observational evidence that the 

former mechanism operates at lunar distances as well. The 

SIDE instruments detect an injection layer in the flanks of 

the tail at low latitudes which we contend is an extension 

of the near earth entry layer to lunar distances. The 

injection layer borders the plasma sheet, is adjacent to 

the magnetopause, and serves as a source for plasma sheet 
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particles. It is typically encountered in the SIDE data 

over a time interval of about two hours just after entry of 

the moon into the tail. The bulk flow velocity is observed 

to decrease from a nominal value typical of the free flow¬ 

ing magnetosheath and to turn inward toward the plasma 

sheet as the layer is traversed. The temperature is 

observed to increase dramatically as the injection layer 

is traversed. 

The overall macroscopic interaction of the solar wind 

with the geomagnetic field has been treated using the 

idealized MHD approximation. In this approach the inter¬ 

action is treated aerodynamically; solar wind treated as a 

perfectly conducting fluid flows around a magnetic obstacle. 

This approach is used in the calculation of theoretical 

magnetospheric shapes and plasma parameters for the. 

magnetosheath flow. Over the years this approach has been 

developed to a high degree of mathematical sophistication 

(Mead and Beard, 1964; Spreiter and Alksne, 1969; Michel, 

1977) . The MHD approach has had some success in reproducing 

the observed shape of the magnetopause and bow shock but 

fails in several important respects. The fluid approxi¬ 

mation contains a profound assumption about the microscopic 

structure of the plasma, i.e. the distribution function is 

maxwellian in a frame of reference moving with the plasma. 

The properties of the distribution function are completely 

specified by a unique number density and temperature. 
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To elaborate on this point, we consider how fluid 

equations are derived from more exact kinetic theories. 

The fundamental quantity in kinetic theory is the particle 

distribution function f(x,v,t) which is the density of 

particles in phase space. For a collisionless fluid the 

Liouville equation describes the evolution of the system. 

Ti+VV.f+£- V, f = 3t x m v 0 

To obtain macroscopic equations we integrate moments of 

this equation over velocity space. To obtain the continu¬ 

ity equation, for example, we must integrate over velocity 

space and multiply by the particle mass to get: 

|Z+v*(Pv) = 0 

By integrating higher moments of the Liouville equation we 

can obtain equations of momentum and energy conservation 

along with definitions of temperature, pressure, and bulk 

velocity in terms of the distribution function. However it 

is not possible to obtain a closed set of equations by this 

method since the number of macroscopic variables always 

exceeds the number of equations. In order to close the 

set of equations an equation.of state must be included. In 

doing this an implicit assumption must be made about the 

microscopic nature of the distribution function. The 

assumption which is usually made is that the plasma is 

locally maxwellian. With this assumption one obtains the 
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ideal gas law. However, this assumption is not valid; the 

distribution function in the magnetosheath is far from 

being maxwellian as we shall see. 

Analysis of data returned by the Apollo suprathermal 

ion detectors has shown that the magnetosheath at lunar 

orbit must be modelled by two separate proton populations 

moving at the same velocity but having different temper¬ 

atures and number densities. One proton population has 

properties similar to those of the solar wind being charac¬ 

terized by temperatures near 10 ev and number densities 

near 1 per cubic centimeter. This population is superimposed 

on a broader proton population having a temperature near 

150 ev and a number density on the order of 10 per cubic 

centimeter. During geomagnetically quiet times the two 

proton populations can each be modelled with a maxwellian 

proton population. During geomagnetically disturbed times 

a high energy tail is observed in the broader spectrum. 

This high energy tail has been characterized by comparing 

the ratio of the energy density of the high energy particles 

to that of the lower energy particles in the spectrum 

(Fenner, 1974). On the dusk side of the magnetosphere 

there is a good correlation between the energy density ratio 

and geomagnetic activity as measured by the Kp index. Our 

observations of the two temperature structure is largely 

limited to the dusk side magnetosphere due to a sparcity 

of observations from the dawn side. The two temperature 

structure is seen continuously in the data returned by SIDE. 
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This phenomenon is not confined to the terrestrial 

magnetosphere. Observations of a similar nature have been 

reported for the Jovian magnetosphere by Mihalov, Wolfe, 

and Frank (1976). Using data returned by the Pioneer 10 

and 11 spacecraft, these authors report that near times of 

bow shock crossings a nonmaxwellian spectrum is observed 

which exhibits the two temperature structure. For the 

cold proton population a temperature roughly equal to that 

of the solar wind was measured. 

In light of the above observations it would appear 

that the fluid calculations need to be modified by the 

introduction of a new equation of state which models the 

two component structure of the plasma. 



THE EXPERIMENT 

The suprathermal ion detector experiment consists of 

two separate instruments: a mass analyzer (MA) which 

records a mass per charge spectrum in several energy pass- 

bands and a total ion detector (TID) which measures the 

energy per charge on positive ions without mass discrimi¬ 

nation. The energy per charge of magnetosheath ions are 

well beyond the range of the MA so that no mass per charge 

spectra are available. In this study TID data is used 

exclusively. The TID consists of a curved plate electro¬ 

static analyzer which measures fluxes of positive ions in 

twenty energy per charge passbands. These are centered at 

10 ev/q,20ev/q, 30 ev/q, 50 ev/q, 70 ev/q, 100 ev/q, 

250 ev/q and then in equally spaced steps of 250 ev/q up to 

the limit of the instrument at 3500 ev/q. The width of the 

energy passband is approximately 10 percent of the central 

energy while the analyzer field of view is approximately 

six degrees. Each channel has an accumulation interval of 

1.13 seconds, a complete energy per charge spectrum being 

returned every twenty four seconds. The background level 

is evaluated at the beginning and end of every 2.5 minute 

duty cycle during which six separate energy per charge 

spectra are recorded. For a single ion species the relation 

between the particle distribution function and the amount 

such a species contributes to the counting rate C(E,t) in 

one of the energy per charge passbands is given by: 

12 



C(E,t) = 2EQ2/M2 f(x,v,t) GAE 
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In this equation E is the energy per charge, M and Q are 

the mass and charge on the ion, G is the geometrical 

factor for the instrument obtained during the calibration, 

AE is the energy passband defined as the full width at 

half maximum of the instrument response function, and 

f(x,v,t) is the distribution function for the ion species. 

The ion distribution function is evaluated at that velocity 

V which points into the detector aperature and has a magni¬ 

tude such that V = /2EQ/M. For a more complete description 

of the instrument see Hills et.al. (1971). 

Three of these instruments were deployed on the lunar 

surface during the Apollo 12, 14, and 15 missions. All are 

fixed relative to the lunar surface and are oriented to 

observe fluxes of positive ions in the ecliptic plane. The 

approximate orientation of the detectors as a function of 

lunar phase are indicated in figure #4. Also shown are the 

quiet time bow shock and magnetopause surfaces derived from 

Explorer 33 and 35 spacecraft observations by Howe (1971). 

The detector look angles, the laminer flow angles in the 

nominal quiet time magnetosheath and the angles between the 

detector look direction and the sheath flow are shown in 

figure #5. The nominal sheath flow and the angle of the 

detector normal change in such a way as to keep the angle 

between the detector normal and the sheath flow approxi¬ 

mately constant. During the dusk side magnetosheath 
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FIGURE 4: Orientation of the Suprathermal Ion Detector Experiments 

as a function of position in the lunar orbit. The view is of the 

ecliptic plane seen from above the north pole. The bow shock and 

magnetopause locations are obtained by fitting hyperbolas to the 

Explorer 33 spacecraft observations (Howe, 1971). 
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FIGURE 5: The detector look angles of all three 

instruments are plotted as a function of Solar 

Magnetospheric Longitude of ALSEP (SMLOA) for 

the dusk and dawn magnetosheath crossings. This 

geocentric coordinate system has its X axis pointing 

to the sun and its Y axis perpendicular to both 

the earth's dipole and the X axis. The Z axis 

is in the same sense as the north magnetic pole 

and is in the plane of the X axis and the dipole. 

This system reduces the motion of the dipole to 

the X-Z plane by definition. Thus it is useful in 

following magnetospheric phenomena. The angle 

of flow was calculated using the equations for 

laminar flow given in Howe, 1971. The result 

of the changing angle of flow across the sheath 

and the changing look direction of the detector 

is an almost constant angle between the detector 

and the sheath flow. (After M.A.Fenner, 1974) 
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traversals, the Apollo 14 and 15 detectors are best situ¬ 

ated to observe magnetosheath ions while during dawn side 

traversals the Apollo 12 and 14 detectors are favorably 

situated. Unfortunately the Apollo 12 SIDE is generally 

off during dawn side magnetosheath traversals so that our 

observations of the dawn side magnetosheath are minimal. 

The magnetic field data used in this study was 

obtained by the Ames magnetometer on board the lunar 

orbiting Explorer 35 spacecraft. This magnetometer con¬ 

tains three orthogonal fluxgate sensors which measure the 

vector magnetic field in the vicinity of the spacecraft. 

A measurement of the magnetic field is made every 6.14 

seconds in a frame of reference fixed in the satellite. 

The data available from the Ames Research Center is in the 

form of 81.8 second averages in solar equatorial coordi¬ 

nates. The data is internally consistent but because of 

loss of the sun sensor the longitude of the measured 

magnetic field is offset by an unknown angle. 



DATA ANALYSIS 

A major goal of this research was to find ways of 

combining data from two or more detectors to map out the 

distribution function in velocity space over a plane defined 

by the dector look directions. In analyzing magnetosheath 

plasma we combined data collected by two of the suprathermal 

ion detectors. For ions of magnetosheath energies, the 

magnetic field strengths encountered were such that the 

separation distances between the instruments were only on 

the order of a few ion gyroradii. Over such distances we 

assumed the distribution function did not vary significantly, 

i.e., we considered the moon to be a microscopic object. 

The SIDE instruments measure the differential flux 

j (x, E, 9 , <{>, t) . The coordinates x specify the location of 

the SIDE instrument. The angular coordinates 0,<J> specify 

the look direction of the detector. The variable E is the 

central energy per charge of the energy channels. The area 

of the detector window is dA and the acceptance angle of 

the detector is da. The energy passband is dE. The 

differential flus j (x,E,e,<|>,t)dA dadE dt is defined as the 

number of particles with energy between E and E+dE which 

during time dt traverse the element of area dA in a 

direction within the solid angle da. The counting rate 

C(E,t) is related to the differential flux by the following 

18 
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equation : 

C(E,t) = Gj (x,E, 6, <{>,t) AE. 

-4 2 
The geometrical factor for SIDE is approximately 10 sr cm 

and the energy passband is given by .IE. 

To calculate plasma parameters from the experimental 

distribution function, we fit the data with convected max- 

wellian distributions using the method of least squares. 

The measure of the goodness of the fit was taken to be the 

reduced chi square: 

In this equation f is the number of degrees of freedom, a 

are the parameters of the fit, N is the number of data 

points, y^ are the data values, y^pj-p are "the theoretical 

values generated for the parameters a, and cn are the 

standard deviations of y^. The best fit is obtained by 

finding that set of parameters which minimize chi square. 

The fit is judged to be good if chi square is less than 1. 

This criteria is roughly equivalent to saying that the fit 

is good if the theoretical curve passes through all the 

error bars. The errors in the measured quantities were 

assumed to arise from uncertainties in the accumulated 

counts. The uncertainty in NC (the accumulated counts) was 

calculated using the following expression: 

i y iFIT j 
2 

a. 
l 

aNC = /NC+BG
2+1 
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where BG is the background counting level. The error in 

the accumulated counts is never smaller than the background 

level and is at least one count. For large NC the expres¬ 

sion reduces to the poissonian formula. 

In modeling the data we found that during geomagnetic- 

ally quiet times the experimentally derived distribution 

function could be described as a sum of two noninteracting 

proton distributions having independent bulk velocities. 

We found it useful to set up a lunar based coordinate 

system for describing the projected bulk flow. This 

coordinate system is shown in figure #6. The coplanar 

look directions define the x-y plane. The x axis is parallel 

to the look direction of the Apollo 14 detector while the 

y axis is east of the x axis. The z axis completes a right 

handed coordinate system. In this coordinate system the 

flow directions should be relatively constant as can be 

seen from figure #5. 

In obtaining the parameters we used a nonlinear least 

squares method developed by Marquardt. This method combines 

a gradient search of chi square space with an analytical 

correction applied near the minimum (Bevington, 1969). 

For each of the two proton populations the least squares 

procedure finds the isotropic temperature, the two 

components of the bulk velocity in the ecliptic plane, and 

a lower limit to the number density referred to as the 

reduced number density. The actual function which was used 

to fit the data was the following: 



21 

FIGURE 6: Lunar based coordinate system used in 

flow direction analysis. The X-Y plane is defined 

by the detector look directions. The X axis is 

along the Apollo 14 look direction. Plasma flow 

directions relative to the detector array are 

measured in cylindrical coordinates. 
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M 3/2 7 
J>—-v —/- P_rv -v ï2- 

£CX,V,t) = I NîJ expC^^CV -v ±) ) 
1-1 1 x 

M 
where N! = ^ V^} - Ni exp(-VAi/Vth) 

Here V ^ is the component of the bulk flow perpendicular to 

the ecliptic plane, V ^ is the component in the ecliptic 

plane and is the thermal speed. The quantity N" is 

the reduced number density. It is always less than the true 

number density N being equal to N only when V^ccV^. With 

an array of instruments measuring fluxes of particles in the 

ecliptic plane it is impossible to find the perpendicular 

component to bulk flow. 

The method just described has the drawback that it is 

very expensive to undertake. In all previous studies 

involving the suprathermal ion detectors the analysis of 

plasma parameters has been accomplished using the SDS 

computers. For this study it had been planned to make use 

of the DDP 224 computer to fit significant amounts of data 

using this procedure. Test runs made on the DDP 224 were 

encouraging and implied that the computation costs on that 

machine would have been less by a factor of 20 than those 

incurred on the SDS 920. Unfortunately delays in the 

installation of proper cooling equipment made its use in 

this study impossible. Calculation of plasma parameters 

for even one complete magnetosheath passage using the 

SDS 920 computer proved to be prohibitively expensive. 



-23 

In order to carry out analysis of large amounts of 

data we had to find some method of rapidly computing plasma 

parameters. We found that if we confined ourselves to 

fitting a single maxwellian spectrum to the data of a 

single instrument we could find an analytic method of 

deriving plasma parameters. In this special case we are 

trying to fit a function of the following form: 

M 3/2 -M 7 
f U,v,t) = N" C2ITKT^ 

exp ^2KT^v'Vn*^ ^ 

where N" = N expC-v^/V^) 

A least squares fit would give V*, the velocity component 

along the look direction of the detector, rather than the 

velocity vector in the ecliptic plane. The quantity N" is 

less than the reduced number density Nr and equals the true 

number density only when the bulk flow is nearly parallel 

to the look axis of the detector, i.e., if The 

isotropic temperature measured in this case is a mixture of 

the two separate temperatures and lies somewhere between 

them. 

To obtain an analytical solution we fit the log of 

the data with the log of the fitting function. Taking the 

log of the fitting function we obtain: 

iog f - (2CT>v2*<CTVnvMlogCN"C^)3/V2|TV*
2} 

2 This equation has the form y = A2V +A^V+AQ where y = log f. 

A least squares fit can be made analytically by fitting y 
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with a parabola in v, the uncertainty in y being given by 

A = A^/f. Solving for N", T, and V in terms of the 

coefficients we obtain: 

T a __M_ y* = -_L_ 
1 2KA2 

v» 2A2 

N" * 

We can analyze data returned from the Apollo 14 SIDE 

and one other detector with the above procedure and calculate 

plasma parameters for the broad proton spectrum. Since we 

are able to calculate the components of velocity in two 

directions we can calculate the bulk velocity in the lunar 

based coordinate system as follows: 

Vx * <V*Vollo 14 

Vy = <(V*)2-(V*)Apollo 14 cos a}/sin a 

The angle a is the angle between the Apollo 14 detector and 

the second detector measured eastward from the Apollo 14 

detector. For Apollo 15, a = 20 degrees while for the 

Apollo 12 detector, a = -36 degrees. In calculating a 

lower limit to the number density the larger of the N" 

values is chosen. 

It should be remarked at this point that while the 

temperature and number density of the broad population are 

well defined within the assumption of maxwellian flow, the 

flow directions are suspect to the extent that the bulk 
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flow velocities of the two magnetosheath components are 

unequal. In the next section it will be shown that in all 

cases where the bulk velocities of the two magnetosheath 

components were resolved, using the more rigorous fitting 

procedure, the assumption of equal bulk velocities was 

born out. 



OBSERVATIONS 

I. TWO COMPONENT STRUCTURE OF MAGNETOSHEATH 

In studying the two temperature magnetosheath structure, 

data was analyzed using the nonlinear least squares proce¬ 

dure described in the data analysis section. Figure #7 

shows the signature of the two component magnetosheath 

structure in the counting rate data. In the figure the 

energy per charge is plotted horizontally and the log of 

the accumulated counts are plotted vertically as a function 

of time. The figure shows the counting rate data for the 

dusk magnetosheath crossing of September of 1972. The 

magnetosheath traversal takes place over approximately a 

two day period. The two component structure is charac¬ 

terized in the Apollo 15 data by the presence of a sharp 

peak centered around 500 ev and superimposed on a broader 

and less intense spectrum. This sharp peak is the 

signature of a cold proton population while the broad 

spectrum is due to high temperature magnetosheath. The 

Apollo 14 detector looking off to one side of the flow 

registers the high temperature spectrum. The cold proton 

peak is clearly seen to cover the entire extent of the 

magnetosheath from the bow shock to the magnetopause. 

Figure #8 shows a representative differential flux spectra 

taken shortly after the bow shock crossing. During this 

time period the magnetosheath plasma is flowing almost into 

the Apollo 15 SIDE, the derived bulk velocity being 

26 
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FIGURE 7: Magnetosheath crossing of September 1972. This 

figure shows counting rate data for the Apollo 14 and 15 

detectors. The energy per charge channels are plotted 

vertically while the log of the accumulated counts are 

plotted horizontally as functions of time. 
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FIGURE 8: Differential flux vs. energy spectra recorded 

simultaneously by the Apollo 14 and 15 SIDE instruments 

during a dusk magnetosheath traversal. The Apollo 15 

detector is aligned nearly parallel to the plasma flow 

while the Apollo 14 detector looks off to one side. The 

pronounced peak near 500 ev in the Apollo 15 spectrum is 

due to the presence of a cold beam of protons superimposed 

on a hotter proton population. Analysis of the data 

indicates that the two proton populations move at the same 

speed. 
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FIGURE 9: Counting rate data for the Apollo 12 and 14 SIDES 

during the dawn side bow shock encounter of February 2,1972. 
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approximately 350 km/sec. We derive an isotropic tem¬ 

perature for the cold population of 12 ev and a number 

density of 1 ion per cubic centimeter. For the high 

temperature plasma we obtain a temperature of 150 ev and 

a number density of 7 ions per cubic centimeter. This 

magnetosheath traversal is typical of our encounters with 

the dusk side magnetosheath. In all cases studied to date 

the cold component is visible across the entire magneto¬ 

sheath. 

Data taken during the multiple bow shock crossing of 

February 2, 1972 sheds some light on the origin of the two 

component structure. This event, unlike all the others 

made of the two component structure, takes place on the 

dawn side of the magnetosphere. Counting rate data taken 

simultaneously from the Apollo 12 and 14 detectors are 

shown in figure #9. At the time of bow shock crossing 

the shock front expanded outward to overtake the moon in 

its orbit. The Apollo 12 detector was oriented to detect 

particle fluxes along a line lying within 3 degrees of the 

sunward direction. Hence it was in a very favorable 

position to observe the solar wind. The solar wind 

produced a doubly peaked energy per charge spectrum: a 

sharp proton peak centered at 750 ev/q and a secondary 

peak due to solar wind alpha particles centered at 

1500 ev/q. Since the solar wind beam is narrow in angular 

extent it was not observed by the Apollo 14 detector. 
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However the Apollo 14 instrument was favorably situated 

to observe the bow shock protons frequently encountered by 

the moon just upstream of the bow shock front (Benson, 

1974). Following the bow shock crossing the cold solar 

wind peak persists into the magnetosheath region producing 

the two component structure that we observe. Unfortunately 

the ion flux in the 750 ev/q channel for this event was 

enough to saturate the instrument on both sides of the bow 

shock and hence it was impossible to calculate jumps in the 

plasma parameters across the shock to compare with those 

expected on the basis of MHD theory. 

As we remarked earlier we were unable to analyze very 

much data. Thus we analyzed data at several widely sepa¬ 

rated times. From the limited amount of data that we were 

able to analyze we can say the following: 

(1) During very quiet times when geomagnetic activity 

is low (AE index being less than 50 gammas for more than 6 

hours) it is possible to obtain excellent fits to the data 

using the two component model. The reduced chi square is 

observed to vary from .6 to .9. 

(2) During geomagnetically quiet times the temperature 

of the cold proton population varies from 10 to 25 ev while 

the temperature of the hot population varies from 70 to 

150 ev. 

(3) A lower limit on the number density of the cold 

proton population assuming flow in the ecliptic plane is 
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about 1 ion per cubic centimeter while the number density 

of the hotter population varies from 7 to 10 ions per 

cubic centimeter. 

(4) For the best fits (reduced chi square less than 

.9) the velocities for the populations are equal to within 

experimental error. The directions are equal to within 2 

degrees and are parallel to those expected on the basis of 

the laminar flow assumption. The magnitude of the velocity 

is near 380 km/sec. 

(5) During moderately disturbed times (AE being greater 

than 100 gammas) the double maxwellian model breaks down 

even though the sharp peak in the counting rate data is 

seen to persist. Values obtained for the reduced chi 

square are often seen to be greater than 100 indicating a 

poor fit to the data. The reason for this is the presence 

of enhanced fluxes at high energies seen in the spectrum of 

the hot plasma on the dusk side and described by Fenner. We 

attempted to account for this by assuming the presence of 

significant quantities of alpha particles but keeping the 

assumption of maxwellian velocity distributions for the 

individual ion species. We had no success in trying to 

model the data in this way however. The reduced chi square 

was always seen to be significantly greater than 1. 
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II. INJECTION LAYER 
« 

We find that when the moon crosses the sheath into 

the tail it can do so in one of two ways. If it passes 

directly into the lobes, the SIDE crosses a well defined 

magnetopause characterized by a sharp cutoff in the particle 

data. Where magnetic field data is available, a magneti¬ 

cally well defined magnetopause is seen to coincide with the 

cutoff in the particle data. We refer to this sequence of 

events as a high latitude crossing. On the other hand if 

the moon enters the tail near the neutral plane we encounter 

systematic changes in the magnetosheath flow observed prior 

to encountering the plasma sheet. We refer to the latter as 

a low latitude crossing and designate the region where the 

magnetosheath departs from laminar flow as the injection 

region. 

In our analysis of the injection region, 16 dusk 

magnetosheath crossings were studied covering a period from 

mid 1971 to late 1973. We used the analytic fitting proce¬ 

dure to calculate plasma parameters for the hot population. 

In fitting a single maxwellian to the data the temperature 

we derive is a mixture of the two separate temperatures we 

considered earlier and is a function of the relative inten¬ 

sities of the two components seen in the detector. As we 

remarked earlier the intensity of the cold peak in the Apollo 



37 

14 instrument is very small. Thus we can identify the 

derived temperature from the Apollo 14 instrument as the 

true temperature of the hot magnetosheath component. Since 

the velocities for both populations were observed to be 

equal, the velocity derived by the single maxwellian fit 

should correspond to the true velocity for both populations. 

We will make clear the qualitative differences 

between the two types of magnetopause crossing by consider¬ 

ing examples of both types. The tail crossing of April 25, 

1972 is characteristic of our encounters with the quiet 

time magnetopause at positions far removed from the magnetic 

neutral plane. Geomagnetic activity for this magnetopause 

crossing was low as indicated by an AE index of 50 gammas. 

The plasma and magnetic field characteristics for this cross¬ 

ing are illustrated in figure #10. The magnetic field data 

in the figure was obtained from the Ames magnetometer 

aboard the lunar orbiting spacecraft. The magnetopause 

crossing near 22:12 U.T. is clearly identifiable in the 

magnetic field data; the magnitude of B increases while the 

orientation changes to antisunward. The bulk flow velocity 

prior to the encounter with the magnetopause stays approx¬ 

imately constant in magnitude parallel to the theoretical 

magnetopause while the temperature measured by the SIDE'S 

also stays approximately constant. Immediately after the 

magnetopause is crossed lobe plasma, which is known to exist 

on the open field lines in the tail lobes (Hardy et.al., 
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FIGURE 10: Plasma and field parameters for the magnetopause 

crossing of April 25, 1972. 
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FIGURE 11: Plasma and field parameters for the magnetopause 

crossing of September 20, 1972. 
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SCATTER DIAGRAM OF VELOCITY VS. TEMPERATURE 

DAY 264 1972 (1800 U.T. - 1940 U.T.) 

6 7 8 9 10 11 12 13 

TEMPERATURE (xlO5 DEG) 

FIGURE 12 



FIGURE 13: Plasma parameters for the magnetopause crossing 

of July 23, 1972. Magnetometer data was not available for 

this time period. 
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1976), is seen continuously for about 2 hrs. and 40 minutes. 

Our encounters with the injection region near the 

magnetic neutral plane are illustrated by the tail entry 

of September 20, 1972. The plasma and field parameters for 

this encounter are shown in figure #11. As in the previous 

case, the magnetic field data was supplied by the Explorer 

35 satellite. Prior to 1800 U.T. the flow is predominantly 

antisunward with a streaming speed near 280 km/sec and a 

temperature near 6x10^ degrees in agreement with the flow 

parameters calculated for the high latitude case. From 

1800 to 1940 U.T. the injection region is encountered. The 

flow is observed to turn inward toward the plasma sheet 

while at the same time the speed is observed to decrease to 

100 km/sec. Simultaneous with the changes in the bulk 

velocity, the temperature is seen to increase. A scatter 

diagram of velocity as a function of temperature shown in 

figure #12 shows the extent, to which the rise in temperature 

and the decrease in velocity are correlated. Plasma sheet 

particles are encountered near 2000 U.T. and are observed 

for a period of about 2 hours. In contrast to the high 

latitude case, there is no magnetically defined magnetopause 

apparent in the data. Again the level of geomagnetic 

activity was low with the AE index near 70 gammas. 

Another good example of an observation of the injection 

region is the encounter of July 23, 1972. The plasma para¬ 

meters for this event are shown in figure #13. Between 
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1700 and 1930 U.T., the flow turns in toward the plasma 

sheet and is thermalized. The -plasma sheet is subsequently 

encountered at approximately 2020 U.T. The AE index is 

between 100 and 180 gammas for this time period. 

Of the 16 dusk magnetosheath crossings studied we 

have identified 6 encounters with the injection region and 

10 encounters with the tail lobe magnetopause. The identi¬ 

fication was made on the basais of the particle data. A 

drop in the flow speed of magnetosheath plasma just prior 

to entering the tail region plus an increase in plasma 

temperature indicates the injection region or what we call 

the low latitude magnetopause. 

For each crossing of the moon into the tail we have 

plotted the moon's location in solar magnetospheric 

coordinates as shown in figure #14. The low latitude 

injection layer observations are clustered about the 

Zsm=0 plane within a band extending about 6 Re above and 

below it while the high latitude crossings are confined 

primarily to the exterior of this region. This region is 

coincident with the average location of the plasma sheet 

at the lunar orbit suggesting that the injection region 

we observe is adjacent to it. 

To bolster this conclusion, we examined the plasma 

data for the 6 hour period following each crossing for 

evidence of plasma sheet particles. The percentage of 

time the moon is observed in the plasma sheet is shown in 
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FIGURE 14: Location of magnetopause crossings in solar 

magnetospheric coordinates. The injection layer is 

encountered near the magnetic neutral plane within a band 

which coincides with the average location of the plasma sheet. 
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FIGURE 15: Percentage observation of plasma sheet particles 

during the six hours immediately following entry of the moon 

into the tail. The plasma sheet is observed for longer periods 

of time immediately following encounters with the injection 

layer at low latitudes. 
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FIGURE 16: Percentage observation of lobe plasma during the 

six hours immediately following entry of the moon into the 

geomagnetic tail. The lobe plasma is observed for longer 

periods of time following those magnetopause crossings which 

have been identified as high latitude in the text. 
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figure #15 for both high and low latitude crossings. The 

plasma sheet is observed preferentially following our 

injection region observations. Taken collectively, plasma 

sheet is observed 72 percent of the time vs. 26 percent 

of the time for high latitude crossings. We also examined 

the same time intervals for evidence of lobe plasma which 

is known to exist exterior to the plasma sheet (Hardy 

et.al., 1975). Referring to figure #16, we see that there 

is a clear preference for lobe plasma to be observed in 

connection with the high latitude crossings indicating 

that these regions are adjacent to the tail lobes. 

The connection between auroral activity as measured 

by the AE index and the existence of the low latitude 

injection region was also examined and there appears to be 

no correlation between the two. We plotted the AE index 

at the time of tail entry and found no preference for it to 

be higher for either type of event. This result suggests 

that the injection region is a persistent feature of the 

magnetosphere, at low latitudes. 

An estimate of the thickness of the layer is obtained 

by multiplying the moon's velocity by the characteristic 

interval of time over which the phenomenon is observed to 

obtain a thickness of approximately 4200 km or nearly 1 Re. 

We interpret the injection layer that we observe in 

the tail as the extension to lunar distances of the entry 

layer observed on the dayside magnetosphere. The entry 
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layer was observed on the dayside by Heos 2 and Explorer 

33 as a layer of stagnant irregularly flowing plasma seen 

just inside the magnetopause at latitudes equatorward of 

the polar cusp regions (Haerendel and Paschmann, 1975; 

Hansen et.al., 1976; Crooker, 1976). This layer is 

believed to represent magnetosheath which gains access to 

closed quasi-dipolar magnetic field lines which thread the 

polar cusp region. A schematic of the entry layer region 

in the noon meridian is shown in figure #17. At high 

latitudes this layer was observed by Heos 2. The plasma 

and magnetic field data for a typical pass through the 

entry layer are shown in figure #18. 

We can observe the transition in the plasma as one goes 

from the magnetosheath to the magnetosphere by tracing the 

derived parameters from right to left in the figure. The 

shaded region indicates the signature of the entry layer 

which begins inside the magnetopause. The temperature 

increases and the bulk flow velocity decreases in a manner 

similar to that which is observed in the injection region. 

The sudden change in the magnetic field direction at 0657 

U.T. from a dipolar to a nondipolar configuration clearly 

establish the entry layer as part of the magnetosphere as 

opposed to the magnetosheath region. The direction of the 

plasma flow in the dayside entry layer is observed to be 

parallel to the magnetopause and in this example the flow 

is sunward. The magnetopause while well defined in this 
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case is often ill defined in Heos data due to the presumed 

presence of plasma density fluctuations (Hansen et.al., 

1976). 

The entry layer has been observed in the flanks of the 

near earth geomagnetic tail by Explorer 33 (Crooker, 1976). 

This has led Crooker to suggest that the dayside entry 

layer and polar cusps extend around the flanks of the 

magnetosphere on dipole like field lines to large distances. 

In her model the northern and southern boundaries of the 

polar cusps do not converge at the equator as suggested by 

Frank (1972) and Heikella (1972), but rather extend in 

approximately parallel lines down the flanks of the geo- 

magnetic tail. The magnetic field topology of this model 

is shown in figure #19. Our observation of the injection 

region suggest that this picture is essentially correct and 

that the injection layer is the extension of the entry layer 

to lunar orbit. Since plasma sheet particles are observed 

on closed field lines it follows from this model that the 

entry layer should be seen at lunar distances and should 

border the plasma sheet, a prediction which is consistent 

with our observations of the injection region. 

Another interesting prediction concerns the orientation 

of the magnetic field in the injection region. Referring 

to the figure, the z component of the magnetic field in the 

injection region should be positive. The x component 

should be large at small distances from the neutral plane 

being negative to the south and positive to the north. The 
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FIGURE 17: The entry layer in the dayside meridional plane 



FIGURE 1$: Entry layer observations made by Haerendel and 

Paschmann. Proton parameters (dots) and magnetic field 

data (solid lines) are shown as functions of time on 

June 18, 1973. From top to bottom: density,temperature, 

speed, azimuthal direction angles, elevation angle, and 

magnetic field strength and energy density. 

(After Harendel and Paschmann, 1975) 
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FIGURE 19: Magnetosphere morphology suggested by 

Crooker. The injection layer observed by SIDE is 

interpreted as the extension of the entry layer to 

regions adjacent to the plasma sheet. (After Crooker, 1977) 
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FIGURE 20: Reduction of plasma momentum in the injection 

layer. The polarization electric field is discharged in 

the ionosphere through the current system depicted above. 

Thus kinetic energy of plasma motion appears as thermal 

energy in the ionosphere. 
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y component of the magnetic field being perpendicular to 

the magnetopause should be zero since the injection region 

is. presumed to exist on closed field lines. This predic¬ 

tion is born out in our observations of the injection 

region made on September 20, 1972. (This is the only- 

observation of the injection layer we have for which 

particle and field data is available.) 

The Crooker model also allows us to explain the 

decrease in the magnetosheath flow velocity which we 

observe in the injection layer in terms of a transfer of 

energy to the magnetosphere through an MHD dynamo mechanism 

This mechanism was suggested by Eastman, et.al. (1976) in 

connection with their work on the entry layer. This 

mechanism is illustrated schematically in figure #20. The 

magnetosheath plasma generates a polarization electric 

field E at each point in space given by E = -vxf where 

v is the magnetosheath flow velocity and $ is the magnetic 

induction. 

In the injection region the lines of induction are 

connected directly to the ionosphere. Because the electri¬ 

cal resistance along these field lines is small, a current 

is set up and the polarization electric field in the 

injection layer is discharged through the ionosphere. In 

this manner the particle kinetic energy of the following 

magnetosheath plasma goes into driving a current system 

which heats up the ionosphere. 
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This model further predicts that magnetosheath 

particles should gain free access to the northern and 

southern boundaries of the plasma sheet along the tail- 

ward extension of the polar cusp. Unlike the near earth 

entry layer the injection region is observed to have a 

component of flow perpendicular to the magnetopause, it 

therefore serves as a source of plasma sheet particles. 

Rough order of magnitude calculations show that the flux 

from the injection region is capable of supplying the 

25 
roughly 5 x 10 particles per second necessary for the 

maintenance of the plasma sheet (Hill, 1974). 
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