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ABSTRACT

An Observation of Lunar Nighttime Ions
by
Henry Emil Schneider

The Rice University Suprathermal Ion Detector Experiment
deployed on Apollo missions 12, 14, and 15 regularly observes
ion events all through the lunar night.
The ion events are most often less than 4 hours in dur¬
ation, and usually less than one hour.
The energy spectra of the events vary from mono-energetic
at 250 eV/q to 500 eV/q to fairly broad.

The energy repre¬

sented may range from 250 eV/q to 1500 eV/q.

There is some

indication that the peak energy of the events increases from
500 eV/q at local sunset to 750 eV/q at about 3 days before
local sunrise and then decreases to 250 eV/q 1 day before the
sunrise terminator crossing.
The ion energies are generally less than the solar wind
6
2
and the ion flux (“* 10 ions/cm -sec-ster) is down by 2 orders
of magnitude from the solar wind.
Ion activity increases in the period 1 to 6 days prior
to local sunrise with a peak at 2 to 3 days before sunrise.
There is also a weak secondary activity peak 3 to 4 days after
local sunset.
Data from the Apollo 12 SIDE has not been looked at yet.
The Apollo 14 and Apollo 15 SIDE 's both exhibit the same ac¬
tivity profile.

This fact suggests a local lunar time depen¬

dence rather than a position in orbit for the occurence of
these events.
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CHAPTER 1 - INTRODUCTION

This thesis is concerned with the study of the plasma
interaction with the moon when the moon is outside the earth's
magnetosphere and in the interplanetary medium.

1.1

INTRODUCTION TO THE SIDE

The six Apollo lunar missions placed a number of parti¬
cles and fields experiments directly on the lunar surface as
a part of the Apollo Lunar .Surface Experiment Package (ALSEP) .
These experiments study the lunar plasma environment.

The

results reported in this thesis come from the data reduction
of one such experiment, the Rice University £>uprathermal JÇon
Detector Experiment (SIDE).

The SIDE is an ion spectrometer.

The scientific objectives of the SIDE were summarized by
Freeman et al.

[1970] as follows:

1. Provide information on the energy and mass spectra
of positive ions close to the lunar surface result¬
ing from solar UV or solar wind ionization of gases
from any of the following sources:
a. A residual primordial atmosphere of heavy gases.
b. Sporadic outgassing such as volcanic activity.
c. Evaporation of solar wind gases accreted on the
lunar surface.
d. Exhaust gases from the LM ascent and descent
motors and the astronaut portable life support
equipment.
2. Measure the flux and energy spectrum of positive ions
in the earth's magnetotail and magnetosheath during
those periods when the moon passes through the mag¬
netic tail of the earth.
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3. Provide data on the plasma interaction between the
solar wind and the moon.
4. Determine a preliminary value for the electric poten¬
tial of the surface.
In order to understand the ion data observed on the dark
side of the moon, one must be familiar with the theories con¬
cerning solar wind interaction with the moon.

The following

sections briefly discuss the current knowledge concerning
this area.

1.2

GENERAL BACKGROUND - EXPERIMENTAL RESULTS

The solar wind is a tenuous plasma that continually
streams radially outwards from the sun.

The solar wind con¬

sists primarily of equal numbers of protons and electrons.
Typical number densities of the solar wind are of the order
of 5 particles/cm^.

The solar wind velocity is supersonic in

that it is greater than the Alfveln velocity of the medium.
Table 1-1 and figure 1-1 summarize the solar wind parameters.
The conductivity of the solar wind is essentially infin¬
ite.

Therefore, the interplanetary magnetic field lines are

"frozen" into the plasma and thus dragged along by the solar
wind.

The interplanetary magnetic field lines intersect the

earth's orbit at approximately a 45° angle to the earth - sun
line.
When the solar wind reaches the earth, the solar wind
plasma is unable to penetrate the earth's dipolar field.

The

solar wind compresses the field thus giving rise to the earth's
magnetosphere (figure 1-2).
The solar wind interaction with the moon is entirely dif¬
ferent from the interaction with the earth because the moon
has an extremely small intrinsic magnetic field.

The solar

TABLE 1-1
OBSERVED PROPERTIES OF THE SOLAR WIND
QUANTITY

MAXIMUM

MINIMUM

AVERAGE

2
flux N v (ions/cm -sec)
P

108

1010

2-3xl08

velocity v (km/sec)

200

900

400-500

density N

3
= N (ions/cm )
e P

0.4

80

5xl03

5

lxlO6

2xl05

thermal anisotropy (T /T ) 1.0
max avg
(isotropic)

2.5

1.4

helium abundance N(He)/N(p)

0

0.25

0.05

flow direction

t 15° of radius vector; average

temperature T^ (°K)

from = 2° east

magnetic field B(X)

B direction

0.25

40

6

Polar component variable, aver¬
age in plane of ecliptic-solar
equator; planar component vari¬
able, near the earth, average
spiral angle

Alfven speed (km/sec)

SOURCE;

Brandt [1970]

30

= 45°

150

60

Figure 1-1.

Satellite Vela 3A measurements of the solar wind

conducted in July 1965.

The energy spectrum and directions

are shown (180° corresponds to particles moving radially away
from the sun, viewed from the spacecraft).

The small hump in

the energy spectrum curve may be due to He

ions (Hundhausen

et al. [1967]).

Figure 1-2.

A summary of the configuration of the magneto¬

sphere in the noon - midnight plane (Ness[1965]).

DIRECTION OF MEASUREMENT

FIGURE I~1

20 R

FIGURE 1-2
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wind is directly incident on the lunar surface and the parti¬
cles are absorbed there.

The absorption of the solar wind on

the dayside lunar surface creates a cavity in the solar wind
on the night side of the moon.
Explorer 35, an United States satellite that was placed
in lunar orbit on July 22, 1967, provided the first accurate
measurements of the solar wind interaction with the moon.
Lyon et al. [1967], upon reduction of data obtained by
the M. I. T. plasma probe flown on Explorer 35, established
the clear existence of a plasma void on the dark side of the
moon (figure 1-3).
Other results obtained by Explorer 35 of the solar windmoon interaction are summarized by Ness [1972] as follows:
1. The absence of a lunar magnetic field (at least none
greater than 2y) at satellite periselene when the
moon was in the geomagnetic tail.
2. The absence of a bow shock wave or magnetosheath
(similar to the earth's) surrounding the moon, when
it was in the interplanetary field.
3. The existence of a plasma cavity or void region be¬
hind the moon when in the solar wind flow.
The only effect noted in the interplanetary field was the
existence of:
4. Field magnitude increase in the region corresponding
to the plasma umbra, and
5. Field magnitude decreases on either side, in the plas¬
ma penumbra.
6. The field direction is only slightly perturbed (<20°)
in the lunar wake from that in the undisturbed solar
wind.
7. Sometimes there exist increased field magnitudes in
the penumbral regions in addition to the penumbral

Figure 1-3.

Early Explorer 35 studies of the integral solar

wind plasma flux (50 < E

< 2850 eV) on the downwind side of
P

the moon.

A logarithmic scale, used for the amplitude of the

plasma current, is shown at lower left.
counts in the middle of the plot.

Note the absence of

The spacecraft is now in

the plasma void (Lyon et al. [1967]).
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decreases and umbral increase.

These magnitude per¬

turbations are generally small (< 30%).
In summary, the moon appears to behave like a spherical
obstacle in the solar wind flow.

The moon absorbs the plasma

flux incident on its surface but permits the interplanetary
field to be convectively carried past it without significant
distortion or the formation of a pseudo-magnetosphere or
shock waves.

1.3

GENERAL BACKGROUND - THEORY

In order to formulate an effective model of solar wind
interaction, one must be aware of the important fundamental
physical quantities.
ure 1-4.

These parameters are summarized in fig¬

It is seen from figure 1-4 that the cyclotron radius

for both ions and electrons is less than one lunar radii.
Therefore, a guiding center approximation would be valid to
first order in treating the problem.
Michel [1964] first suggested two possible solar wind
interactions with the moon.
two limiting cases.

He examined the plasma flow in

The first case was the undeviated flow

of the solar wind past the moon.

The solar wind is completely

absorbed and neutralized upon impact with the lunar surface.
The other case was the potential flow of the solar wind about
the moon.

The plasma flow would be deflected around the moon

by a magnetic field induced as the interplanetary magnetic
field is dragged past a lunar interior that has a finite con¬
ductivity.

The developement of a bow shock would lead to a

subsonic flow behind it (figure 1-5).
So little was known about the solar wind and its inter¬
actions at the time of this writing that Michel did not devel¬
op his models any further.

Present Explorer 35 measurements

Figure 1-4.

Summary of physical considerations for theoretical

analysis of solar wind flow past the moon, using the most
probable values of plasma and magnetic field parameters (Ness
[1972]) .

Figure 1-5.

The upper figure indicates flow of solar wind

plasma onto the moon in the undeviated flow model.
lines indicate plasma.

Slanting

The lower figure indicates flow of

solar wind plasma around the moon in the potential flow model.
Dotted lines indicate the effect of the shock wake (Michel
[1964]).

V

SW

Number density of ions (electric neutrality assumed)

n
B

o

T

Interplanetary magnetic field angle

to moon-sun line

Temperature (parallel, T(l, and perpendicular, T^, to the
magnetic field)
Thermal velocity of particles (root-mean-square value)
Characteristic scale length of the wake
Cyclotron radius
Cyclotron period
Characteristic time scale required to convect past the
moon

0

Ratio of plasma pressure (perpendicular to field lines)
to perpendicular magnetic field pressure

V
A

Alfven velocity

FIGURE 1-4
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FIGURE 1-5
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indicate now that Michel's model of undeviated flow past the
moon most closely resembles the actual mechanism in operation.
Michel [1967], using the early results of Explorer 35,
proposed that the solar wind closed in behind the moon causing
a shock wave when the collapse of the plasma was halted (fig¬
ure 1-6).

Michel [1968] extended this study to include the

effect of different directions of the interplanetary magnetic
field.

It was determined that the formation of the shock wave

downstream from the moon was independent of the direction of
the magnetic field (see figure 1-6).
Johnson and Midgley [1968] studied the closure of the
plasma cavity.

They determined that the rate at which the

void behind the moon is filled depends on the orientation and
the relative strength of the interplanetary magnetic field.
Using the guiding center approximation, Whang [1968]
studied the ion flow in the vicinity of the moon.

He assumed

that the directional and magnitude perturbations of the inter¬
planetary magnetic field were negligible.

His results showed

that the wake was confined to a region behind the moon and it
was not axially symmetric about the x-axis (figure 1-7).
Wolf [1968] extended the work of Michel and of Johnson
and Midgley using the continuum fluid approach and a cylinder
to approximate the moon.

He studied the problem for the case

where the interplanetary magnetic field is aligned with the
plasma flow velocity and for an isotropic pressure of the
magnetized plasma.

From his analysis, Wolf arrived at the

same results as Michel (see figure 1-8).
Using the kinetic theory approach and neglecting the
interplanetary magnetic field, Wu and Dryer [1972] arrived at
number density contours and flow patterns about the moon (see
figures 1-9 and 1-10).

They predict that on the dark side of

the moon there is a probability of a very low, but finite,

Figure 1-6.

Sketch of the development of a trailing shock

wave in the lunar wake (Michel [1968] ) .

Figure 1-7.

The distribution of ion flux in the X - Y coor¬

dinate plane for varying direction angle cp (Whang [1968]).

Figure 1-8.

Diagram developing further geometry and flow

characteristics behind the moon leading to the formation of
a trailing shock wave.

The upper figure refers to the plane

of symmetry while the lower figure refers to a plane perpen¬
dicular to this (Wolf [1968] ) .

Figure 1-9.

Constant density contours with a non-central

force field potential in the vicinity of a "small" spherical
obstacle.

Note the development of a continuum-like "Mach

cone" at the limb, compression near the subsolar point, and
expansion immediately beyond the limb.
sity of the incident solar wind.

nœ is the number den¬

The x-axis scale is in units

of obstacle radii (Wu and Dryer [1972]).

Figure 1-10.

Velocity vectors with a non-central force field

potential in the vicinity of a "small" spherical obstacle.
Note the turning of the plasma flow on the sunlit hemisphere
and the acceleration of particles around the limb.

The x-axis

scale is in units of obstacle radii (Wu and Dryer [1972]).
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density of particles.

1.4

RESEARCH OBiTECTIVES

The SIDE observes ion fluxes of a narrow energy range
sporadically from local lunar sunset to local lunar sunrise.
The lack of a complete understanding of this ion data and the
fact that very little analysis has been performed on this
data so far leads to the following research objectives:
a.

To determine if the ion bursts occur randomly or are
correlated with Kp.

b. To determine if there is a dependence on the occurence
of the events on position in lunar orbit or lunar
local time.
c. To determine the characteristics of the ion spectra.
d. To suggest some possible explanations for the pre¬
sence of these ions in the plasma cavity behind the
moon.
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CHAPTER 2 - INSTRUMENT

2.1

BASIC PHYSICS OF OPERATION

The SIDE,

like most other particle detectors with an

energy discrimination capability,

determines the energy of a

charged particle by observing how its trajectory is changed
on entering a region where an electric exists.

Normally this

electric field is created by applying a constant potential
difference across two parallel plates.

If the applied elec¬

tric field is perpendicular to the trajectory of the particle,
then the amount of deflection from the initial trajectory is
a function of the energy of the charged particle and the
strength of the deflecting field.
The simplest configuration is shown in figure 2-1.

The

velocity in the direction of the deflected particle is:

where §p is the energy of the particle and m is the mass of
the particle.
If
distance d,

is the voltage across the plates,

separated by a

then the electric field will be:

E

2-2

x

The particle will experience a transverse force resulting
in a transverse velocity v

V

X

X

given by:

in

q

IA

m

d

At

Figure 2-1.

Schenatic diagram of plane and curved plate

electrostatic analyzers.

The Wein velocity filter preceeds

the curved plat analyzer to form the Mass Analyzer.

FIGURE 2-1
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where q is the charge of the particle and At is the time
spent by the particle in the electric field.
Thus

At

V

y
and

v
X

q
= _
m

V,
_d
d

L
_
v

2-3

y
where L is the length of the plates.
The angle of deflection of the particle is then given by:

tan 0 = = —
v
m

v2

is given by equation 2-1.

So

y

where

L

Xd
d

SSL =

q

Za

L

2-4

2 |p

y

lid

2-5

2d tan0

The critical energy to just pass through the plates is:

lc
q

where

tan0

c

= d/L.

L

v

d
2d tan0

c

Therefore

lc =
q

V

Id.

2-6

2d2

This method of energy determination is not very useful
since it only provides a lower limit to the energy of the
particle.

Thus,

for ?p ^ §c,

all particles will pass through

9
the plates.

An upper cutoff for the particle energy may be

provided if curved plates are used to generate the electro¬
static field.

Now the energies of the particles that make it

through the plates are confined to a narrow range.

Both

detectors in the SIDE instrument, the Tptal j^on Detector (TID)
and the Mass Analyzer (MA), use such a set of curved plates
for energy discrimination.
The potential, as a function of R, between the curved
plates is:

cp(R) =

where
R

a

"b

V

tn(R/R )

a
tn(R /R )
b a

CP

2-7

is the radius of curvature of the outer plate, and

is the radius of curvature of the inner plate (figure 2-1).

is the total potential difference that is applied between
cp
the two curved plates.

V

The electric field is given by:

E = -Vcp

2-8

so

|E|

= E = Xçp
-tntR^/R ) R

il

2-9

Performing a similar derivation as for the parallel plates,
one gets for the particle energy that makes it through the
plates:
2
V
JaEL = rov
= cp
q
2q ‘ 2'tn(R)_}/Ra)

2-10

10

It can be seen from equation 2-10 and the geometry of
the system that only a narrow range of energies may pass
safely through the apparatus.
The curved plates described above may be used in con¬
junction with a velocity filter for mass discrimination of
charged particles.

The Wein velocity filter used in the MA

consists of perpendicular electric and magnetic fields.

The

electric field is again a result of two parallel plane plates
and the magnetic field is produced by a permanent magnet.
The velocity of the particles is first determined by the
velocity filter and then it is allowed to pass through the
curved plates to determine its energy.
On entering the velocity filter, the charged particle
experiences two forces.
—>
B.

One force due to E and one due to

FE = <JE
-4

F

-4

B

—♦

= qv x B

2-11

In order for the particle to pass through the filter
without a change in trajectory, the total force must be zero.

%

=

5

+

E

5

B =

0

2'12

The particular velocity required for this condition to
hold is:

v = E/B
=

V

PP
Bd

2-13
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where V

is the potential applied across the parallel plates
PP
and d is the separation of the plates. Thus, by varying V ,
PP
the allowed value of v may be changed.
Combining equations 2-10 and 2-13, yields
V
m = cp
q
2tn(R /Ra) v2

B2 d2

V

2-14

. CP-„

AnU^/R.^) Vpp

So, from equation 2-14, we see that for a certain value
of v or V

we can determine the mass spectrum of the incoming
PP
particles by varying V .
Figure 2-1 also shows the basic idea behind the operation
of the MA.

2.2

INSTRUMENT DESIGN

Figure 2-2 shows schematically how the two detectors are
arranged in the SIDE.
ticle detectors.

The SIDE consists of two positive par¬

The MA is indicated at the top and the TID

at the bottom of the figure.

The ions are incident from the

right in the diagram.

The entrance aperature for the TID

measures 8 mm x 3 mm.

The field of view for the TID is a

square solid angle of approximately 6° on a side.

The two

concentric curved plates have radii 4.25 and 3.75 cm both
covering an arc of 127° 17'

(TT//2

radians).

The plates of the

TID are stepped through twenty voltage increments resulting
in the following energy channels: 10, 20, 30, 50, 70, 100,
250, 500, 750, 1000, 1250, 1500, 1750, 2000, 2250, 2500, 2750,
3000, 3250, and 3500 eV/q.

This energy rahge covers solar

wind energies down to the energy range expected for ions formed
in the lunar atmosphere.
After passing through the curved plates, an ion is detected

Figure 2-2.

Schematic diagram of the TID and MA in the plane

of the ion trajectories (Hills et al. [1971]).

MASS
ANALYZER

LUNAR SURFACE
GROUND PLANE
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by a Bendix 4028 Channeltrorr^.

This channel electron multi¬

plier is held at a potential of -3-6 kV to accelerate the
particles into the detector, thereby enhancing the collection
efficiency.

The detector is operated in the pulse saturated

mode so that the response of the counter is independent of
the energy of the incoming particle.
The curved plate electrostatic analyzer of the MA is
similar in design to the TID.

These plates are stepped through

six voltage increments that correspond to the following energy
steps: 48.6, 16.2, 5.4, 1.8, 0.6, and 0.2 eV/q.
The Wein velocity filter is composed of two parallel
plates each measuring 8 mm x 2 mm and separated by a distance
of 0.8 cm.

The magnetic field of the filter is provided by

a permanent magnet that has a strength of 850 ± 10 gauss.
The particle detector for the MA is another Bendix Channeltron®and it is also at a potential of -3.5 kV.
The field of view for the MA is a square solid angle of
4° on a side.
The mode of operation of the SIDE is as follows.

The

SIDE executes one complete cycle every 2.55 minutes.

Each

cycle consists of 128 frames, 1.2 seconds per frame.

The TID

cycles through all twenty energy channels in twenty frames,
thus obtaining six complete spectra each SIDE cycle.

During

this same 120 frames, the MA cycles through the twenty ion
channels for each of the six energy steps.

The remaining

eight frames contain calibration data (figure 2-3).

The ac¬

cumulation interval for each step in both the MA and the TID
is 1.13 sec ± 0.025 sec.

In order to allow time for data read¬

out and for transients to die out between frames, this time
interval is less than the 1.2 seconds allowed per frame.
The Wein velocity filter for each SIDE is different.
three SIDE 's therefore measure different mass ranges.

The

Table

.Figure 2-3,
man [ 1973] ) .

Normal operating mode for the TID and MA (Linde-

SIDE FRAME
0
1-19
20
21-39
40
41-59
60
61-79 .
80
81-99
100
101-119
120

TID
4*
Energy
Spectrum
Energy
Spectrum
Energy
Spectrum
Energy
Spectrum
Energy
Spectrum
Energy
Spectrum

MA
Mass
Spectrum
48.6 eV/q
Mass
Spectrum
16.2 eV/q
Mass
Spectrum
5.4 eV/q
Mass
Spectrum
1.8 eV/q
Mass
Spectrum
0.6 eV/q
Mass
Spectrum
0.2 eV/q
1*

121

1*

2*

122

2*

3*

123

3*

4*

124

4*

125
126

1*
2*

1*
2*

127

3*

3*
4*

1* Background Reading Taken; Curved Plates Grounded
2* Counting Electronics Calibrated at 137 Hz.
3* Counting Electronics Calibrated at 17.5 kHz.

4* Counting Electronics Calibrated at 560 kHz.
FIGURE 2-3
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2-1 summarizes the characteristics of the SIDE's deployed on
Apollo missions 12, 14, and 15.

The physical configuration

of the SIDE is shown in figure 2-4.
In order to measure the lunar surface potential, a wire
spider web-like screen is placed under each SIDE on the moon.
This screen connects the SIDE directly to the lunar surface
assuming that there is good electrical contact between the
screen and the lunar surface (see figures 2-5 and 2-6).
wire screen is connected to a stepping voltage supply.

The
This

stepping voltage is also connected to a wire grid above the
ion apertures (figure 2-6).

The stepping voltage cycles

through 24 voltage steps from 27.6 volts to -27.6 volts (see
Table 2-1).

In the normal mode of operation, this voltage is

stepped once every SIDE cycle.

Therefore, one complete cycle

of all 24 voltage steps requires 61.2 minutes.
Analysis of lunar surface potential measurements by Fenner
et al. [1973] and Freeman and Ibrahim [1974] has yielded a
value of +10 volts for the dayside lunar surface potential.
The surface potential becomes negative at the terminators and
possibly -100 volts on the night side of the moon (figure 2-7).

2.3

CALIBRATION

The quantity that is directly available from the SIDE
data is the counting rate R.

R may be converted in to a more

useful quantity known as the unidirectional differential flux
j(E,0).
The counting rate at an energy E may be calculated as
follows:

R =

J* J*
E

n

g(E, Ô,cp) j(E,6,cp) dOdcpdE

2-15

TABLE 2-1

ENERGY STEPS (eV/a)

APPROX. MASS RANGES (AMU)
Apollo
12

Apollo
14

Apollo
15

GROUND
PLANE
STEPPER
(volts)

TID

MA

10

48.6

20

16.2

0.6

30

5.4

1.2

50

1.8

1.8

70

0.6

2.4

100

0.2

3.6

10-1500

0.0
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Figure 2-4,

Schematic diagram depicting the location of the

electronics and the two analyzers in the experiment package
(Freeman et al. [1969]).

Figure 2-5.

Deployed configuration of the SIDE showing the

ground plane grid and the grid over the entrance apertures
(Freeman et al. [1969]).

Figure 2-6.

Schematic diagram illustrating the relationship

between the entrance grid and the ground plane grid.

The two

grids are connected with each other by a stepping voltage
supply.

Figure 2-7.

Results of the determination of the lunar surface

potential (Freeman and Ibrahim [1974]).
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where

g(E,0,cp) = unidirectional geometric factor at
energy E

If we assume that the flux of particles is isotropic
over the field of view of the detector, then j(E,0,cp) is ap¬
proximately independent of 0 and cp.

R =

Then,

J

j(E,ft) J'-gfE,©,!?) d0dcpdE
E
Q

2-16

The only quantity that may be experimently determined in
the laboratoy is:

G(E) = A(E) 0(E) e(E) =

J g(E,0,cp)

d0 dcp

2-17

Ù

where,

A(E) = effective area of the detector seen by the
particle
0(E) = effective solid angle seen by the incoming
particle
e(E) = efficiency of the detector for a particle of
energy E

If we make the second assumption that the flux is also
constant over the bandwidth of the detector, then,

R = j (E , Q)

J*

G(E ) dE

E
R = GQ

j (E,Q)

2-18

15
where

= J*

GQ

G(E) <3E

(cm^-ster-eV)

G(E) is integrated over the bandwidth of the detector.

There

fore,

particles
cm -ster-sec-eV

j(E,0)

2-19

The omnidirectional flux is obtained by integrating j(E,Q)
over Cl

space
jJ
. = P j(E,o) dn
omnx

2-20
z

cm -sec-eVl

The corresponding integral fluxes are obtained by inte¬
grating over the entire energy spectrum.

J

.
uni

= EJ

j(E,Q) dE

particles
cm -ster-sec

2-21

and

J

omni

= J*Cl EJ*

j(E,fi) dEdCl

particles
cm^-sec

2-22

All three SIDE instruments have been calibrated in the
laboratory.

Lindeman [1973] gives an extensive discussion of

the calibration and the analysis of the results of both the
MA and the TID.

The calibration results for the MA and the

TID are shown in figures 2-8 to 2-10.

Figure 2-8♦
ment-

TID calibration results of the Apollo 14 instru¬

The upper graph shows the unidirectional geometric

factor as a function of the nominal center energy.

The middle

graph shows the parallel beam geometric factor as a function
of the nominal center energy-

The lower graph shows the

energy bandpass (full width at half maximum) as a function of
the nominal center energy.

Note that the bandpass is approx¬

imately 8% of the center energy (plotted from data compiled
by Lindeman [1973]).

Fiaure 2-9.

The energy response of the SIDE for a typical

calibration run using a single energy channel (Fenner [1974]).

Figure 2-10.

Summary of the results of the MA calibration

(plotted from data compiled by Lindeman [1973]).
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2.4

DEPLOYMENT AND ORIENTATION IN SPACE

The SIDE was deployed in three separate locations on the
moon by Apollo missions 12, 14, and 15.

All three SIDE'S

were successfully deployed and only the Apollo 12 and 15
instruments are still functioning at the time of this writing.
The Apollo 14 SIDE stopped transmitting reliable data near the
end of 1974.
The Apollo 12 SIDE was deployed by Alan Bean and Pete
Conrad during their first lunar excursion (EVA) on November
19, 1969.

The Apollo 12 site is located in the Ocean of Storms

at 23.4° W longitude and 3.04° S latitude (all locations are
in selenographic coordinates).
The second instrument, the Apollo 14 SIDE, was placed on
the moon by Alan Shepard and Ed Mitchell on their first EVA
in the Fra Mauro Highlands (17.48° W, 3.65° S) on February 5,
1971.
Almost six months later, the Apollo 15 SIDE was deployed
in the Hadley - Appenine area (3.7° E, 26.2° N) on July 31,
1971 by Dave Scott and James Irwin.
Figure 2-11 shows the location of each SIDE instrument
on the lunar surface and their corresponding selenographic
coordinates.

Figure 2-12 is a collection of photographs

showing the SIDE 's in the deployed configuration in the lab¬
oratory and on the moon.
In order to assure the proper alignment of the Apollo 12
and 14 SIDE's, each SIDE was equipped with a bubble leveling
device attached to the top of the instrument.

The bubble

level allows the astronaut to align the SIDE within 5° of
local vertical, thus permitting the look direction of the
Apollo 12 and 14 SIDE's to be approximately in the ecliptic
plane.

Due to its high latitude, the Apollo 15 SIDE was equip-

Figure 2-11.

The location on the moon of the Apollo 12, 14,

and 15 ALSEP sites along with their respective selenographic
coordinates.

Figure 2-12.

Photographs of the Apollo 12 and Apollo 14 SIDE

deployed on the lunar surface.

The photograph of the Apollo

15 SIDE was taken in the laboratory prior to flight (after
Medrano [1973]).

<

CD

Z

o

UJ

APOLLO 12 23.4° W
3.04°S
APOLLO 14 I7.48°W 3.65°S
APOLLO .15 3.7°E 26.2»N

h-

fH

CN

I

S
BH
CM

17

ped with an adjustable leg permitting its look direction to
be also approximately in the ecliptic plane (figure 2-13).
The whole instrument is thus tilted 26° south with respect to
the local vertical at the ALSEP site.
The look direction of the detector in each SIDE is 15°
from the body axis of the SIDE (figure 2-14).

The selenographic

longitude of each instrument plus this 15° offset yields the
correct longitude of the look direction of each instrument.
The three different look directions of the three SIDE's
provides a directional sampling of magnetosphere and solar
wind particles at any given time.

The look directions of the

three detectors are shown for various positions in lunar orbit
in figure 2-15.

The magnetosphere and the bow shock front are

drawn in for reference.
The moon, and therefore the three SIDE instruments, moves
through a number of different plasma regimes in the course of
one lunation.

In this thesis we will be concerned with only

ions observed during the lunar night.

Nighttime ions may be

observed at any time between local sunset and local sunrise
for each of the three SIDE instruments.

It can be seen in

figure 2-15 that during local lunar night for each SIDE, the
detector is looking away from the sun, and thus into the socalled plasma void.

This "void" is caused by the moon block¬

ing the solar wind.
Figure 2-16 illustrates the look directions of the Apollo
12, Apollo 14, and Apollo 15 instruments at local sunset, local
midnight, and local sunrise.

It is interesting to note that

at local sunset, the Apollo 12 SIDE looks 15° towards the
plasma flow, whereas the Apollo 14 and Apollo 15 instruments
look 15° away from the plasma flow.

At local sunrise, the

situation is reversed.
Only data from the Apollo 14 and 15 instruments have been

Figure 2-13.

The upper figure shows the location in latitude

of the three SIDE instruments.

Apollo 12 and Apollo 14 are

at approximately the same latitude.

The lower figure shows

the longitudinal location of the three SIDE'S.

The Apollo

14 SIDE looks almost directly back at the earth at all times
(Benson [1974]).

Figure 2-14.

Relationship of the look directions of the three

detectors to their respective body axes (Benson [1974]).

Figure 2-15.

The look directions of the three detectors at

various positions in lunar orbit.

Local noon, sunset, mid¬

night, and sunrise are indicated for each instrument.

The

positions of the bow shock front and the magnetopause are
shown for reference.

Figure 2-16.

Look directions of the Apollo 12, Apollo 14,

and Apollo 15 instruments at local sunset, local midnight,
and local sunrise.

The look direction of the Apollo 12 SIDE

is separated by 30° from the Apollo 14 and Apollo 15 SIDE 's
at the same local time.
directions is one day.

The spacing between each set of look
Note that at local sunset the Apollo

12 instrument looks 15° towards the plasma flow and the Apollo
14 and Apollo 15 instruments look 15° away from the flow.
situation is reversed at local sunrise.

The

NORTH

WEST
(Sunrise)

EAST
(Sunset)
LV*Local Vertical

FIGURE 2-13

FIGURE
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FIGURE 2-15
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used in this study.
at as of this time.

Data from Apollo 12 has not been looked
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CHAPTER 3 - DATA

3.1

INTRODUCTION

The three SIDE'S located at the Apollo 12, 14, and 15
ALSEP sites regularly observe ion fluxes at any time during
the local lunar night (figure 3-1).

Freeman [1972] reported

on one particular ion event seen by the Apollo 12 SIDE 4.7
days prior to local sunrise.

This ion event and the ion events

reported in this thesis are the Type III ion events seen by
Lindeman [1971].

This thesis reports on the preliminary find¬

ings of a detailed study begun on this particular subject.
Only data from the Apollo 14 and Apollo 15 SIDE'S is
discussed in this thesis.

The data'from the Apollo 12 SIDE

has not been analyzed yet.
In the present analysis, the first twenty seven lunations
of the Apollo 14 instrument (February 1971 - April 1973) and
the first twenty one lunations (excluding lunations 16, 17,
and 18) of the Apollo 15 instrument (August 1971 - April 1973)
were examined.

Since the Apollo 15 SIDE was deployed approx¬

imately six months after the Apollo 14 SIDE, only the latter
twenty one lunations of the Apollo 14 data are coincident in
time with the data from the Apollo 15 instrument.
No mass analysis of the nighttime ion events is possible
since their respective energies are too high to be detected
by the Mass Analyzer.

The highest particle energy that the

MA can observe is 48.6 eV/q and the lowest energy of the night¬
time ion events is 250 eV/q.
TID was analyzed.

Therefore, only data from the

Consequently, one has to assume a mass

composition for these ion events.

Figure 3-1.

Diagram showing one complete lunation (from

local midnight to local midnight) of ion data collected by
the SIDE.
15 SIDE.
panel.

The lunation plotted is lunation 20 for the Apollo
Nighttime ion events (NIE) are seen in the first

The x-axis represents the 20 energy channels of the

SIDE which are: 10, 20, 30, 50, 70, 100, 250, 500, 750, 1000,
1250, 1500, 1750, 2000, 2250, 2500, 2750, 3000, 3250, and 3500
eV/q.

The y-axis proceeds up the page and each unit is equal

to 24 hours.

The z-axis is the log of the average counting

rate in each energy channel and one counting rate energy spec¬
trum corresponds to a twenty minute average of the data.
whole lunation is divided into 4 panels.

The

The first panel runs

in time from local midnight to local sunrise, the second from
local sunrise to local noon, the third from local noon to local
sunset, and the fourth from local sunset to local midnight.
Each panel is approximately 7 1/2 days of data.

Mid, s r,

noon, and s s correspond to midnight, sunrise, noon, and sun¬
set respectively.

APOLLO 15
1973
LUN 20

jpimm

mid

FIGURE

3-1
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3.2

OBSERVATIONS

Nighttime ion events occur sporadically throughout the
local lunar night and are not observed on every lunation.
Some lunations show very little activity whereas other luna¬
tions are extremely active.

There is, however, a definite

period just before local lunar midnight where nighttime ions
are never observed (figures 3-2 and 3-3) .

It can be seen from

figures 3-2 and 3-3 that the activity increases after local
midnight and that the Apollo 15 instrument is much more active
than the Apollo 14 instrument for the same period of time.
The increased activity at the Apollo 15 ALSEP site over
the Apollo 14 ALSEP site may be due to the fact that the local
magnetic field at the Apollo 14 site is much stronger than at
the Apollo 15 ALSEP site.

Burke and Moore [1975] calculated

that the magnetic field at the Apollo 14 site strongly influ¬
ences the flux of photoelectrons that they observe.

This

local magnetic field tends to screen the detectors at the
Apollo 14 ALSEP site from incoming particles.

Since there is

a very small local magnetic field at the Apollo 15 ALSEP site,
it would not effect the particle fluxes incident there at the
lunar surface.
The observed energies of nighttime ion events range from
250 to 1000 eV/q.

These ion energies are slightly less than

the average solar wind energy of 800 eV.

The nighttime ion

events differential flux energy spectra normally peak in the
500 eV/q energy channel (figure 3-4).

However, the peak energy

of the differential flux energy spectra statistically shifts
as the moon rotates.

The Apollo 14 SIDE observes nighttime

ion events peaking in the 500 eV/q energy channel up to 3 days
past local midnight.

The peak energy then shifts up to the

750 eV/q energy channel for about one day.

Approximately 48

Figure 3-2.

Chart depicting the time of occurence and dura¬

tion of nighttime ion events for the Apollo 14 SIDE.

The x-

axis is in units of hours after local sunset with local mid¬
night at 180 hours and local sunrise at 360 hours (based on
a 15 day lunar night).

The y-axis is the lunation number of

the 27 consecutive lunations progressing down the page.

The

strength of the nighttime ion events is not indicated, but
the peak energy present in the counting rate spectrum for each
event is shown.

Figure 3-3.

Same format as for figure 3-2 except that the

data plotted is for Apollo 15.

Figure 3-4.

Twenty minute averaged differential flux energy

spectrum for an event in the 500 eV/q energy channel.

The

background flux represents an average counting rate of 0.18
counts per energy channel.

This event occured 4 days before

local sunrise (Schneider and Freeman [1975]).
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hours prior to local sunrise, the energy spectrum shifts
down to 250 eV/q and this peak energy is observed up to the
sunrise terminator (figure 3-5).
The Apollo 15 SIDE observes qualitatively the same be¬
havior.

The peak energy is seen to shift between the 250 and

500 eV/q energy channels for ten days past local sunset, most
often peaking in the 500 eV/q energy channel.

The nighttime

ion spectra are then observed to peak in either the 500 or
750 eV/q energy channels for approximately two days.

Again,

prior to local sunrise, the peak energy of the nighttime ion
spectra shifts down to the 250 eV/q energy channel (figure
3-6) .
One notices form figures 3-2, 3-3, 3-5, and 3-6 that
nighttime ion events do occur with peak energies of 1000 and
1250 eV/q.

It can also be seen that these higher peaked en¬

ergy events occur most often after local midnight.

This phen¬

omenon is probably a result of the fact that more nighttime
ion events are observed after local midnight than before.
Figures 3-7, 3-8, and 3-9 show twenty minute averaged
nighttime ion differential flux energy spectra peaking respec¬
tively in the 250, 750, and 1000 eV/q energy channels.

One

notices from figures 3-4, 3-7, 3-8, and 3-9 that the differ¬
ential flux of the ions is sharply peaked about the peak en¬
ergy.

The background differential flux line in each figure

represents an average counting rate in all energy channels
that is very small (0.11 to 0.23 counts).

The average back¬

ground flux is computed for the corresponding twenty minute
time interval that is averaged over for each individual event.
The nighttime background flux is very stable and it is always
within the above limits for a twenty minute average of night¬
time data.

One must keep in mind, however, that the background

differential flux that is plotted is indeed a time average and

Figure 3-5.

Diagram displaying the peak energy shift of night

time ion events for the Apollo 14 SIDE from local sunset to
local sunrise.

Time progresses down the page in 12 hour seg¬

ments and energy increases to the right.

The third dimension

is the number of events per lunation with a particular peak
energy.

A scale to measure this number from the plot is

given in the lower right hand corner.

Figure 3-6.

Diagram displaying the peak energy shift of night

time ion events for the Apollo 15 SIDE from local sunset to
local sunrise.

Figure 3-7.

Same format as figure 3-5.

Twenty minute averaged differential flux energy

spectrum for a nighttime ion event peaking in the 250 eV/q
energy channel.

The background flux represents an average

counting rate of 0.19 counts per energy channel.

This parti¬

cular event occured 4 days after local sunset.

Figure 3-8.

Twenty minute averaged differential flux energy

spectrum for an event in the 750 eV/q energy channel.

The

background flux represents an average counting rate of 0.11
counts per energy channel.

This event occured 4 days before

local sunrise.

Figure 3-9.

Twenty minute averaged differential flux energy

spectrum for an event peaking in the 1000 eV/q energy channel.
The background flux represents an average counting rate of
0.23 counts per energy channel.
before local sunrise.

This event occured 4 days
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not necessarily the same in each energy channel.

Figure 3-8

shows what appears to be a double peaked spectrum with energy
peaks in the 100 and 750 eV/q energy channels.

What is actu¬

ally the case is that the background differential flux computed
from the background channels is in all probability too low.

•

If the real background flux represented an average counting
rate of 0.23 counts instead of 0.11 counts, then the spectrum
above the background would not be double peaked.
One notices from figures 3-4, 3-7, 3-8, and 3-9 that,
when an event occurs, the differential flux in the energy
channels where an event is present is of the order of 10^ ions/
2
cm -sec-ster-eV. Integration over the entire spectrum above
the background for an event the yields an integral flux on the
of 10^ ions/cm^-sec-ster.

This flux is less than the solar

wind flux by 2 orders of magnitude.
There are a few.scattered cases when either the Apollo
14 or Apollo 15 SIDE observes a mono-energetic nighttime ion
spectrum in either the 250 or 500 eV/q energy channel (figure
3-10).
sunrise.

These events always occur 2 to 3 days prior to local
The error bars on the peak in figure 3-10 are so

small because this particular event was continuous at the same
flux throughout almost the entire twenty minutes the event was
averaged over.
The occurence of a nighttime ion event is characterized
by a sharp increase in the counting rate, in the characteris¬
tic energy channels, at the onset and a sharp decrease in the
counting rate at the end.

There is no noticeable rise or de¬

cay of the counting rate.

Figure 3-11 displays the ten minute

averaged counting rate for twenty four hours in the 250, 500,
750, 1000, and 1250 eV/q energy channels.

The particular

events plotted were seen by the Apollo 15 instrument on day
65 of 1973.

These ion events occured six days prior to local

Figure 3-10.

Twenty minute averaged differential flux energy

spectrum for a mono-energetic nighttime ion event in the 250
eV/q energy channel.

The background flux represents an aver¬

age counting rate of 0.21 counts per energy channel.

This

event occured 3 days before local sunrise.

Figure 3-11.

A plot of the ten minute averaged counting rate

for 24 hours in the 250, 500, 750, 1000, and 1250 eV/q energy
channels.
the events.

Shaded regions indicate the time and duration of
These particular events occured at the Apollo 15

ALSEP site 6 days before local sunrise.

238d 8h 6m

APOLLO 15 1971

FIGURE 3-10

FIGURE 3-11

LOG (AVERAGE COUNTS/IO MINUTES)
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sunrise.
Figure 3-11 also demonstrates the fact that the night¬
time ion events are short lived.

The duration of nighttime

ionevents is most often 4 hours or less and normally on the
order of minutes.

Table 3-1 tabulates the number of events

of a particular duration for both the Apollo 14 and Apollo 15
instruments.

The long lived ion events listed in Table 3-1

are normally a superposition of a number of shorter events.
The lunar night is very quiet except for the occurence
of a nighttime ion event.

It is therefore extremely easy to

detect the presence of an event.

Near the terminator regions,

the SIDE also observes bow shock protons (Benson [1974]).

The

energy spectrum of nighttime ions is entirè-ly different from
bow shock protons (figure 3-12).

We can safely state, there¬

fore, that the source mechanism for these two types of ion
events is different.

Figure 3-13 gives a clear indication of

the difference between nighttime ions and bow shock protons.
The bow shock protons are seen in figure 3-13 as the high en¬
ergy shoulder that starts .just before sunrise.

Also seen in

figure 3-13, starting at about sunrise, are low energy ions.
These ions are a result of the negative surface potential near
the terminator (Lindeman et al. [1973]).
As mentioned earlier, nighttime ion events may occur at
any time between local lunar sunset and local lunar sunrise.
Nighttime ion events are not just confined to the lunar night¬
time.

There a few rare cases where the SIDE observes a mono-

energetic 500 eV/q ion peak that begins prior to the sunrise
terminator crossing and persists until the moon enters the
earth's magnetosheath.

This phenomenon will be discussed fur¬

ther in a later section.
There is a preference for nighttime ion events to occur

TABLE 3-1
NUMBER OF EVENTS OF A PARTICULAR DURATION

DURATION

APOLLO 14

APOLLO 15

0 to 1 hours

50

49

1 to 2

27

31

2 to 3

9

21

3 to 4

18

17

4 to 5

9

13

5 to 6

8

7

6 to 7

7

4

7 to 8

11

9

8 to 9

2

6

9 to 10

0

4

10 to 11

1

0

11 to 12

4

2

12 to 13

0

1

13 to 14

2

1

14 to 15

0

2

15 to 16
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Figure 3-12.

Two bow shock proton spectra averaged over

twenty minutes.

These bow shock proton spectra occured about

1 day from the bow shock on either side of the magnetosphere.
Dusk and dawn refer to a terrestrial coordinate system.

The

integral fluxes were obtained by integrating over the spectrum
that is above background.

Note the obvious difference between

these spectra and the nighttime ion spectra (Benson et al.
[1974]).

Figure 3-13.

A three-dimensional plot illustrating the posi¬

tive nighttime ion events and bow shock proton events.

The

energy channel scale is not a linear scale, the corresponding
energy channels measure the following energies: 10, 20, 30,
50, 70, 100, 250, 500, 750, 1000, 1250, 1500, 1750, 2000, 2250,
2500, 2750, 3000, 3250, and 3500 eV/q.

The z-axis is the

logarithm of the average counting rate over a twenty minute
time interval.

The y-axis is the time axis proceeding posi¬

tively up the page.

One unit on the y-scale is 24 hours and

one spectrum represents a twenty minute average of the data.
This particular plot starts about 13 days after local sunset.
The low energy ions seen near the end of the plot are termina¬
tor ions and are only seen at the terminators.

BSP, NIE, and

TI are abbreviations for bow shock protons, nighttime ion
events, and terminator ions respectively (after Schneider and
Freeman [1975]).
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most often 1 to 6 days before local sunrise with a peak 2 to
3 days before local sunrise.

There is also a secondary peak

3 to 4 days after local sunset (figure 3-14).

The time scales

for the data from the Apollo 14 and Apollo 15 SIDE 's are ad¬
justed in figure 3-14 such that local sunset for both instru¬
ments coincides.

It can be seen from figure 3-14 that both

the Apollo 14 and Apollo 15 SIDE 's exhibit roughly identical
frequency of occurence profiles.
One noticeable feature of figure 3-14 is the minimum of
zero activity just before local midnight for both SIDE's.
At this position, the SIDE is looking in the anti-solar direc¬
tion and right in to the middle of the plasma "cavity".
The peak counting rate of the nighttime ion events also
has a profile that is a function of time after sunset (figure
3-15).

The error bars are large on the data points, but the

peak counting rate profile has a similar shape as the frequency
< of occurence profile.

The two peaks in the counting rate pro¬

file coincide with the two peaks in the activity profile at
2 days before sunrise and 3 days after sunset.
It is interesting to note that near the local sunset ter¬
minator, the Apollo 14 and Apollo 15 SIDE 's look 15° away
from the plasma flow.

At the local sunrise terminator, the

two instruments look 15° towards the plasma flow (figure 3-16).
From figure 3-14 one sees that the secondary activity peak at
3 days after local sunset is very much smaller than the primary
activity peak at 2 days prior to local sunrise.

These factors

suggest that there is a greater probability of observing an
event by the SIDE when the look direction of the SIDE is per¬
pendicular to the plasma flow than when it is not.

If this

hypothesis is indeed the case, then the Apollo 12 SIDE would
be expected to exhibit a frequency of occurence profile with
the primary peak at 3 to 4 days after local sunset and the

Figure 3-14.

The average number of nighttime ion events per

lunation for a 12 hour segment as a function of time after
local sunset.

The data is adjusted to local sunset for both

the Apollo 14 and Apollo 15 SIDE'S.

This adjustment was per¬

formed because sunset occurs 2 days earlier at the Apollo 15
ALSEP site than at the Apollo 14 ALSEP site.
outward from the center.

Activity increases

Note that the primary activity peak

is much stronger than the secondary peak.

Note also that the

Apollo 15 SIDE is more active than the Apollo 14 SIDE.

Figure 3-15-

The average counting rate per lunation for a

12 hour period as a function of time after local sunset for
the Apollo 14 SIDE.

Note that this graph exhibits the same

behavior as figure 3-14.

Figure 3-16.

Look directions of the Apollo 12, Apollo 14,

and Apollo 15 instruments at local sunset, local midnight, and
local sunrise.

Note that at local sunset the Apollo 12 instru¬

ment looks 15° towards the plasma flow and the Apollo 14 and
Apollo 15 SIDE'S look 15° away from the flow.
is reversed at local sunrise.

The situation

The separation between each

set of look directions is one day.
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secondary peak 2 to 3 days prior to local sunrise.

This be¬

havior would be expected since that at the same lunar local
time, the look direction of the Apollo 12 SIDE points 30°
away from the look directions of the Apollo 14 and Apollo 15
SIDE'S.

Figure 3-16 clearly illustrates this point.

The selenographic coordinates of each ALSEP site were
given in section 2.4.

One notices that the Apollo 14 site is

separated from the Apollo 15 ALSEP site by approximately 20°
of longitude.
rotation.

Twenty four hours corresponds to 12.2° of lunar

Therefore, any particular lunar local time at the

Apollo 15 ALSEP site occurs almost two days before the same
lunar local time at the Apollo 14 ALSEP site.

Combining this

fact and similarity in the frequency of occurence profiles
(figure 3-14) leads directly to the conclusion that the occur¬
ence of nighttime ion events depends on lunar local time
rather than on a position in lunar orbit.

3.3

CORRELATION WITH KD

One possible explanation for the source of nighttime ions
is that they are deviated solar wind particles.

One method

of checking this hypothesis is to see if there is any correl¬
ation of nighttime ion events with solar wind parameters.
Since solar wind data is not readily available, an alternative
value to use is the geomagnetic activity index Kp.
Scientists have recently confirmed a direct correlation
of the following solar wind parameters with an increase in Kp
(reviewed by Hundhausen [1970]):
1.

An increase in the solar wind speed (Ballif et al.
[1969] ) .

2.

An increase in the magnitude of the interplanetary
magnetic field (Schatten and Wilcox [1967]).
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3. Fluctuations in the interplanetary magnetic field
(Rostoker and Falthammer [1967]).
4. An increase in the southward component of the inter¬
planetary magnetic field (Schatten and Wilcox [1967]).
However, the mechanism by which the solar wind influences
and changes Kp is not generally agreed upon (Brandt [1970]).
There are two major limiting factors in using Kp to study
the solar wind interaction problem.

Firstly, the only values

of Kp available are three hour averages, where a time resolu¬
tion of a few minutes is really needed.

Secondly, Kp only

gives an average value for the level of geomagnetic activity
and it does not distinguish between types of geomagnetic events.
If it is possible to correlate nighttime ion events with
Kp, then one would be able to state that nighttime ions are
in some way correlated with the solar wind or geomagnetic
activity.
A thorough study of the Kp correlation problem was only
carried out for the first eleven lunations of the Apollo 14
SIDE (February 1971 to December 1971).

A cursory examination

of Kp and the Apollo 15 data indicate that the behavior was
the same for both instruments.
The first attempt at Kp correlation was to determine if
Kp was correlated with the activity profile of Apollo 14 (fig¬
ure 3-14).

The fifteen days of lunar night were divided in

to 12 hour periods and then the average Kp for each 12 hour
period was calculated.

The total Kp for a particular period

was then compared with the average number of nighttime ion
events per lunation for that period.

Figure 3-17 gives the

results and shows that there is little or no Kp correlation.
The next attempt at Kp correlation was to see if Kp was
correlated with the duration or the peak energy of the night¬
time ion events.

Again, the results were negative (see figures

Figure 3-17.
Kp.

The average number of events per lunation vs.

The correlation coefficient r = 0,1588.
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3-18 and 3-19).
A final attempt at ascertaining if there is a correlation
with Kp was to check on the relationship between the total
counting rate and Kp-

Total counting rate is directly related

to the integral flux, so this attempt is also a check on inte¬
gral flux as a function of Kp.

First the total counting rate,

for a twenty minute average, was checked as a function of Kp
for the entire lunar night (see figure 3-20).
correlation with Kp was found.

Little or no

The next step was to take out

the effect of the orbital position of the moon from the data.
The orbital effect was removed by looking at a particular per¬
iod in the orbit.

The time interval 2 to 3 days prior to local

sunrise (i. e. the most active time period in the lunar night)
was divided in to 3 hour time segments to coincide with the 3
hour averages of Kp.

The total counting rate observed by the

Apollo 14 SIDE was then compared with the Kp for the same 3
hour period in the 11 consecutive lunations (figure 3-21).
Again, as in the other cases, there was found to be little or
no corrélation with Kp.
As was mentioned earlier in this chapter, the SIDE some¬
times observes a mono-energetic spectrum centered in the 500
eV/q energy channel that is observed to continue through the
sunrise terminator region and on up to the magnetosheath cross¬
ing (figure 3-22).

This particular event is only observed

with the Apollo 15 SIDE and it only occured in 4 lunations out
of the 19 lunations that were studied.
This 500 eV/q "ridge" is different in appearance from
nighttime ion events in that it is not burst of ions that char¬
acterizes nighttime ion events and its differential flux is
constant over a relatively long period of time (figure 3-22).
A cursory comparison of the occurence of this phenomenon
and Kp indicates that this type of ion event is absent during

Figure 3-18.

The duration of an event vs. Kp.

The correlation

coefficient r = -0.084.

Figure 3-19.

The peak energy of an event vs. the average Kp.

There appears to be no correlation.

Figure 3-20.

Total average counting rate per 20 minutes for

a 3 hour Kp interval vs. Kp.

The correlation coefficient

r = 0.0732.

Figure 3-21.

Total average counting rate per 20 minutes for

a 3 hour Kp interval for a particular 3 hour interval during
the lunar night vs. Kp.

Figure 3-22.

The correlation coefficient r = -0.0265.

Figure similar in format to figure 3-13.

Note

the steady mono-energetic 500 eV/q "ridge" that continues on
up to the magnetosheath.

BSP and MS are abbreviations for bow

shock protons and magnetosheath respectively.
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disturbed periods, i. e. Kp > 3.

This information indicates

that this type of ion event is of a different nature than the
nighttime ion events.
In summary, the correlation with Kp was found to be ex¬
tremely marginal for the following quantities:
1. The frequency of occurence of an event.
2. The duration of an event.
3. The peak energy of the counting rate spectrum of an
event.
4. The total counting rate or integral flux of an event.
Therefore, nighttime ion events are not related to geomagnetic
activity, but they may be related to a single solar wind par¬
ameter.

3.4

This fact has yet to be determined.

OBSERVATIONAL CONCLUSIONS

The characteristics of nighttime ion events may be sum¬
marized as follows:
1. Nighttime ion events occur more often at the Apollo
15 site than at the Apollo 14 site.
2. The range of energies of nighttime ion events is from
250 to 1000 eV/q peaking most often in the 500 ev/q
energy channel.

The average solar wind energy is 800

eV, which corresponds to a solar wind velocity of
about 400 km/sec.

It was mentioned in Chapter 1 that

the velocity of the solar wind may vary from 200 to
900 km/sec.

These velocities correspond to peak solar

wind energies ranging from 200 eV to 4200 eV.

This

energy range is sufficient to overlap the energies of
nighttime ion events.

Figure 1-1 is a counting rate

spectrum for the solar wind and thus it can not be
compared to a differential flux energy spectrum of a
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nighttime ion event without knowing the geometric
factor of the Vela 3 detector.

It will be interest¬

ing to compare concurrent differential flux enrgy
spectra for the solar wind and nighttime ion events
to see how far the peak energy is shifted, if at all.
3. The differential flux energy spectrum (figure 3-23)
of a nighttime ion event is sharply peaked about the
central energy like the solar wind.

The integral

flux of nighttime ions is also down by 2 orders of
magnitude from the solar wind.
4. The peak energy of nighttime ion events statistically
shifts from 500 ev/q at local sunset to 750 eV/q just
after local midnight to 250 eV/q in the pre-dawn hours
5. A nighttime ion event appears to be a burst of ions
rather than a rising or decaying ion flux.

Nighttime

ion events last for only a short period of time, usual
ly less than one hour.

This behavior is indicative

of highly directional ion fluxes.

Therefore, an iso¬

tropic mixing of plasma in the plasma cavity near the
lunar surface seems unlikely.
6. Nighttime ion events may be seen at any time during
the lunar night except near local midnight.

There

are two activity peaks, a primary peak 2 to 3 days
before local sunrise, and a very weak secondary peak
3 to 4 days after local sunset.

Figure 3-24 shows

the region where the primary peak occurs.

This region

is broadened in the figure because of the 2 day lag
between lunar local times at the 2 ALSEP sites.

Also,

because of this time lag, there are never any simul¬
taneous events observed by the Apollo 14 and Apollo
15 SIDE's.
The counting rate of the Apollo 14 SIDE also increases

Figure 3-23.

Twenty minute averaged differential flux energy

spectrum for an event where the differential flux spectrum
peaks in the 500 eV/q energy channel.

The background flux

represents an average counting rate of 0.18 counts per energy
channel.

This event occured 4 days after local sunset.

Figure 3-24.

Lunar orbit showing the look directions of the

three SIDE instruments with respect to the earth-moon system.
The area of greatest activity of nighttime ion events is in¬
dicated.

The region appears broad because it is a superposition

of the data from the Apollo 14 and Apollo 15 SIDE'S.

The bow

shock front and the magnetopause are drawn in for reference
(Schneider and Freeman [1975]).
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with increased activity resulting in a profile that has the
same general shape as the frequency of occurence profile.
These facts again argue that the occurence of a nighttime
ion event is a lunar local time dependent phenomenon.
7.

There is little or no correlation of nighttime ion
events with Kp.

Hence, these events can not related

to'the earth's magnetosphere.

3.5

DISCUSSION

Reasoner [1975] has observed electron fluxes on the nightside of the moon with the Charged .Particle Lunar Environment
Experiment (CPLEE) which he has classified in to three types
of events.
Type I electron events are only seen when an interplanet¬
ary magnetic field line connects the dark side of the moon
with the earth's bow shock front.

These electron events have

been labeled as bow shock electrons.
Type II electron events are lower intensity than Type I
and are uncorrelated with both the interplanetary magnetic field
and Kp.

Reasoner theorizes that the source of these electrons

is the weak shock 4 to 5 lunar radii downstream from the moon
that was first modeled by Michel [1968].
The third type of electron fluxes, Type III, are only ob¬
served in the lunar terminator regions and are absent when Kp
is 1+ or less.

Reasoner speculates that Type III electrons

are due to solar wind electrons which have been thermalized
and scattered to the lunar surface by lunar limb shocks.
Since Reasoner's Type II electron fluxes are uncorrelated
with Kp and occur sporadically throughout the lunar night, they
may be associated with nighttime ion events.

However, the en¬

ergies of Type II electrons range from 90 to 120 eV, which is
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too low to match the energies of nighttime ions.

Freeman and

Ibrahim [1974] suggest that the lunar surface potential may
be as negative as -100 volts on the nightside of the moon.
If this is indeed the case, then any electrons in the vicinity
of this potential will lose energy before reaching the moon,
and any ions will gain energy before reaching the moon.

A

lunar surface potential of -100 volts would imply initial elec¬
tron energies of 190 to 220 eV and initial nighttime ion ener¬
gies of 150 to 900 eV/q.

This potential is sufficient to cause

an overlap of electron and ion energies.

It is possible, there¬

fore, that the source mechanism for Type II electrons and night¬
time ions is the same.

One problem in checking the validity

of this statement is the fact that Reasoner has analyzed only
six or seven months of nighttime electron data (private communi¬
cation) .

Therefore, a statistical statement about Type II elec¬

trons can not be made.
Because the characteristic energies of nighttime ion events,
even after being accelerated by a possible -100 volts lunar
surface potential, are still close to the solar wind energies,
the source of these ions is probably the solar wind.

This

source is further suggested by the lunar local time dependence
of the phenomenon.

These ions probably represent solar wind

plasma that has moved in, perhaps by turbulence near the limbs,
to partially fill the plasma void behind the moon.
As mentioned earlier in Chapter 1, Wu and Dryer [1972]
predict a small but finite ion density in the plasma void be¬
hind the moon.

Making the assumptions that the source of the

nighttime ions is in the region of the number density contour
n/nGO = 10

(figure 1-9), that nighttime ions are primarily

protons, and that the most probable ion energy is 500 eV/q,
then one arrives at an integral flux that could reach the moon
on the order of 10^ ions/cm^-sec.

This number is fairly close
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to the integral flux computed for nighttime ion events (“10^
ions/cm^-sec-ster).

The only problem encountered in trying to

fit this theory to the data is that Wu and Dryer do not predict
flow directions that would cause particles to be incident on
the dark side of the moon (see figure 1-10).
One must keep in mind that the Wu and Dryer model used
the kinetic theory approach and not fluid flow to arrive at
the number density profiles and flow directions for the lunar
interaction problem.

Their predicted flow directions will

change if a fluid flow approach is taken.
Supersonic flow past an obstacle creates a shock wave up¬
stream of the obstacle.

Since there is no detectable lunar

bow shock, a subsonic fluid flow approach to the moon-solar
wind interaction problem may be valid.

Figure 3-24 illustrates

subsonic fluid flow past a smooth and a rough circular cylinder.
In both cases, a wake is formed where the direction of fluid
dlow is reversed causing fluid to impact the back side of the
obstacle.

Since the moon is obviously not smooth, it most likely

responds as the rough cylinder (Case 2) in figure 3-25.
It is interesting to note that these nighttime ions may
form part of a positive ion sheath that is required by the
highly negative lunar surface potential on the night side of
the moon (figure 3-26).

If this ion sheath is the only source

of nighttime ions and assuming that their initial energies are
small or zero, then the energies detected by the SIDE during
lunar night may give an alternative measure of the negative
lunar nighttime surface potential.

This approach is only valid

if the ionic charge composition of nighttime ions is known.
Summarizing, there is no satisfactory explanation of night¬
time ion events as of yet.

Further analysis of the data will

determine in the Wu and Dryer model completely describes the
SIDE 's observations.

Figure 3-25 »
cylinder.

Diagram illustrating subsonic flow past a circular

Case 1 is for a smooth cylinder giving rise to lam¬

inar separation.

Case 2 is for a rough cylinder giving rise

to turbulent separation.

The graphs under each figure plot

the fluid pressure as one moves along the surface of the cylin¬
der from A to S.

Note that the pressure drag for a rough

cylinder is less than for a smooth cylinder.

Also note the

reversal of the flow direction in the wake (John and Haberman
[1971] ) .

Figure 3-26.
moon.

The electric charge distribution on and near the

Note the positive ion sheath on the night side of the

moon (Freeman and Ibrahim [1974]).

Case

Case 2

FIGURE 3-25
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3.6

TOPICS FOR FURTHER INVESTIGATION

There are several avenues for further investigation of
this phenomenon.

They are summarized as follows:

1. The data from the Apollo 12 SIDE has been relatively
untouched.

It will be interesting to see if, in fact,

the Apollo 12 SIDE data exhibits a mirror image of the
frequency of occurence profile observed by the Apollo
14 and Apollo 15 SIDE'S.

Since the Apollo 12 and the

Apollo 14 ALSEP are relatively close to one another
(138 km), there will, in all probability, be some
nighttime ion events that aire simultaneously observed
by both the Apollo 12 and Apollo 14 SIDE'S.

This new

data will give some information as to whether the
nighttime ion flux is isotropic or anisotropic.

If

the flux is anisotropic, then the comparison of data
from the Apollo 12 and Apollo 14 SIDE 's will indicate
if there is an east-west component to the ion flux.
2. An important comparison that has yet to be made is
whether the nighttime ion events are in any way cor¬
related with the either the magnitude or direction of
the interplanetary magnetic field.

The theoretical

models mentioned in Chapter 1 indicate that the shape
of the moon's wake is a function of the interplanetary
magnetic field.
3. Some important questions that have yet to be answered
are :
a. Why is there an asymmetry in the activity profile?
b. Why are some lunations more active than others?
c. Why are nighttime ion events short lived?
d. Why is there a peak energy shift as a function of
lunar local time?
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e. Why is there a minimum in the activity profile
prior to local midnight?
f. What causes the apparent shift towards local sun¬
rise of the occurence of the events exhibited in
figures 3-1 and 3-2?
4.

Finally, a model must be chosen that adequately accounts
for the observations.
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