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10. Charged-Particle Lunar Environment Experiment

Brian J. O’Brien*t and David L. Reasoner”®

Purpose of the Experiment

The primary scientific objective of the charged-
particle lunar environment experiment (CPLEE)
is to measure the fluxes of charged particles (elec-
trons and ions) with energies ranging from 50 to
50000 eV that bombard the lunar surface. The
following list illustrates the wide variety of
phenomena that may be responsible for these
particles:

(1) Relatively stable plasma population in the
magnetospheric tail including the so-called plasma
sheet ‘and neutral sheet (ref. 10-1)

(2) Transient particle fluxes in the magneto-
spheric tail resulting from such phenomena as
geomagnetic substorms and particle-acceleration
mechanisms similar to those that produce auroras
(ref. 10-2)

(3) Plasma in the transition region between
the magnetospheric tail and the shock front

(4) The solar wind, and particles resulting
from the interaction between the solar wind and
the lunar surface (refs. 10-3 and 10-4)

(5) Solar cosmic rays, those particles thrown
into interplanetary space by solar-flare eruptions

(6) Photoelectrons at the lunar surface pro-
duced by the interaction of solar photons with
the lunar-surface material

(7) “Artificial events”; for example, particles
produced by the impact of the lunar module (LM)
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Thus, in one sense the Moon serves as a satel-
lite to carry the CPLEE instrument through vari-
ous regions of space, and in another sense the
CPLEE is a detector of phenomena resulting from
the interaction of radiation with the lunar surface.

Summary of Observations

In conjunction with the preceding list of sci-
entific objectives, the following preliminary ob-
servations have been noted:

(1) Detection of stable, low-energy photoelec-
tron fluxes at the lunar surface

(2) Observation of plasma clouds produced by
the impact of the Apollo 14 LM ascent stage

(3) Observations of rapidly fluctuating, low-
energy (50 to 200 eV) electrons in the magneto-
sheath and magnetospheric tail

(4) Detection of fluxes of medium-energy elec-
trons, with durations of a few minutes to some
tens of minutes, deep within the magnetospheric
tail

(5) Observation of electron spectra in the mag-
netospheric tail remarkably similar to electron
spectra observed above terrestrial auroras

(6) Observation of rapid time variations (10
sec) in solar-wind fluxes observed in interplanetary
space

Theoretical Basis

The objectives of the CPLEE are to measure
the proton and electron fluxes at the lunar sur-
face and to study their energy, angular distribu-
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tions, and time variations. The results of these
measurements will provide information on a vari-
ety of particle phenomena, important both in
themselves and for their relevance to lunar-surface
properties.

A category of radiation exists that may periodi-
cally envelop the Apollo lunar-surface experi-
ments package (ALSEP) at the times of the full
Moon, when it is in the magnetospheric tail of the
Earth, which is swept downstream like a comet
tail by the solar wind. It has been speculated (ref.
10-2) that the electrons and protons that cause
auroras when they plunge into the terrestrial at-
mosphere are accelerated in the magnetospheric
tail. Indeed, it has been shown (ref. 10-5) that the
ultimate source of auroral particles is the Sun
and furthermore that an almost-continuous re-
plenishment of the magnetospheric-particle popu-
lation is necessary to sustain the observed auroral
fluxes (ref. 10—6). The mechanisms that accelerate
these particles to auroral energies are not under-
stood, and simultaneous observations near the
Earth and near the Moon are essential for de-
tailed study of their general characteristics and
morphology.

The solar wind may occasionally strike the
surface of the Moon. The wind is caused by the
expansion into interplanetary space of the very hot
outer envelope of the Sun. The stream apparently
carries energy and perturbations toward the Earth-
Moon system; consequently, the solar wind may
be the source of energy that leads to such terres-
trial phenomena as auroras and Van Allen radia-
tion. For this study, the Moon would serve as an
excellent stable observation post in space.

However, apparently the pure interplanetary
solar wind does not always hit the lunar surface
(ref. 10-3). Because the solar wind is supersonic
and because the Moon is sufficiently large to prove
an obstacle to the flow of the wind, it is possible
that, at times, there is a standing shock front. To
date, the only such phenomenon observed is
caused by the terrestrial magnetic field, which
hollows out a cavity in the solar wind. The detailed
physical processes that occur at such shock fronts
are not understood fully, and they are of con-
siderable fundamental interest in plasma research.
If, occasionally, such a shock front exists near the

Moon, the CPLEE will observe the disordered (or
thermalized) fluxes of electrons and protons that
share energy on the downstream side of the shock.
Apparently, the “shadowing” of the solar wind
by the lunar surface, causing a plasma “void” on
the dark side, is the most frequently occurring
situation (ref. 10--3).

The instrument can also measure the lower
energy solar cosmic rays occasionally produced
in solar eruptions or flares. To observe these low-
energy particles, the experimental packages must
be placed beyond the reach of the modifying effects
of an atmosphere and a magnetic field such as
exists on Earth. The Moon is an excellent plat-
form for such studies because both the atmosphere
and magnetic field are so relatively negligible.

The sunlit lunar surface may be a veritable sea
of low-energy photoelectrons generated by solar
photons striking the surface. If such electrons are
present, the CPLEE, with the capability to detect
electrons with energies down to 40 eV, will be in
an excellent position to study them. Studies of any
such photoelectron layer are important in de-
ducing surface properties related to photoemission
and in gaining indirect information about lunar-
surface electric fields.

Observations of the charged-particle environ-
ment of the Moon are of interest also, not merely
for its own sake but because such particles affect
the lunar environment. They may cause lumines-
cence or coloration effects on the lunar surface.
The charged particles may also sweep away a
large proportion of the lunar atmosphere. Further-
more, they constitute a very important proportion
of the electrical environment, and they may, for
example, nullify electrostatic effects that would
otherwise occur on the lunar surface.

Equipment

Description of the Instrument

The CPLEE consists of a box supported by
four legs. The box contains two similar physical
charged-particle analyzers, two different program-
able high-voltage supplies, twelve 20-bit accumu-
lators, and appropriate conditioning and shifting
circuitry. The total weight on Earth is approxi-
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Ficure 10-1.—The CPLEE deployed on the lunar sur-
face. Photograph illustrates the absence of dust con-
tamination and the east-west alinement of the CPLEE.

mately 2.7 kg (6 1b), and normal power dissipa-
tion is 3.0 W rising to approximately 6 W when the
lunar-night survival heater is on. The CPLEE is
shown deployed on the lunar surface in figure
10-1.

Each physical analyzer contains five C-shaped
channel electron multipliers with a nominal aper-
ture of 1 mm each and one helical channel electron
multiplier with a nominal aperture of 8 mm. These
are shown schematically in figure 10-2 and an
actual analyzer is shown in figure 10-3.

The channel electron multiplier is a hollow glass
tube, the inside surface of which, when bombarded
by charged particles, ultraviolet light, etc., is an
emitter of secondary electrons. In the CPLEE,
the aperture of each electron multiplier is operated
nominally at ground potential (actually at 16 V),
while a voltage of 2800 or 3200 V (selected by
ground command) is placed on the other (ie.,
anode) end. Thus, if an incident particle enters
the aperture and secondary electrons are pro-
duced, these are accelerated and hit the walls to

peflection plates

Electron multipliers

FIGURE 10-2.—Schematic sketch of the CPLEE physical
particle analyzer, showing the deflection plates and
channel electron-multiplier stack.

FiGUuRE 10-3.—The CPLEE physical particle analyzer.

generate more secondary electrons, so that a mul-
tiplication to an order of 10" is achieved by the
time the pulse arrives at the anode. After condi-
tioning, pulses from each electron multiplier are
accumulated in a register for later readout as
described in the following paragraphs.

As shown in figure 10-2, incident particles
enter an analyzer through a series of slits and then
pass between two deflection plates across which
a voltage can be applied. Thus, at a given deflec-
tion voltage, the five small-aperture electron mul-
tipliers make a five-point measurement of the
energy spectrum of charged particles of a given
polarity (e.g., electrons), while, simultaneously,
the large-aperture electron multiplier makes a



196 APOLLO 14 PRELIMINARY SCIENCE REPORT

single wideband measurement of particles with
the opposite polarity (e.g., protons). The advan-
tages of simultanecously measuring particles of
opposite polarity and of simultaneous multiple-
spectral samples are considerable in studies of
rapidly varying particle fluxes.

The CPLEE particle analyzer is quite similar
to the switched proton electron Channeltron spec-
trometer (SPECS) (ref. 10-6) and, in fact, the
SPECS instrument was the prototype of the
CPLEE anlyzer. The capability of the SPECS,
and thus of the basic particle analyzer of the
CPLEE, was demonstrated by a series of sounding-
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FicUrRe 10-4.—Deflection-voltage stepping sequence of
the CPLEE in the automatic mode. At the +4-0 step,
the background level is measured and at the —0 step,
a test oscillator is injected into the accumulators.

rocket flights in 1967 and 1968 (refs. 10-1 and
10-5) and on the Rice University-Office of Naval
Research satellite Aurora 1 (refs. 10-7 and
10-8.

In the CPLEE, the deflection-plate voltage, in
the normal mode, is stepped in the sequence shown
in figure 10-4. As a consequence, the energy pass-
bands shown in figure 10-5 are sampled. Although
data acquired by the six sensors are not trans-
mitted simultaneously, the six sensors are con-
nected to six accumulators for exactly the same
time (viz, 1.2 sec) and the contents transferred
to shift registers for later sequential transmission.

Two analyzers, A and B, point in the directions
shown in figure 10-6. The same deflection voltage
is applied to each analyzer simultaneously, with
counts from 1.2-sec accumulation time of analyzer
A being transmitted while counts from analyzer
B are accumulating. Thus, each voltage is
normally on for 2.4 sec with the result that the
total cycle time is 19.2 sec (fig. 10-4), when
allowance is made for two sample times when the
deflection voltage is zero. On one of those two
occasions, counts are accumulated as usual to
measure background or contaminating radiation.
On the other occasion, a pulse generator of about
375 kHz is connected to the accumulators to
verify operation.

The command link with the ALSEP provides
a variety of options for CPLEE operation. Aside
from the usual power commands common to all
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FiGURE 10-5.—Rectangular equivalent energy passbands of the CPLEE.
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FiGURE 10-6.—Sketch of the CPLEE, showing the fields
of view and the look directions of the physical analy-
Zers.

ALSEP experiments, three commands are pro-
vided that allow the normal automatic stepping
sequence to be modified. The sequence can be
stopped and then the deflection plate supply can
be manually stepped to any one of the eight pos-
sible levels. This is done to study a particular
phenomenon (e.g., low-energy electrons) with
higher time resolution (2.4 sec). A second set of
commands allows the electron-multiplier high-
voltage supply to be set at either 2800 or 3200 V.
The higher voltage is used in the event the
electron-multiplier gains decrease during lunar
operations. A third pair of commands allows the
normal thermal-control mode to be bypassed in
the event of failure of the thermostat, thus offering
manual control of the heaters.

The CPLEE apertures are covered with a dust
cover to avoid contamination during deployment
and, particularly, during LM ascent (ref. 10-9).
The dust cover was made doubly useful because
a “Ni radioactive source was placed on the under-
side over each aperture. Thus, the sensors were
proof calibrated on the Moon, and the data com-
pared with measurements made in the same way
with the same system when the unit was last cali-
brated on Earth.

Calibration

Calibration of the CPLEE was extensive and
will be described briefly in this report. The major
portion of the calibration was performed with an
electron gun that fired a large, uniform beam of
electrons of adjustable energy levels, monoener-
getic to approximately 2 percent. Under the con-
trol of a computer, the instrument was tilted at
various angles to the beam. The computer stored
the count rates of each channel at each angle and
electron energy level as well as the beam current
measured by use of a Faraday cup. The absolute
geometric factors were then computed from the
several million accrued measurements. In addi-
tion, the *Ni sources were used as broadband
near-isotopic  electron sources for standard
calibrations.

In practice, the exact passbands were derived,
rather than the rectangular equivalent passbands
of figure 10-5. However, the finer details, together
with information gained from measuring suscep-
tibility to ultraviolet light and to scattered elec-
trons, can be shown to be negligible for this
preliminary study.

Deployment

The CPLEE was deployed with no difficulty at
approximately 18:00 G.m.t. on February 5, 1971,
Leveling to within 2.5° and east-west alinement
to within #=2° were to be accomplished with a
bubble level and a Sun compass, respectively.

It has since been determined by a careful study
of the lunar photographs and a comparison of
predicted and actual solar ultraviolet response
profiles that the experiment is 1.7° off level, tipped
to the east, and 1° away from a perfect east-west
alinement. This error is well within the preflight
specifications. Furthermore, the photograph (fig.
10-1) shows no visible dust accretion on the
exterior surfaces.

Operation of the Experiment

The CPLEE was first commanded on at 19:00
G.m.t., February 5, during the first period of
extravehicular activity for a brief functional test
of 5-min duration. All data and housekeeping
channels were active, and the instrument began
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operation in the proper initial modes (i.e., auto-
matic sequencer, on; electron-multiplier voltage
increase, off; and automatic thermal control, on).

A complete instrument checkout procedure was
initiated at 04:00 and continued until 06:10
G.m.t., February 6. During this period, data from
the dust-cover beta sources were accumulated and
compared with prelaunch calibrations. A partial
comparison is shown in a following section of this
report. Also during this period, all command func-
tions of the CPLEE were exercised except the
forced heater mode and dust-cover removal com-
mands. The instrument responded perfectly to all
commands. After the checkout procedure, the
CPLEE was commanded to the standby mode to
await LM ascent.

Following LM ascent, the CPLEE was com-
manded on at 19:10 G.m.t. and the dust cover was
successfully removed at 19:30 G.m.t., February
6. The CPLEE immediately began returning data
on charged-particle fluxes in the magnetosphere.

The instrument temperatures were carefully
and continuously monitored for 45 days after
deployment. It was found that the temperature
range was nominal, with the internal electronics
temperature ranging from 58° C at lunar noon to
—24° C during lunar night. The total lunar eclipse
of February 10 offered an excellent opportunity
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FiGure 10-7.—Temperature profile of CPLEE during
the total lunar eclipse of February 10.

to determine various thermal parameters and to
test the capability of the CPLEE to survive ex-
treme thermal shocks. A plot of the physical-
analyzer temperature during the eclipse is shown
in figure 10-7. The maximum thermal shock
occurred after umbra exit, with a temperature
change rate of 25° C/hr. Also from this figure, it
is possible to derive a thermal time constant of
approximately 1.9 hr. The CPLEE suffered no
ill effects from this period of rapid temperature
changes.

The command capability of the CPLEE was
used extensively during the 45-day real-time sup-
port period to optimize scientific return from the
instrument. Alternate 1-hr periods of manual op-
eration at the —35-V step and automatic opera-
tion have been used to concentrate on rapid
temporal variations in low-energy electrons.
Similarly, alternate periods of 350-V manual and
automatic operation have been used to focus on
rapid changes in magnetopause ions and the solar
wind. In fact, the manual operation capability and
the attendant 2.4-sec sampling interval made pos-
sible the detection of phenomena that would have
been impossible to detect otherwise because of
sampling problems and aliasing. Most of the de-
cisions concerning operational modes were based
on viewing the real-time data stream.

To date, the CPLEE has operated continuously
with all high voltages on except for one brief
period of approximately 15 sec when it was com-
manded to standby, and then back to on, to restore
automatic thermal gontrol at the termination of the
first lunar night. No evidence of high-voltage dis-
charge or corona has been observed.

Results

The following paragraphs are a detailed dis-
cussion of the scientific phenomena recorded by
the CPLEE and listed in the “Summary of Obser-
vations.” In many cases, these phenomena are
quite distinct, and hence each phenomenon, com-
plete with data, discussion, and conclusions, is
presented in following portions of this section.

Beta-Source Tesis

Abbreviated results of three separate beta-
source tests (with the CPLEE subjected to exci-
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TaBLE 10-I. Beta-Source Tests of the CPLEE
Readout on channel—
Calibration and date
1 2 3 4 5 6

Analyzer A:
Precalibration, Oct. 24, 1969................. 8.7 222 38.8 80.7 165.7 1280.5
Postcalibration, Jan. 20, 1970. .. ............. 8.2 18.9 38.5 86.6 205.7 1323.0
Postdeployment, Feb. 6, 1971................ 10.68 20.5 39.6 82.4 195.9 1259.0

Analyzer B:
Precalibration, Oct. 24, 1969. ................ 5.8 12.7 19.8 43.6 113.1 711.7
Postcalibration, Jan. 20, 1970, ............... 4.5 9.1 14.6 34.8 96.6 5719
Postdeployment, Feb. 6, 1971................ 7.68 12.0 17.8 354 90.0 763.8

tation by the *Ni beta sources mounted under the
dust cover) are presented in table 10-1. The tests
were conducted before the complete laboratory
calibration, immediately after the laboratory cali-
bration, and after lunar deployment. These tests
span an interval of approximately 15 months.
The counting rates tabulated are for deflection
voltages of —3500 V for channels 1 to 5 and
3500 V for channel 6, when the channels were
sensitive to electrons with energies between 5 and
50 keV. Variations in analyzer 4 are not more
-than 30 percent; with 4 to 6 percent being typical.
In analyzer B, there was a general trend of gain
loss between the precalibration and postcalibration
tests of approximately 20 percent, but there was a
partial recovery between the postcalibration test
and the postdeployment test. This effect is at-
tributed to the well-known characteristic of tempo-
rary electron-multiplier fatigue resulting from
exposure to high fluxes (e.g., during the calibra-
tion) and later recovery. This phenomenon has
been documented (ref. 10—10). These beta-source
tests show that no major changes occurred in the
electron-multiplier characteristics between calibra-
tion and deployment, and they verified the opera-
tion of CPLEE. The small variations in gain ob-
served are to be expected and are tolerable.

Photoelectron Fluxes

One of the most stable and persistent features
in the CPLEE data is the presence of low-energy

electrons when the lunar surface, in the vicinity
of the ALSEP, is illuminated by the Sun. It was
possible early in the mission to prove that these
fluxes were of photoelectric origin, by observing
the disappearance of the fluxes during the total
lunar eclipse of February 10. The counting rates
of channel 6 at 35-V deflection (sensitive to elec-
trons with 50 eV < E < 150 eV) of both
analyzers A and B before, during, and after the
eclipse are shown in figures 10-8 and 10-9. The
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FiGURE 10-8.—Counting rate of channel 6 of analyzer
A at 35 V, measuring electrons with energies between
50 and 150 eV for the period including the lunar
eclipse.
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FIGURE 10-10.—Energy spectrum of photoelectrons with
energies between 40 and 200 eV. The sketch on the
figure shows the geometry of CPLEE relative to the
lunar surface and to the direction of solar radiation.

flux is seen to correlate exactly with the presence
of illumination; and, during the eclipse, sporadic
bursts of electrons, presumably of magnetospheric
origin, occur with flux levels that are normally
undetectable because of the masking effect of the
photoelectrons.

The energy spectrum of these photoelectrons,
obtained from channels 1 to 5 at —35 V at a
period just before eclipse onset, is shown in figure
10-10 for both analyzers. As would be expected,
the spectrum is quite steep, as the CPLEE was
observing essentially a high-energy and possible
nonthermal tail of an electron distribution with an
average energy of approximately 2 eV. In fact,
the high-energy tail that was measured was almost
certainly nonthermal, because the spectrum be-
tween 40 and 100 eV can be represented by an
equation of the form

B = e | =E 2 |

where j(E) is electron flux in units of electrons/
cm® - sec *sre eV and j, is the flux at E =40 eV.
Clearly, this does not agree with a simple maxwel-
lian distribution at low energies with kT ~ 2 €V.
Two possible explanations for this discrepancy
exist: (1) Some process is acting to accelerate
part of the photoelectron gas; (2) the CPLEE
itself is at a positive potential with respect to the
surrounding lunar-surface average potential. The
second explanation is entirely possible in view of
the facts that the CPLEE is well insulated from
the lunar surface by fiber-glass legs and that the
photoemissive properties of the CPLEE and of
the lunar surface are almost certainly different. It
is hoped that this question will be resolved with
detailed studies of these photoelectron fluxes,
especially during periods of terminator crossings
and the eclipse.

It should also be noted that, although in one
sense the photoelectron fluxes are a contaminant
obscuring weak fluxes of magnetospheric origin
(fig. 10-8), they are valuable not only because
they furnish information of solar-radiation/lunar-
surface interactions but also because they furnish
a stable “calibration source” for monitoring long-
term changes in electron multiplier operating
characteristics. To put it another way, the photo-
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electrons offer a continuing “beta-source” test for
monitoring the performance of the instrument.

At certain angles between the Sun line and the
analyzer look directions, preflight ultraviolet-rejec-
tion tests showed enhanced counting rates because
of photoelectrons produced inside the analyzers.
The enhanced counts reported here must be due to
photoelectrons from the lunar surface because
both analyzers 4 and B recorded comparable
fluxes. It would be impossible for a single-point
ultraviolet source (e.g., the Sun) to produce such
similar counting rates in both analyzers.

LM Impact Event

On February 7, the Apollo LM ascent stage
impacted the lunar surface 66 km west of the

CPLEE. The terminal mass and velocity were
2303 kg and 1.68 km/sec, respectively, resulting
in an impact energy of 3.25 X 10™ J (sec. 6).
The LM contained approximately 180 kg of
volatile propellants, primarily dimethylhydrazine
fuel and nitrogen tetroxide oxidizer. For the pur-
pose of reference and orientation, figure 10-11 is
a lunar map showing the location of the impact
point relative to the Apollo 12 and 14 ALSEP
sites.

The counting rates of channel 6 of analyzer 4
(measuring ions with energies of 50 to 150
eV /unit charge) and channel 3 of the same ana-
lyzer (measuring negative particles with energies
of 61 to 68 €V) are shown in figure 10-12 from
00:44:53 to 00:48:55 G.m.t. on February 7.

FiGURE 10-11.—Lunar map showing the locations of the CPLEE and of the Apollo 14 LM
ascent-stage impact point.
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(Expanded view in fig. 10-14)
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Fi6URE 10-12.—Counting rates of channels 3 and 6 of
analyzer A at —35 'V, measuring 65-¢V negative parti-
cles and 70-€V ions, respectively, showing the particle
fluxes resulting from the LM impact.

As can be seen from figure 1012, the counting
rates before and during the LM impact were
reasonably constant and, by all indications, were
due to the ambient population of low-energy
electrons and ions that are present whenever the
lunar surface, in the vicinity of the CPLEE, is
illuminated. (This conclusion is supported by the
observation that these ambient fluxes disappeared
entirely during the total lunar eclipse (figs. 10-8
and 10-9) that occurred a few days later on
February 10.) The counting rates increased by
a factor of about 4 approximately 40 sec after
LM impact and then reverted to ambient levels
for a few seconds. However, 48 sec after LM
impact, the ion electron counting rates increased
very rapidly by a factor of up to 40 as the plasma
cloud enveloped the CPLEE. A second plasma
cloud passed the CPLEE a few seconds later, as
shown by the second large peak. On the assump-
tion that the plasma clouds traveled essentially in
a linear path between the impact point and the
CPLEE, the average velocity calculated was 1.0
km/sec; and the horizontal dimensions were 14
and 7 km for the first and second clouds, re-
spectively.
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FIGURE 10-13.—Counting rates of channels 3 and 6 of
analyzer B at —35 V, measuring 65-eV negative parti-
cles and 70-eV ions, respectively, showing the particle
fluxes resulting from LM impact.

The same data for analyzer B oriented 60°
from the vertical toward the lunar west (ie.,
toward the impact point) are shown in figure
10-13. By comparing figures 10-12 and 10-13,
it can be noted that the flux enhancements were
essentially simultaneous in the two directions, but
that the positive-ion flux measured by analyzer 4
was five times higher than the flux measured by
analyzer B. On the other hand, the negative-
particle flux measured by analyzer A was only
one-third as great as the negative-particle flux
measured by analyzer B.

The detailed characteristics of the plasma clouds
are shown in figure 10-14, which is an expanded-
time-scale plot of the negative-particle fluxes in
five energy ranges and the ion flux in a single
energy range measured by analyzer 4. The plot
shows clearly that the negative-particle enhance-
ment was confined to energies less than 100 eV,
because the 200-eV flux was essentially constant
throughout the event. Furthermore, the spectrum
of negative particles during the enhancement is
quite different from the background electron
spectrum. This point is illustrated further in figure
10-15, which shows the negative-particle spectra
for 00:42:33 G.m.t. (before the LM impact) and
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Ficure 10-14.—Expanded view of the data of figure 10-12, showing details of the two promi-
nent peaks. The fluxes are computed from five negative-particle energy ranges and a single

positive-ion energy range.

00:46:19 G.m.t., February 7 (at the peak of the
first plasma cloud).

It might well be questioned whether the flux
enhancements at 48 and 67 sec after LM impact
were actually initiated by the event. In the period
of approximately 2 days following the impact
event, several rapid enhancements in the low-
energy electron fluxes (by a factor of up to 50)
were observed. However, these other enhance-
ments were not correlated with positive-ion-flux
increase; and, in fact, the event referred to is the
only such example of perfectly correlated positive-
and negative-particle enhancements recorded to
date. In addition, careful monitoring before the
LM impact revealed that the fluxes were relatively
stable, constant to within a factor of 2 over pe-
riods of a few minutes. This observation lends

credence to the belief that this was a valid case
of cause and effect.

Further confidence in the interpretation that
the flux enhancements were artificially impact
produced rather than of natural origin is gained by
noting that, although no such plasma clouds have
previously been detected resulting from impact
events, positive-ion clouds have been detected by
the Apollo 12 suprathermal ion detector experi-
ment. These positive-ion clouds were interpreted
as resulting from the Apollo 13 and 14 SIVB
impacts.!

*J. W. Freeman, Jr.; H. K. Hills; and M. A. Fenner:
Some Results From the Apollo 12 Suprathermal Ion
Detector. Proc. Apollo 12 Lunar Sci. Conf. (Houston),
Jan. 11-14, 1971. To be published in Geochim.
Cosmochim. Acta.
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FIGURE 10-15.—Negative-particle spectra measured by analyzer 4 for two periods. (a) The
spectrum a few minutes before LM impact. (b) The spectrum at the height of the first large

peak shown in figure 10-12.

Some detailed parameters calculated from the
flux enhancements are discussed next. An average
cloud velocity of 1 km/sec has been previously
noted, and it is of interest to compare this with
particle velocities in the cloud. Some assumptions
must, of course, be made as to the ion species
present. Considering that the most likely source
of ions was the LM propellants, an average ion
mass of 25 is estimated. If it is assumed that the
negative particles detected were electrons and that
the positive particles had an average mass of 25,
this assumption yields velocities (E = 50 eV) of
4000 km/sec and 20 km/sec, respectively. The
charged-particle energy densities based upon the
ions actually measured are calculated to be
5.6 X 10 erg/cm’®, assuming the ions were pro-
tons, and 28.0 X 10™ erg/cm®, assuming an
average ion mass of 25. These are lower limits,
because positive ions were measured in only a
single energy range, and an overall ion-energy
spectrum is required to make a more exact cal-
culation. The magnetic-field energy density at the
lunar surface, based on Apollo 12 lunar-surface-

magnetometer measurements (ref. 10-11) of a
steady 35y field is 50 X 10™ erg/cm® hence, the
particle energy density appears to be at least
comparable to and possibly dominant over the
magnetic-field energy density. This conclusion,
however, may be modified by the Apollo 14 lunar
portable ‘magnetometer observations of lunar-
surface fields of 40 to 100 gammas at two dis-
tinct sites (sec. 13). It should also be noted that the
solar-wind energy density is 80 X 10™ erg/cm’.

Therefore, the conclusion can be made that
the LM impact resulted in the production of two
annular plasma clouds that contained negative
particles and ions with energies up to 100 eV.
The particles traveled across the lunar surface
with a velocity of approximately 1 km/sec. No
speculation has been made as to the mechanisms
responsible for production of these clouds, but
the simultaneous arrival of both positive- and
negative-charge species is impossible to reconcile
with a simple model of photodissociation and ioni-
zation and subsequent acceleration by a static
electric field.
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The fact that the electron and ionic components
were detected simultaneously offers a unique
problem; because, if one assumes that the particles
were energized at the instant of impact, a mecha-
nism must be found that is able to hold the cloud
together, in view of the fact that measured ion
velocities exceed the cloud velocity by an order of
magnitude. This fact in itself argues against ambi-
polar diffusion. Processes such as charge exchange,
scattering, and wave-particle interactions can also
be rejected by appealing to considerations based
on the size of the clouds (10 km). The only re-
maining possibility is magnetic confinement, or a
process whereby the local magnetic field confines
the particles in circular orbits, There is, however,
a criticism of the hypothesis that magnetic con-
finement can explain the observation. The cyclo-
tron radii of the particles must be no greater than
the dimension of the plasma cloud. The cyclotron
radius of a 50-eV mass-25 ion in a 100y magnetic
field is 50 km, or a factor of approximately 3 to
6 times larger than the inferred cloud dimensions.

It thus appears that a simple model of the
particles being energized at the instant of impact
is untenable not in itself, but because a mechanism
to contain the plasma after energization is not
readily evident and, in fact, may not exist. The
alternate conclusion is that the impact produced
expanding gas clouds, and the particles in these
gas clouds were then ionized by any one of several
means (e.g., photoionization) and subsequently
accelerated by a continuously or erratically active
acceleration mechanism. The solar-magnetospheric
(SM) coordinates of the CPLEE at the time of
impact were Ygy=—=34Rp, Zsy=—21Ry, and solar
elevation angle =30°, where Ry is Earth radius.
(The solar-magnetospheric coordinate system is
based on the Earth-Sun line (X-axis) and the
magnetic dipole axis of the Barth. The Z-axis is
perpendicular to the Earth-Sun line and in the
plane formed by the Earth-Sun line and the Earth
magnetic dipole axis; the Y-axis completes the
right-handed coordinate system.) Hence, it is
highly likely that the solar wind had direct access
to the lunar surface at this time. Noting the energy
densities of the colar wind and the plasma cloud
particles, the solar wind is energetically capable
of being the energy source. Whether any such
mechanism can work is unknown at this time,

although calculations have indicated that the solar
wind can interact with a neutral gas through means
other than simple particle-particle collisions (ref.
10-12).

In summary, the impact-event data apparently
indicate a situation in which the gas cloud, solar
wind, and local magnetic field are all interacting,
offering a unique and fascinating problem in
plasma physics.

Low-Energy Eleciron Fluctuations

In addition to the stable low-energy photo-
electron population that the CPLEE records
whenever the lunar surface in the vicinity of the
CPLEE is illuminated, the CPLEE also observes
rapidly varying fluxes of low-energy electrons of
magnetospheric origin, with intensities large
enough to be detected above the photoelectron
background. Examples of these fluxes are shown
in figure 10-16, wherein the counting rates of
channel 3 (65-eV electrons) and channel 5
(200-eV electrons) are plotted for a brief time
segment. At approximately 21:20 G.m.t., Feb-
ruary 7, the solar magnetospheric coordinates of
the CPLEE were Ysu = 24Ry and Zgy — 14Rp,
locating the instrument within the magnetospheric
tail near the boundary. The instrument was in the
manual mode, and hence the individual measure-
ments are 2.4 sec apart. The flux enhancements
range up to a factor of 10 above the background
level on time scales on the order of a few seconds.

At first glance, the enhancements in the two
energy ranges appear to be well correlated, but a
closer examination of the figure reveals temporal
dispersions in the enhancements. To illustrate this
point more clearly, the data for the period
21:20:07 to 21:20:41 G.m.t. have been plotted
in a special manner in figure 10-17: a log-log plot
of the counting rates in the two energy channels
was made with the higher energy channel on the
vertical axis and the lower energy channel on the
horizontal axis. Each pair of count rates from the
two channels is represented by a single point, and
a vector is drawn between successive points in the
direction of increasing time. On this type of plot,
if the ephancements are perfectly correlated, all
vectors will lie along a constant slope, the magni-
tude of which is a function of the relative enhance-
ments. A burst where the higher energy electrons
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Ficure 10-16.—Example of rapid variations in magnetospheric low-energy electron fluxes.
The data are from channels 3 and 5 of analyzer 4 at —35 V, measuring 65- and 200-eV

electrons, respectively.

lead the lower energy electrons will result in an
open figure with the vectors rotating clockwise;
likewise, if the higher energy electrons lag the
lower energy electrons, the vectors will rotate
counterclockwise. An examination of figure 10-17
shows that, in general, for the longest vectors, the
constant-slope rule is followed; but that on smaller
scales (e.g., points 1 to 5 and 9 to 12), consider-
able deviations from the constant-slope rule exist.
For these events, the vectors rotate clockwise, in-
dicating that the higher energy electrons lead the
lower energy electrons.

Although plots such as these are indicative in
nature, they do show the general character of the
enhancements and suggest that low-energy elec-
trons are being accelerated or modulated by proc-
esses relatively near the Moon. An approximate
estimate of the distance can be obtained by con-
sidering the velocity difference at the two energies
and the dispersion times in the enhancements (0
sec to approximately 2 sec), resulting in a maxi-

mum distance of some 20 000 km, or 3Rz. An
extensive cross-correlation analysis will be neces-
sary to refine these calculations, but the pre-
liminary studies indicate the presence of local
(with reference to the Moon) processes capable
of modulating or accelerating low-energy electron
fluxes.

Medium-Energy Electron Event

At approximately 18:30 G.m.t. on March 10,
distinct enhancements in medium-energy (ap-
proximately 1-keV) electron fluxes were observed
in both analyzers 4 and B. The enhancements
ranged up to an order of magnitude above back-
ground and lasted from a few minutes up to 2 hr;
the entire event lasted approximately 4 hr. The
gross temporal features of these enhancements are
shown in figure 10-18 by giving the counting rate
of channel 6 at 350 V (500- to 1500-eV elec-
trons) from 18:30 to 23:00 G.m.t. The data gaps
at 19:30 and 21:30 G.m.t. were due to the fact
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Ficure 10-18.—Medium-energy (approximately 1-keV) electron event of March 10. The

that the CPLEE was in the manual mode at —35
V at these times, and the data gap at 21:00 was
due to a temporary shutdown of the data display
system at the NASA Manned Spacecraft Center.

It is seen from the figure that the event is char-
acterized by erratic, relatively short-duration flux
enhancements between 18:30 and 21:00 G.m.t.;
by a period of stable high fluxes between 21:10
and 22:00 G.m.t.; and by a return to erratic en-
hancements between 22:00 and 23:00 G.m.t. The
magnetic-activity index K, was 3 or less on March
10, and there were no enhancements in the solar
X-ray flux. Thus, this event apparently is charac-
teristic of the quiet-time magnetosphere, and the
electrons are truly magnetospheric in origin.

On the basis of the particle measurements
alone, it is difficult to resolve the question of
whether the enhancements are of a spatial or
temporal nature; that is, whether the effects of the
CPLEE moving in and out of stable spatial region ‘%_‘;L
or regions of flux enhancements are being re- LR T O E A N RN
corded or whether a large-scale temporal event pt S P E
is being recorded. The cyclotron radius of a 1-keV 295 2°1/S)UN0J
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counting rate of channel 6 of analyzer 4 at 350 V indicates the gross features of the event.
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electron in a 10y field, typical of the magnetic tail
at lunar distances (ref. 10-13), is 10.6 km, and
the Moon moves a distance of approximately 20
km between data samples.

The path of the CPLEE in the solar-magneto-
spheric Y-Z plane is shown in figure 10-19. Of
particular interest is the fact that the event was
seen only during the period when Zgy was near
the maximum positive excursion of 6Ry. This is
highly suggestive, though certainly not conclusive
proof, that the CPLEE was sampling a stable
spatial structure located at Zgy — 6Ry and Yy
= 11Ry to 13Rp. Further indirect evidence is
that there is no extended trailing edge in the
events. The leading and trailing edges appear
equally sharp.

The electron energy spectrum—averaged over
the time from 21:45 to 22:00 G.m.t., March 10,
the period of the most stable fluxes (fig. 10-18)
—is shown in figure 10-20, The photoelectron
continuum is the dominant contribution between
40 and 100 eV, but a suggestion of a peak exists
in the spectrum of these magnetospheric electrons
at 600 eV. Also shown is an upper limit to the
background equivalent flux from all other sources
at 500 eV, showing the order-of-magnitude en-
hancement seen in the event. The integrated flux
for electrons with energies between 500 and
2000 eV is 4.5 X 10° electrons/cm® - sec - sr.
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FiGURE 10-19.—Track of the CPLEE in the Ysu-Zsu
plane for March 10 to March 12, including the period
of the electron event shown in figure 10-18.
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FIGURE 10-20.—Electron energy spectrum measured by
analyzer A4 between 40 and 2000 eV from 21:45 to
22:00 G.m.t., March 10, the period of high, stable flux
shown in figure 10-18.

The energy spectrum and total flux of electrons
and the temporal history of the event suggest that
these data represent an observation of the particles
of a thin neutral sheet moving across the site. The
difficulty with this interpretation lies in the fact
that, at this time, the CPLEE was approximately
6Ry away from the theoretical location of the
neutral sheet, the Yy axis (fig. 10-19). Strong
indications exist, however, that the solar-mag-
netospheric coordinate system does not aid in
locating the neutral sheet with an error of less
than approximately 10Ry at lunar distances. The
neutral-sheet observations with a magnetometer
on board the Interplanetary Monitoring Platform
1 satellite (ref. 10-14) locate the neutral sheet
at various times during the period March 22 to
May 26, 1964, in the range —2Rgp << Zgy < 5Rp.
Hence, it is plausible that the neutral sheet could
have been located at Zgw=—6Ry at the time of the
CPLEE observation. Further measurements dur-
ing forthcoming magnetospheric tail passes by the
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CPLEE are needed to effect a definite resolution
of this question.

Electron Spectra Similar to Auroral Spectra

On several occasions when the CPLEE was in
the magnetospheric tail, short-duration electron
enhancements in all ranges of the instrument were
observed. These enhancements typically had dura-
tions of a few minutes. The energy spectrum of
one such enhancement at 23:16 G.m.t., February
7, is shown in figure 10-21. As in most electron
spectra observed when the lunar surface is
illuminated, the spectrum between 40 and 100 eV
is dominated by the photoelectron continuum.
However, in the higher energy ranges, a double-
peak structure with a low-energy peak in the range
300 to 500 eV and a high-energy peak at 5 to
6 keV can be seen. It is interesting to compare
these spectra with spectra observed above a ter-

restrial aurora. A set of-spectra observed: -above

an aurora (measured with a SPECS detector on
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FIGURE 10-21.—Electron energy spectrum of a typical
“auroral-electron” event measured by the CPLEE in
the magnetospheric tail. Of particular note is the
double-peak structure, with a low-energy peak at 300
to 500 eV and a higher energy peak at 5 to 6 keV.

board a Javelin sounding rocket) is shown in
figure 10-22 from reference 10-1. (It should be
recalled that the basic particle detectors of both
the SPECS and the CPLEE are very similar.)
The. photoelectron continuum is, of course,
absent from these auroral spectra; but, aside from
that, a remarkable similarity between the electron
fluxes recorded by the CPLEE and the auroral
electrons is readily evident. The double-peak
structure in both spectra, the low-energy peaks in
the 100- to 500-eV range, and the high-energy
peaks at 5 to 6 keV are particularly noteworthy.
The flux levels in the auroral spectium are within
a factor of 5 of the flux levels measured by the
CPLEE (fig. 10-21). Furthermore, while par-
ticles measured above an aurora tend to be more
or less isotropically distributed about the field
lines, the magnetic-tail particles observed by the
CPLEE were strongly peaked along the field lines.
This . deduction was made . on. the. basis-ef- the -
observation that no flux enhancements were seen
in analyzer B, and that the angles between the
magnetic field and the directions of analyzers 4
and B were approximately 20° and 80°, respec-
tively. Particles energized near the Earth and sub-
sequently traveling back into the tail would be
sharply peaked along field lines at lunar distances
according to the first invariant sin® «/B =con-
stant, where « is the particle pitch angle and B is
the local magnetic-field magnitude.
Consequently, the process that produces ener-
getic particles above a terrestrial aurora may well
result in the appearance of similar particles in the
magnetospheric tail. A definite resolution of this
question awaits further study of the data and
correlation between the CPLEE data and Earth-
based measurements of auroral activity. However,
this preliminary indication of auroral particles at
large distances from the Earth in the magneto-
spheric tail implies that some auroral-zone mag-
netic-field lines are linked with field lines stretch-
ing far into the tail and, hence, give information
on the general topology of the magnetosphere.

Rapid Temporal Solar-Wind Variations

When the Moon crosses from the magneto-
spheric-tail regions into interplanetary space on
the dawn side of the magnetosphere, the CPLEE
analyzer B is pointed toward the Sun and, hence,
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Ficure 10-22.—Electron spectra measured above a terrestrial aurora by a device similar to the

CPLEE on a sounding rocket probe (ref. 10-1). Striking similarities exist between these

spectra and the CPLEE magnetospheric-tail electron spectrum shown in figure 10-21.
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Figure 10-23.—An example of rapid temporal variations in solar-wind fluxes. Data from
channel 5 of analyzer B at 350 V, sensitive to ions with energies between 1.5 and 3 keV, are

plotted with a time resolution of 2.4 sec.

is able to detect solar-wind fluxes striking the
Moon. Some of the detailed characteristics of solar
wind at the lunar surface have been reported
previously (ref. 10-4), and the CPLEE measure-
ments appear to be in general agreement with the
measurements of average solar-wind parameters
by the Apollo 12 solar-wind spectrometer. The
unique rapid-sampling capability of the CPLEE
has been used to study rapid temporal variations
in the solar wind. The sampling interval of the
CPLEE (2.4 sec) is compared with those of other
experiments designed to measure solar-wind fluxes,
notably the Vela 3A and 3B detectors with
sampling intervals of 256 sec in reference 10-15

and with the solar-wind spectrometer sampling
interval of 28.1 sec in reference 10-4.

An example of rapid solar-wind variations is
shown in figure 10-23. At 20:45 G.m.t. on Feb-
ruary 16, the solar-magnetospheric coordinates of
the CPLEE were Ygy — —67Ry and Zgy —
—32Rpg, placing the instrument well away from
the magnetospheric-tail boundary. The angle be-
tween the center of the detector field of view and
the CPLEE-Sun line was 2°. The CPLEE data
showed the counting rate was concentrated in
channel 5 at 350-V deflection (the channel sensi-
tive to ions with energies between 1.5 and 3.0 keV,
exactly what would be expected if the instrument
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were viewing the direct solar wind). The ratio of
the counting rates of this channel in analyzer B
to the corresponding channel in analyzer A was
on the order of 1000:1, indicating the extreme
directionality of the flux.

Variations in the solar-wind flux of up to a
factor of 10 on time scales as short as 5 sec are
shown in figure 10-23. A comparison of the
cyclotron radius of a 1.5-keV proton in the Sy
interplanetary field (1000 km) with the linear
velocity of the Moon (1 km/sec) indicates that
these variations are indeed temporal in nature. If
the variations were spatial in origin, variations in
the flux of a factor of 10 over distances as short
as 1/200 of a cyclotron radius would be required.
This situation is highly unlikely.

An isolated feature of the data has not been
selected, and the indication is that these rapid
temporal variations are a persistent feature of the
solar-wind flux. Lacking a detailed analysis of the
frequency spectra of these variations, their origin
can only be speculated upon at this time. It is
noted, however, that the observed frequency of
variations (approximately 0.2 Hz) is similar to
the expected observed frequency of magneto-
acoustic waves (low-frequency waves that propa-
gate in a magnetized plasma such as the solar
wind), the wavelength of which is on the order of
an ion-cyclotron radius, as seen by a stationary
observer (approximately 0.5 Hz). This suggests
that the variations seen are due to magnetoacous-
tic waves modulating the particle fluxes, and these
waves may be generated at the shock surface be-
tween the solar wind and the magnetospheric tail.

Summary

During the first month of operation, the CPLEE
has detected particle fluxes at the lunar surface
resulting from a wide range of lunar-surface,
magnetospheric, and interplanetary phenomena.
Preliminary data analysis has revealed the pres-
ence of a lunar photoelectron layer, an indication
of modulation or acceleration of low-energy elec-
trons in the vicinity of the Moon, penetration of
auroral particles to lunar distances in the mag-
netospheric tail, detection of electron fluxes in the
magnetospheric tail possibly associated with the
neutral sheet, strong modulations of solar-wind

fluxes, and the appearance of ions and electrons
or negative ions with energies up to 100 eV asso-
ciated with the LM impact. Many of these dis-
coveries were possible only because of the rapid
sampling capability of the CPLEE and its ability
to measure particles of both charge signs over a
wide energy and dynamic range, coupled with
the real-time data display and command capability
of the ALSEP.

These preliminary findings have resulted from
analysis of “quick-look” hardcopy data. Other
phenomena are apparent in the data, but adequate
characterization and description must await de-
tailed computer analysis of the 200 measurements/
min being returned by the CPLEE.
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