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SUMMARY

This is the final technical report on the contract
NAS9-~5884 awarded by the National Aeronautics and Space
Administration to Rice University for the Charged Particle
Lunar Environment Experiment (CPLER). CPLEE is ion-electron
spectrometer placed on the lunar surface for the purpose of
meaSuring charged particle fluxes impacting the moon from a
variety of regions and to study the interactions between
space plasmas and the lunar surface,

Principal accomplishments under this contract were:

1. Furnishing design specifications to Bendix
Research Laboratories for construction of the
CPFLEE instruments.

2. Development of an advanced computer-controlled
facility for automated instrument calibraticn.

3. Active participation in the deployment and
past-deployment operational phases with regard to

data verification and operational mode selection.

4, Publication of numerous research papers, including
such varied facets as a study of lunar photoelectrons,
a study of plasmas resulting from man-made lunar

impart events, a study of magnetotail and magneto-
sheath particle populations, and a study of solar-
flare interplanetary particles.

This report describes these past accomplishments in
detail along with plans for future research programs using
data from the instrument.
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Scientific Motivation for CPLEER

The scientifiec Justifications for placing a charged
particle spectrometer such as CPLEE on the lunar surface are
quite simply to measure the fluxes, energy spectra, and
charge types of charged particles bombarding the lunar
surface and to investigate the interactlon of these particles
and other forms of radiation with the lunar surface.

In one view the moon 1s a satellite with an orbital
radius of 60 RE‘(earth radii) that carries the CPLEE instrument
through various regions of physical and scientific interest.
Figure 1 shows a typical lunar orbit in relation to the
geometry of the earth's magnetospheric system and interplanetary
space. The arrows show the look directicns of the two
charged particle analyzers in CPLEE. It is seen that once
per lunar month the lunar orbit carries the instrument
through the distant magnetosheath, magnetotail, and reglons
of direct access to the solar wind and finally (during
pericds of new moon) the instrument is viewing into the
downstream cavity carved into the solar wind by the moon.

Thus an opportunity i1s afforded to investigate a wide variety

of particle phenomena; charvged particles in the geomagnetic

tail (the pliasma sheet), magnetosheath fluxes, fluxes at the
boundary between the geomagnetic tail and the magnetosheath

(the magnetopause), the solar wind shock, and direct sclar

wind particles. The relative magnitudes and temporal relationshps
between these particles in the distant lunar regions and

particles nearer the earth measured by other satellites can

be measured.

In another sense, the lnstrument is capable of measuring
the interactions of particle and photon radlation with the
lunar body itself. The size scale of the moon i1s comparable
to or larger than typical scale sizes of the particle fluxes,
and hence one would expect on occasion significant interactions.



Figure 1
A schematic plan of the Iunar orbit in relation
to the earth's magnetospheric system and interplanetary
space. The arrows show the look direcitons of the instrument

detectors.
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An example would be a possible shock wave near the teminator
regions due to solar-wind lunar limb infteractions. A second
example would be the photoelectron layer generated by solar
bphotons striking the surface, and measurement of these can
only be made by a surface-based instrument.

Thus there are numerous scientific Jjustifications and
expectations in placing a charged particle spectrometer on
the lunar surface. In subsequent sections of this report it
will be seen how many of these expectations have been fulfilled.



..
The Evolution of CPLEE

The concept of the CPLEE instrument grew from an active
pregram of auroral sounding rocket research at Rice University
during the years 1663-1968. One of the objects of the
auroral research program was to make detalled, high time
resolution measurements of the aurcral charged particle
Spectrum over as wide an energy range as possible. Along
with thls requirement went the usual constraints of low
weight, power, and size made necessary by the constraints of
the research vehicle. Accordingly, an instrument code-named
SPECS (Switchlng Proton-Electron Channeltronﬁ Spectrometer)
was developed to meet these reguirements. SPECS consisted
of an electrostatic particle deflecticn System and an array
of aix Channeltron@ detectors to separate and detect particles
according to energy and charge sign. In its final evolutionary
stages, the instrument made a 15-point measurement ¢f the
spectra of both icns and electrons with energies ranging
from 40 electron volts to over 20,000 electron volts. The
time required to complete a measurement_cycle could be
varied, but for most applicatlons was on the order of a few
seconds. '

SFECS instruments were flown on each of a serles of
three Javelin sounding rockets in February, 1967 and February,
1968, In addition, a SPECS iInstrument was successfully flown
on a Rice/ONR aurcoral research satellite code-named Aurora
I in June cf 1967 and operated successfully for bver one
yvear. Thus the baslc detector design was well-proved in
'space applications and environments well before the actual
CPLEE lunar deployment, and the copnizant sclentists were
able to gain considerable experience 1n analyzing data from
the basic instruments years In advance of the CPLEE mission.

ﬁRegistered Trademark, Bendix Corpcration
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Description of the CPLEE Instrument

The CPLEE consists of a box supported by four legs.
The bex contains two similar physical charged-particle
analyzers, two different programable high-voltage supplies,
twelve 20-bit accumulators, and appropriate conditioning and
shifting circuitry. The total welght on Earth 1s approximately
2.7 kg (6 1b.), and normal power dilssipation is 3.0 W rising
to approximately 6 W when the lunar-night survival heater is
on. ‘

Each physical analyzer contalins five C-shaped channel
electron multipliers with a nominal aperture of 1 mm each
and one helical channel electron multiplier with a nominal
aperture of 8 mm. These are shown schematically in Figure 2.

The channel electron multiplier is a hollow glass tube,
the inside surface of which, when bombarded by charged
particles, ultraviolet light, etc., 18 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 ki.e., ancde) end.
Thus, if an incident particle enters the aperture and secondary
eleétrons are produced, these are accelerated and hit the
walls to generate more secondary electrons, so that a multipli-
cation to an order of 107 is achieved by the time the pulse
arrives at the anode. After conditioning, pulses from each
electron multiplie are accumulated in a register for later
readout as descrilbed in the fcllowing paragraphs.
4 As shown in Figure 2, incident particles enter an
analyzer through a series of s8lits and then pass between two
deflecticon plates across which a voltage can be applied.
Thus, at a glven deflection voltage, the five small-aperture
electron multipliers make a five-point measurement of the



Figure 2
A schematic drawing of the charged-particle analyrzer
in the CPLEE instrument. Particles pass through a series of
collimators, and are then deflected by a set ¢f electrostatic
defiecﬁion plates onto an array of six channel electron

multipliers.
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energy spectrum of charged partiecles of a glven polarity
(e.g., electrons), while, simultaneously, the large-aperture
electron multiplier makes a single wideband measurement of
particles with the opposite polarity (e.g., protons). The
advantages of simultaneoualy measuring particles of opposite
polarity and of simultaneous multiple-spectral samples are
considerable in studies of rapidly varying particle fluxes.

In the CPLEE, the deflection-plate voltage, in the
normal mode, is stepped in the sequence shown in PFigure 3.
As a consequence, the energy passbands shown in Figure 1
are sampled. Although data acquired by the six sensors are
not transmitted simultaneocusly, the six sensors are connected
to six accumulators for exactly the same time (viz, 1.2 sec)
and the contents fransferred to shilt registers for later
sequential transmission.

Two analyzers, A and B, peoint in the directions shown
in Figure 5. The same deflection voltage is applied to each
analyzer simultaneously, with counts from l.2-sec accumulatiocon
time of analyzer A being transmitted while counts from
analyzZer B are accumulating. Thus, each voltage 1s normally
oh for 2.4 sec with the result that the total cycle time is
19.3 sec (Fig. 3), when allowance 1s made for two sample
times when the deflection voltage is zero. On one of those
two cccasions, counts are accumulated as usual to measure
background or contaminating radiation. On the other occcasion,
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
opticons for CPLEE operation. Aside from the usual power
commands common to all ALSEP experiments, three commands are
provided that allow the normal automatic steppling sequence
to be modified. The sedquence can be stopped and then the
deflection plate supply can be manually stepped to any one
of the eight possible levels. This is done to study a



Figure 3
The deflection voltage stepping and analyzer
switching sequence of CPLEE. In the automatic mode, a
complete cycle is completed 1In 19.3 seconds. In‘the manual
mode, the deflection veltage stepper is halted at cne of the
eight possible levels, and the analyzers are read out

alternately with a eycle time of 2.4 seconds.
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Figure 1}
A schematic representaticn of the energy pass-
bands of CPLEE. The energy passbands are shown for each
of the three deflection voltage levels of 35, 35¢, and

3500 volts.
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Figure 5
The CPLEE system, showing the locations and locok

directions of the two analyzers. -
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particular phenomeron (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 veltage is used in the
event the electron-multiplier gains decrease during lunar
operations. A third pair of commands alléws the normal
thermal-control mode to be bypassed in the event of failure
of the thermostat, thus offerinpg manual control of the
heaters. A summary of the command structure and of the
engineering housekeeping measurements is shown in Figure 6.

‘ The CPLEE apertures are covered with a dust cover to
avold contamination during deployment and, particularly,
during LM ascent. The dust cover was made doubly useful
because a Ni63 radicactive source was placed on the underside
over each aperture. Thus, the sensors were proof calibrated
on the Moon, and the data compared with measurements made in
the same way with the same system when the unit was last
calibrated on Earth. The results of the Ni63 beta source
tests at times of pre-calibration, post-calibration, and

post-deployment are shown in Figure 7.



Figure 6
The engineering housekeeping measurements, red-

line limits, and command structure of CPLEE.
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Figure 7
A summary of the Ni63 beta source test performed
before and after instrument calibration, and after lunar

surface deployment prior to dust cover removal.



CPLEE BETA SOURCE TESTS

ANALYZER A
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0ct. 24,1962 ' e ' ; : '
Post - Cal. '
Jan. 20,1970 8.2 i8.9 38.5 86.6 2057 1323.0
Post—Deploy

For 6-lo7] 1068 205 396 824 (959 12590

ANALYZER B

" CHI CH 2 CH3& CH 4 CH 5 CH 6
Pre — Cal.
Oct.24, 1969 5.8 127 19.8 43 6 [13.1 T7T7.7
Post — Cal. ‘ |
Jan. 20,1970 4.5 9.1 14.6 | 348 96.6 5779
Post — Deploy

Feb. 6, 1971 7.68 12.0 17.8 354 90.0 763.8



Calibration of the CPLEE Instrument

Although the process of calibration of a scientific
detector is usually viewed as a prosale task, some rather
challenging technological problems had to be solived in this
endeavor and therefore it is worthwhile to examine in some
detalil the calibration procedure and the system that was
developed to accomplish this procedure.

The object of calibraticn of any charged particle
detector 1s to obtain a number which relates the counting
rate from the instrument to the particle flux incident upon
the instrument. For particle fluxes usually encountered in
space measurement situations, a convenient unit for partiecle
flux is particles/square centimeter-second-steradian-electron
volt (part./cmz—sec.—ster.—ev). This uznit then measures the
number of particles crossing a unit sguare centimeter
each second, from a cone of arrival directions subtending
one steradian in an energy interval one electron-volt in
width. In mathematical terms, 1f we let C.R. be the counting
rate of the detector and j{(E) be the incidenb flux, then:

o

C.R. = [ J(E)A(E)a(E)e(E)QE
where A(E), Q(E), and e(E) are quantities determined by the
detector geometry and are deflined in the followlng manner,
A(E) is the effective area of the detector (cmg), (E) is

the elfective solid angle of the detector, which is related

to the angular response, and e(F) is the efficlency of the
“detector, expressed in counts/particle. Thus if one can
obtain a plot of the product A(E)R(E)e(E) as a function of
energy, then one can in principle unfold the integral relation
shown above to obtain J(E) if the counting rate is known.
Parenthetically, the plot of the product A(E)R(E)e(E) vs. E

is commeonly known as the energy passband of thHe detector.
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The task of calibration 1g then to determine A(E),

(E), and (E) either singly or in product form. Conceptually
this would appear simple since one has only to create a
particle beam of known intensity, impress it upon the detector,
and observe the counting rate. The problem arises however
when one considers that oﬁe 1s interested in the response to
beams distributed in arrival angle whereas beams available
in therlaboratory are most easily generated unidirectionally,
that is all particles have the same directlon. Therefore,
if a unidirectional beam is applied to the instrument from a
given arrival directicn and , then one actually measure
the product A(E)} (E) at a given energy and arrival direction.
To obtain (E) 1t is then necessary to repeat the measurement
for a number of arrival directions sufficient fo include the
complete angular range of instrument sensitivity.

Now the magnitude of the calibraticn problem can be
appreciated. In CPLEE there are two analyzers that each make
an lB—point_spectral-measurement. Thusg, for electrong only
(say), there are 36 separate energy passbands that must be
determined. It was desired to take 10 energy points per
passband, and sc this involves 360 separate energy runs.
Each one of these runs in turn requires measurement at _
numerous angles. In particular, the desired angular grid turned
out to be 10° x 20° in 0.5° steps each axils, requiring 861
separate angle steps. This works out to more than 3 x 105
separafte measurements to calibrate one CPLEE for electrons
only. Considering that the program called for calibration
of four units (prototype, two flight units, and flight
spare) plus calibrations of each for sensititivty to solar
ultra-violet .radiation, it quickly became obvious that
traditional means invelving manual setting of angles, reading
data, and hand reduction could not possibly fulfill the
requirements. Accordingly, the deecision was made to develop .
a computer-controelled calibration facility that could function semi-
automatically with a minimum of operator attention required.
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The basic requifements for such a calibration system
were then: 1. A stable source of electrons capable of
producling beams with energies ranging from 50 eV to over
20,000 eV; 2. A mechanical fixture to position the Instrument
at various angles relative to the beam; 3. Fixture drive
motors and angle position indicators capable of computer
control and readout; 4. A computer system capable of posi-
tioning angles, reading data, storing data, and monitoring
various engineering parameters in an automatic sequence; 5.
A vacuum chamber of sufficient size to contain the electron
gun, fixture, and instrument; 6. A number of competent
personnel to make 1t all function.

The various required components, included a SDS-92
computer, a Varian vacuum system, and numerous items such as
power supplies, etc. were purchased and ascembled into the
calibration system. The mechanical accessories (i.e., the
fixture) were fabricated at Rice and alsc the logic circuitry
necessary to interface the computer with the CPLEE, the
fixture drive motors and angle indicators; and variocus other
measuring devices was designed and built at Rice. The
system became operational in August 1968. It was found that
ap?roximately one month was required for a complete particle
and ultra-violet sensitivity calibration of one CFPLEE.

An example of the calibration results for CPLEE is
shown in Figure 8, showling the analyzer A electron passbands

N

for. all eighteen energy channels, These were determined from
the calibration of CPLEE SN-5, the flight unit for the

Apollo 14 ALSEP. Three passbands are shown for a givén

channel, corresponding to each of three values of electrostatic
deflectlon voltage; 35, 350, and 3500 volts. It is seen

that the passbands for a given channel are nearly identical
when the factor of 10 changes in the energy scale are
considered. In practice, these passbands were numerically
integrated to obtain a number GFo x AE, with GFo x AL =
IGF(E)AE and GF(E) = A(E)a(L)c(E). GFo was set to be numerically
equal to the peak value of GF(E), and therefore AE is an
effective passband width. Operationally then, the {luxes

were determined from the relation j(Eo) = C.R./(GFo x AE),



Plipure 8
The electron energy passbands of Analyzer A,

CPLEE S/N 5 as derived from the calibration.
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Deployment, Initial Checkout, and
Operational History

The CPLEE was deployed with no dificulty at approxi-
mately 18:00 G.M.T. on February 5, 1971l. 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.
A photograph of CPLEE on the lunar surface 1s shown in Figure 2.

It has since been determined by & careful study of the
lunar photographs and a comparison of predicted and actual
solar ultraviolet response profiles that the experiment 1is
1.7° off level, tipped to the east, and 1° away from a
perfect east-west alinement. This error is well within the
preflight speciflcatilons.

The CPLEE was first commanded on at 19:00 G.M.T.,
February 5, 1971 during the first period of extravehicular
activity for a brief functional test of 5-min duration. All
data and hcusekeeping channels were actlve, and the instrument
began operation in the proper initial modes (i.e., automatic
sequencer, on; electron-mulfiplier voltége increase, off;
and automatiec thermal control, on).

A complete instrument checkout procedure was initiated
at 04:00 and continued until 06:10 G.M.T., February 6, 1971.
During this period, data from the dust-cover beta sources
were accumulated and compared with prelaunch calibrations.
These tests showed no significant changes in the instrument
calibration. Also during this period, all command functions
~of the CPLEE were exercised except the forced heater mode
and dust-cover removal commands. 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 commanded on at
19:10 G.M.T. and the dust cover was successfully removed at



Figure 9
A photograph of the CPLEE instrument on the lunar
surface. The dust cover 18 in place. The bubble level is
visible adjacent to the letter "E" and the sun compass, read

by the position of the handling tool shadow, 1s visible

at the opposite end of the instrument.
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19:30 G.M.T., February 6. The CPLEE immedlately 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 ecllipse of February 10
offered an excellent opportunity to determine various thermal
parameters and to test the capability of the CPLEE to survive
extreme thermal shocks. A plot of the physical-analyzer
temperature during the eclipse 1s shown in Figure 10. 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 ol approxi-
mately 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 support period to optimize scientific return from the
instrument. Alternate l-hr periods of manual cperation at
the -35 V step and automatic operation were used to concentrate
on rapid temporal variations in low-enefgy electrons.
Similarly, alternate periods of 350 V manual and automatic
operation were used to focus on rapid changes in magnetopause
ions and the solar wind. In fact, the manual operation
capability and the attendant 2.l-sec sampling interval made
possible the detection of phenomena that would have been
impossible to detect otherwise because of sampling problems
and aliasing. Most of the decisions concerning operational
modes were based on viewing the real-time data stream.

On April 8, 1971 at 21:55 the housekeeping monitor for
the Analyzer B Channeltron high voltage supply showed a
serious undervoltage condition. Subsequent analysis of the
data tapes showed that this was a sudden failure, the voltage
having decreased from its nominal value of 2800 volts to
approximatley 800 volts within one housekeeping data cycle



Figure 10
A plot of the temperature profile of CFLEE during

the lunar eclipse of February 10, 1871.
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period. The instrument was placed into standby for the
remainder of the lunar day period and operation with Analyzer
A only was resumed on April 16, 1971. A meeting was held
with representatives of JSC, Bendix, and Rice University
where it was determlned that the most probable cause of the
failure was either a fallure of a component in the high
voltage rectifier assembly or an arc track developing in the
high voltage supply enéapsulating material.

The instrument continued to coperate returning Analyzer
A data only until June 6, 1971. At that time a low voltage
condition (18C0 volts) appeared in the Analyzer A Channeltron
high voltage supply, rendering the Channeltrons inoperative.
The decision was made to place the instrument into standby
and continue testing during the subsequent lunar night
period.

It was discovered that the instrument would coperate for
short periods during the lunar night (1/2 hour) before the
high voltage decreased to the point where Analyzer A was
inoperative. This pointed to a temperature-dependent effect
wherein normal voltage could be developed when the instrument
was cold but local heating effects would soon cause degradation.
It was alsc learned that, as time went on, longer and longer
periods of lunar night operétion were possible and beginning July of
1972 operation during the entire lunar night was possible.
Furthermore, operation was possible for portions of the
lunar day. In December, 1972 at the commencement of the
real-time support period for the Apollo 16 mission the
instrument was turned on at lunar morning and continued to
operate continucusly throughout the lunar day. However, in
April, 1973 a second partial failure of the high voltage
supply occurred which again restricted operation to lunar
night periods only. Thig condition has continued toc the
present day.
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Scientific Results of the CPLEE Program

In this section we discuss the scientific results of
the CPLEE program. As this report includes reprints of most
of the CPLEE scientific publications, only summaries will be
presented here,

A promlinent feature of data obtained while in the
geomagnetic tail was a stable, low-energy electron popula-—
tion with energies ranging from 4C to 200 electron volts.
Although possibly due to a low energy magnetospheric population,
a plet of their flux during the lunar eclipse of February
10, 1971 revealed their origin to be of photoelectric
origin (Figure 11). Their correlation with sunlight upon
the lunar surface shows that these fluxes were due fo photoelectrons
generated by solar photons striking the lunar surface. A
plot of their energy spectrum 1s shown in Figure 12, showing
that a) the photoelectrons were essentially isotropic over
the upper hemisphere and b) the highest energy was about 200
electron volts. Hecalling that the instrument detects those
photoelectrons which are returning to tpe surface, this
means that the sunlift lunar surface potentlal when the moon
is in the magnetotail away from the plasma sheet 1s on the
order of 200 volts with vespect to the surrcunding medium,

The impact of the Apollo 1Y Lunar Module offered an
opportunity to study any charged particle fluxes resulting
from the impact. The impact point was 66 km west of the
CPLEE location. Figure 13 shows a time history of particle
fluxes resulting from the impact. This plot shows fluxes of
70 ev ions and 65 ev negative particles. It is seen that
approximately one minute after impact, two plasma "clouds"
passed the instrument. These ions could not have been penerated
at the moment of impact, for had that been the case the
particles would have appeared less than one second after
impact. Rather, it was postulated that the impact produced
expanding neutral gas clouds, and constituents of this cloud



Figure 11
The counting rate of Channel 6, +35 volts sgensitive
to electrons with 50 eV< E< 150 eV during the lunar eclipse
of February 10, 1971. The disappearance of the fluxes
during the eclipse shows that the electrons are of photo-

electric origin.
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Figure 12
The lunar surface photoelectron spectrum measured
by CPLEE. The geometries relative to the surface and %to the

incoming photeon flux are shown in the inset.
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Figure 13
Ion and electron fluxes resulting from the impact

of the Apollo 14 Lunar Module upon the lunar surface.
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were then lonized and energized by interaction with the

solar wind. The implications of the results are that if
neutral gas 1s released upon the lunar surface by any means
then it could subsequently be carried away relatively rapidly
by strong interactions between the gas and the solar wingd.

A systematic study of particle fluxes in the gecomagnetic
tail, the plasma sheet, was undertaken in order to determine
the average characteristics of these particles and their
respense to geomagnetic storm activity. One question to be
considered is that of shadowing, that is "does the moon
effectively sweep out magnetic flux tubes of their particles
and thus prevent CPLEE from observing these particles?"

This gquestlion was answered by comparing CPLEE particle
observations with magnetic fleld data from the Explorer
35/Ames Research Center lunar-orbiting magnetometer. The
magnetometer indirectly indicates the presence of the plasma
sheet by a decrease in the magnetic field strength owing to
the diamagnetism of the plasma sheet particles. It was
discovered that In 90% of the caseé when magnetic field
depressions were observed, particle fluxes were observed by
the CPLEE instrument. Thus for the majority of the time
plésma sheet fluxes are not shadowed from the lunar surface.

The average plasma sheet electron and ion spectra are
shown in Fipgure 14. The lowest ehergy portion of the spectrum
is due to the lunar photoelectrons. The plasma sheet spectra
represent electron and ion populations with n, = 0.1, ’I‘e =
200 ev, n; = 0.1, Ti = 2.5 keV. These particle temperatures
were found to be equivalent to temperatures measuresd in the
plasma sheet at 20 RE by the Vela satellites, but the number
density was on the average a factor of 5§ less than that
measured at 20 Re'

A statistical study of plasma sheet encounters was done
in order to determine the vertical extent, or thickness of
the plasma sheet at the lunar distance. The thickness was
determined to be 5 + 2 RE, somewhat thinner than the value



Figure 1h
The average plasma sheet electron and ion spectra
observed at the lunar distance. The loWest energy portion
of the spectrum was due to photoelectrons, and héd to be

subtracted from the data in order to obtain the fitted spectra

shown
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of 6-12 Rp measured in the range 20~30 Ry from the earth by
other satellites. ,

The response of the plasma sheet to geomagnetic substorms
has also been investigated. It was found that at the onset
of a substorm a sudden, dramatic enhancement in the plasma
sheet flux appeared at the lunar orbit followed by & disappearance
of plasma until substorm recovery. The thinning, or disappearance
of the plasma sheet at substorm onset is a phenomenon observed
at distances closer to the earth, but the precursor spike
seems to be unigue to the lunar disténce and is quite possibly
a result of a pileup of plasma along the leading edge of the
thinning front.

Strong flows were observed in the netural sheet on two
occasions during substorms. At the time of substorm onset
the magnetic fileld normal to the neutral sheet was observed
to change direction and simultaneously a strong anti-solar
ion flow was observed. This 1s strong evidence that at the
time of substorms a neutral line, or a line of magnetic
field connection across the neutral sheet, is formed between
the earth and the moon. Plasma is accelerated away from the
neutral line, travelling both toward the earth and backwards
toward the moon.

On April 9, 1971 a large world-wide magnetic storm
occurred. Data from CPLEE, the Solar Wind Spectrometer
Experiment (SWSE), the Explorer 35/ARC Magnetometer, and
solar wind and magnetic field detectors on-board the Explorer
33 satellite were used for a detailed study of the response

of the distant geomagnetic tall to this storm. Figure 15

shows the geometry of the magnetosphere, the locaticn of the
solar wind discontinulty prior to the storm, and the locations
of the detectors. '
The storm was first signaled by ground-based magnetometer
disturbances at 0428 G.M.T. At 0543 magnetosheath particle
fluxes appeared at the moon and remalned until after 1000.
Referring to the pre-storm geometry of Figure 15, 1t 1s scen



Figure 15
The geometry of the earth's magnetosphere relative
to the solar wind discontinuity and the loecations of the
mocen and the Explorer 33 satellite immediately prior to

the geomagnetic storm of April 9, 1971.
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that the entire geomagnetic tall was compressed until the
magnetopause boundary crossed the position of the moon. The
radius of the geomagnetic tail decreased from 26 to 16 R
This was accompanied by an increase in the tail maghetle
Tfield strength from 10 gammas to 32 gammas. Multiple crossings
of the magnetopause boundary after 1000 G.M.T. coincided

with changes in the angular direction of the solar wind

flow, showing the influence of solar wind flow direction

upon the orientation of the geomagnetic tail. Finally, when
the moon was in the magnetosheath between 0545 and 1000

G.M.T. an electron populaticn characteristic of the plasma

e

sheet was found to be superimposed upon the normal low-
energy magnetosheath electron population. This shows. an
enhanced loss of plasma sheet particles into the magnetosheath
during periods of high magnetic activity.

The large solar flare event of August, 1972 was an
event of unusual magnitude and fortunately at the time the
moon. was outside of the geomagnetic tail regions in interplanetary
space. Therefore there existed the opportunity of studying
particle fluxes resulting from the flares unmodified by
interaction with the earth's magnetic field. Plots of the
coﬁnting rates of analyzer A, channel 1 at the deflection
voltages +0 (background), -35 volts and ~350 volts for the
period is shown in Figure 16. The count rate scales are
displaced by a factor of 10 vertically for the sake of
clarity. It is seen that after day 217 at 1200 hours the
counting rates were independent of deflection voltage,
indicating that these counts were due to high energy solar
flare partlcles that were capable of penetrating the instrument
case. Thils interpretation was conflrmed by cosmic ray
detectors on other satellites. However, between 0200 and
about 1200 on day 217 there are counting rates in the -35
and ~350 channels that are not matched by corresponding
rates in the background channel, indicating a population of
electrons present. A temporal history of the energy spectra



Figure 16
Counting rates in CPLEE Analyzer A channel 1 at
three deflection voltages during the solar flare events of
August 1972. The plots have been displaced by a'factor of
10 vertically for clarity. The identical counting Trates at all
deflection voltages after 1200 GMT on day 217 shows that
these counts were due to high energy protons penetrating the

instrument case.
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of these electrons 1s shown in Figure 17. Here the horizontal
scale is energy and the vertlcal scale is flux. The spectra
represent averages over slxteen minutes. The most likely
explanation for these electrons is that they were generated
at the earth's bow shock by the interaction between the
shock and the strongly diéturbed solar wind, and that these
electrons subsequently propagated upstream to the location
of the moon.

In summary, the principal scientific results of the
CPLEE program were:

1) Observation of a layer of lunar photoelectrons above
the sunlit lunar surface. From these data the lunar
surface photo yleld and potential in the high-
latifude geomagnetic tail were calculated.

2) Observation of a strong interaction between the
solar wind and neutral gas clouds produced by
the Apollo 14 Lunar Module Impact. This interaction
produced charged particles with energies ranging
up to 100 eV,

3) Determination of the average spectral and spatial
characterlstics of the plasma sheet at the
lunar distance.

4} Discovery of neutral line formation between the
earth and the moon and of strong anti-sunward plasma

flow during magnetic substorms.

5) Determination of the response of the distant
geomagnetic tail and magnetosheath to the geomagnetic
storm of April &, 1971.



Figure 17
Electron spectra observed in August 1972 resulting

from the solar flare events.
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6) Observation of a hot electron gas in interplanetary

space resulting from the August, 1972 solar flare
event.

7) Discovery of an_energetic electron population in the
dawn-side maghetosheath that 1s strongly influenced
by geomagnetic activity. These particles were
shown to be capable of being a source of plasma
sheet particles.

Only summaries of the sclentific results have been
glven here. For further details the reader should consult
the publication reprints in Appendix B.
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Conclusion

The CPLEE program has been seen to have been an outstanding'
technical and scientific achievement. Of no small consequence
has been the educational benefits of the program. One
student (Frederick J. Rich) received his Ph.D. degree in
1973 as a result of CPLEE data analysis and another student
(Patricia R. Moore) will receive a M.S. degree in the spring
of 1974 and will continue research into CPLEE data leading
to the Ph.D. degree in 1975. Furthermore, the technical
capability of our laboratory was slgnificantly upgraded by
the demands of the progran. . _

" Analysis of CPLEE data is by no means complete. Small
but significant fluxes of particles bombard the lunar surface
throughout the lunar night when the instrument is viewing
into the solar wind cavity downstream of the moon. It is,
of course, the natural proclivity of an investigator to loock
at data with the largest counting rates first, and so these
lunar night data have been largely neglected. However,
stugies of these data in conJunction w;th ion data from the
Suprathermal Ton Detector (SIDE) and from the Explorer
35/ARC magnetometer hold promise for a deeper understanding
of interaction between the moon and the solar wind and of
particle energization processes at the earth's bow shock.
These investigations have been proposed and accepted for the
Post-Apollo Program of Data Analysis and Synthesis.
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Planet. Space Sci. 1972, Vol. 20, pp, 429 10 436, Pergamon Press, Printed in Northern Ireland

ABSENCE OF THE PLASMA SHEET AT LUNAR DISTANCE
DURING GEOMAGNETICALLY QUIET TIMES

WILLIAM J. BURKE and DAVID L. REASONER
Department of Space Science, Rice University, Houston, Texas 77001, U.5.A.

(Received 18 October 1971)

Abstract—Plasma data from the Apolio XIV Charged Particle Lunar Environment Experiment
(CPLEE) are presented to show that contrary to previously published analyses the plasmasheet
does not extend to the lunar orbit with a thickness of 8 Rg. Two electron spectral types are
observed: (1) low energy photoelectrons with no statistically significant medium and high
energy fluxes, and (2) double peaked medium and high energy electrons. The second type is
observed either coincident with auroral substorms or at the center of the tail during quiet times.
These spectra are one to several orders of magnitude less intense than plasma sheet spectra
measured near 20 Rg.

Detailed analyses of the spatial, temporal and energy characteristics of the near-Earth
plasma sheet (<30 Ry} have been carried on by many investigators, (cf. review articles by
Gringauz (1969), Vasyliunas (1970) and references thercin, as well as Hones et al. (1971)).
Preliminary reports have been presented by Nishida ez al. (1969), concerning magnetically
quiet periods, and by Prakash and Binsack (1971), concerning a disturbed period, extending
these observations to 60 Ry using plasma measurements made by the M.I.T. Faraday cup
aboard Explorer 35. Both conclude that the plasma sheet does in fuct extend to lunar
distances in approximately the same form and characteristics as at closer distances.

In this paper we report data from four months of observation by the Moon based
detector CPLEE (Charged Particle Lunar Environment Experiment). We conclude that
during geomagneticaily quiet times the plasma sheet does not extend to the Moon.
Although our conclusion is consistent with the disturbed time report of Prakash and
Binsack (1971}, we find no consistancy with that of Nishida et al. (1969).

DESCRIPTION OF THBE INSTRUMENT

CPLEE was deployed on the lunar surface at lunar coordinates 3° 40’ S latitude,
17° 27" W longitude by the Apoilo 14 astronauts on February 5 1971. The instrument has
been described in detail by O’Brien and Reasoner (1971), but the salient features relevant to
this study will be repeated here.

The instrument contains two identical charged particle analyzers that are similar to the
particle analyzer SPECS described by O'Brien ef al. (1967). The look direction of one
analyzer (Analyzer A) is toward the local lunar vertical, and the look direction of the other
{Analyzer B) is 60° from vertical, toward lunar west. As the deployment site is 2° south
lupar latitude, the look directions remain within 3-5° of the plane of the ecliptic.

Each analyzer contains a set of collimators and electrostatic deflection plates to separate
particles according to energy and sign of charge. Particles are detected by an array of five
I mm diameter channel electron multipliers placed to one side of the central axis of the
deflection system, and a single large aperture (8 mm diameter) multiplier placed on the
opposite side of the central axis. Thus for a given voltage on the deflection plates, the five-
multiplier array measures particles of a given charge sign (e.g. electrons) in five differcntial
energy ranges and the single large aperture multiplier measures particles of the opposite
charge sign (e.g. ions) in a single wide-energy range.

9 429
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A stepping high-voltage supply furnishes .}-3500, 4-350, 4-35, and 0V in sequence to
the deflection plates. There are two steps at zero volts. At one a background measurement
is made while a test oscillator signal is introduced at the other for data link verification. The
normal 8-step sequence requires 19-2 seconds to complete. However, the automatic
sequence can be interrupted by ground command, and any of the 8 deflection voltage levels
can be selected. In this way, a particular range of particle energy can be observed with a
time resolution of 2+4 seconds.

The energy passbands of the various channels at the three deflection voltage levels (3500,
350, and 35 V) are shown in Fig. 1. Note that the total energy range is 40 eV to 50 keV.

e L, .
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2 —
i —
2 —
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PARTICLE ENERGY { keV)

F1c. 1. RECTANGULAR EQUIVALENT ENERGY PASSBANDS OF CPLEE AT THE THREE DEFLECTION
VOLTAGES.

OBSERVATIONS

Although in this section we show only the first month of CPLEE observations during
the magnetotail passage of February 197] in some detail, they are typical of data from
subsequent observations. The YZ projection of the Moon’s trajectory has been plotted in
both solar ecliptic and solar magnetospheric coordinates from the beginning of February 7
to the end of February 13 in Fig. 2. At approximately 0300 hours UT on February 8,
1971 CPLEE passed from the dusk magnctosheath into the magnetosphere. After several
encounters with the dawn-side magnetopause it left the magnetosphere at approximately
0830 U.T. on February 12. The four-day period of tail transit was marked by few magnetic
fluctuations on Earth, where £K,, for 24 hour periods ranged between 11 and 19. We are
thus able to examine the piasma conditions at 60 Ry while the magnetosphere was in both
quiescent and moderately active states.

Crossings from the magnetopause into the magnetosphere are marked by sharp decreases
in the counting rate of all CPLEE channels, particulazly in those sensitive to low energy
electrons (40-200 eV). The low energy electron fluxcs fall to relatively low and stable levels.
During the entire passage of the magnetotail the low-energy electron fluxes remained at
these levels except in short-lived (<<1hr) bursts when the count rate increased in these
channels by a factor of about 2. Low energy fluxes in the magnetotail are found to be iso-
tropic i.c. the fluxes measured in detector A are substantially the same as in B. We assert

W
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FiG. 2, THe YZ PROJECTION OF THE MOON’S TRAJECTORY FROM THE BEGINNING OF FEBRUARY 8
TO THE END OF FEBRUARY 12,
The beginning of each day is indicated by an arrow. Symbols [ represent solar ecliptic
coordinates and are spaced 6 hours apart, Symbols + represent solar magnetospheric
coordinates at 2 hour intervals. The solar ecliptic boundaries between the dawn and dusk
magnetosheaths and the magnetotail are also indicated.

that the stable low-gnergy electrons seen during quiet times (at the hunar surface) in the
deep tail are photo-clectrons and not part of an ambient plasma. In Fig. 3 we have plotted
the counting rate of Analyzer A, Channel 1 at a defiection voltage of —35V, sensitive to
electrons with E = 40 ¢V for all of February 10, a day encompassing a lunar eclipse (500-
1000 UT). Note that as the lunar surface in the vicinity of CPLEE is shadowed from the
Sun during lunar eclipse, the electron counts fall to near zero levels and return as soon as the
Sun reappears. If the counts were predominantly due to ambient plasma they would be
observed despite the occultation of the Sun (O’Brien and Reasoner, 1971).

Figure 4 shows a record of the February magnetospheric crossing. The counting rates
in the Analyzer A, Channel 3 at —350 V (~750 eV electrons) are averaged over 5 minutes
then recorded at the closest integral value. A similar record of the same channel at —3500V
(~7-5 keV electrons) shows the same features. A cursory glance reveals that the uniformity
of low energy electron counts stands in marked contrast to medium and high energy count
rates. Medium and high energy electron fluxes reaching the surface of the Moon seem to be
of two basic kinds, The first kind marks quiet times in which the detectors see fluxes within
one standard deviation of the background level of the instrument. We refer to times such as
February 8, hours 16-21; February 9, hours 8-13; February 10, hours 3-13; and February
11, hours 2-9. For periods of up to ten hours in length, the counting rates remained at or
near their background levels. Departures from background to the second spectral type are
of relatively short duration (<1 hr). The rise times from background to peak count rates
are generally between 2 and 10 minutes. Although these fluxes generally appear first in
detector A, isotropy is established within a few minutes.

Phenomenologically, these enhanced spectra seem to appear under two quite different
conditions. We have examined ground magnetograms from College, Fort Churchill, and
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F1c. 3. CPLEE ANALYZER A, CHANNEL 1 AT 35V DEFLECTION FOR FEBRUARY 10, 1971,
ILLUSTRATING THE STABLE PHOTO-ELECTRON BACKGROUND WHICH DISAPPEARS AS THE MOON
GOES INTO ECLIPSE FROM ABoOUT 500 1o 1000 UT,

Kiruna, and have found that the relatively short bursts (<1 hr) occur within 15 minutes of
the onset of a substorm observed at one or more of these stations. Although they were
measuring positive ions, we find our observation of enhanced plasma fluxes at the lunar
surface associated with substorms on Earth consistent with that of Garrett et al. (1971).
The longer period of enhanced flux, February 9, hours 17-24, occnrred during a period of
geomagnetic quiet, but the Moon was close to the center of the tail. It is tempting to assume
that we are observing neutral sheet plasma. However, in the absence of local magaetic
field data, this remains only an hypothesis. It is important to note that the Moon moved
from Zg,.— 0:85 or Zy,, == 3-46 at 1700 hours to Zgy, = 065 o1 Zg,, = 2-59 at 2400,
The subscripts SE and SM indicate solar ecliptic and solar magnetospheric coordinates
respectively. In neither system of coordinates did CPLEE detect plasma even 1 Ry thick,
much less 8 Rg.

In Fig. 5a we have plotted a typical spectrum of quiet time electron observations. The
heavy black line indicates a background flux corresponding to one count per second
Quiet time low energy electrons (<200 eV) are almost exclusively photoelectrons; medium
and high energy fluxes hover near the background of the detector.

The second spectral type. Fig. 5b, shows a slight increase in low electron fluxes, with
the major enhancement in the higher energy channels. Peak differential fluxes near 500 eV
have been observed to rise as high as 101 electrons/cm?®-sec-ster-eV. Generally too, we find
a second peak near 5 keV of ~10® electrons/cm?®-sec-ster-eV.

The shape of our ‘background spectrum’ (Fig. 5a) suggest that the second peak may well
be due more to our detector than to nature. For two reasons, we argue that this is not the
case:

(1) We have observed spectra where the second peak is absent or attenuated.

(2) As part of the calibration of CPLEE, Ni%® beta sources of known strength were
placed at the apertures of detectors A and B, (O’Brien and Reasoner, 1971). The Ni%®
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FiG. 4, FOUR DAYS OF DATA FROM THE FEBRUARY 1971 MAGNETOTALL PASSAGE BY CPLEE,
ANALYZER A, CHANNEL 3, —350V,
There is a two hour data gap, 1000-1200 UT on February 8. From ~10:00 of February 11
through the end of the day the detector was looking at the Sun, putling the contamination
count rate well above electron counting rates,

spectrum calculated from the counting rates and the independently-measured geometric
factors matched fluxes observed by other investigators (Archuleta and DelForest, 1971). If
the secondary peak were due to an instrumental defect we would have found a similar
deviation from the Ni* spectrum,

DISCUSSION AND CONCLUSIONS

The question thus remains; how do our observations compare with known plasma sheet
measurements ?
Hones et al. (1971) have presented a synoptic view of plasma sheet and auroral zone



434 WILLIAM J. BURKE and DAVID L. REASONER

10
> c
@ L g‘\\" |
» | Lec® 8
@ 4r 20° i
w 1oE :
s 8
n - I I
NE -
G .3
- o E_
* -
o C
o -
o -
o
® |oag
x
=)
| I~
V8 -

]
10—y T T Ty T T T
o' 10* i 1o
ENERGY {eV)
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Fluxes in A and B were approximately the same. The background flux is that which would be

observed from one background count in cach channel. During quiet times the medium and
high energy counts were at or close to this level.
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spectra in Fig. 11 of their article. For the purpose of comparison we have reproduced some
of their results along with our own. Plasma-sheet electron spectra at 17 Ry are of two kinds:
(1} cool electrons, as in spectrum A of Fig. 6. This spectrum peaks at =300 eV at flux
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FiG, 6. ENHANCED SPECTRUM AT THE MOON COMPARED WITH PLASMA SHEET AND AURORAL
ZONE SPECTRA.
Spectra A and B are ‘cold” and 'hot’ electrons observed by VELA in the quiet and post-storm
inflation of the plasma sheet, Spectrum Cis the enhanced CPLEE measurement. Spectrum D
is a double peaked electron flux observed in an auroral arc. The background flux of VELA and
CPLEE are also indicated.

levels ~ 105 electrons/cm®sec-ster-eV. The spectrum is Maxwellian down to the background
level of the VELA detectors and shows no high energy tail. (2) Hot electrons, spectrumn B,
appear in the post-storm inflation of the plasma sheet. These fluxes peak near 1 keV at
levels of several times 10* electrons/cm®-sec-ster-eV. No trace of a secondary peak was
reported. The peak fluxes of this ‘hot” spectrum is several times the height of the highest
flux we have observed at the Moon.

We have displaced the spectrum observed by Westerlund (1970a) because of the character-
istic double peak found in auroral arcs. There however, the spectral similarity ends, as we
are below Westerlund’s flux level by three or four orders of magnitude. Since the auroral
oval is the locus of points in the ionosphere mapping into the plasma sheet (Vasyliunas,
1969), if the plasma sheet extended to the Moon we might expect to find spectral similarities.

Our observations indicate that during quiet times the plasma sheet does not extend out to
the Moon. Observed plasma has spectral peaks near 0-5 and 5 keV. However the fluxes are
one to several orders of magnitude lower than near Earth plasma sheet measurements. The
upper limit to the quiet time plasma flux at the Moon is 5 x 102 electronsfcm®sec-ster-eV
at E = 0-5keV. These enhancements observed to be coincident with auroral substorms
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could be interpreted as a temporary expansion or outward flow of the plasima sheet to 60 Ry.
The single observation of enhanced fluxes during a quict time (February 9, hours 17-24)
could have been due to the plasma sheet. If this is the case however, its thickness would be
less than 1 Ryg.

Note added in proof

Since the submission of this article a number of people have argued that even if the plasma sheet extended
ta 60 Ry CPLEE might not be able to detect it because of shadowing. A preliminary study of ion fluxes at
the surface of the Moon, as well as a calculation allowing for motion of the plasma sheet due to wagging of
the tail, lzad us to conclude that lunar shadowing is not a dominant phenometion in this experiment.

Acknowledgements—We wish to acknowledge the Principal Investigator, Dr. B, J. O’Brien, who originally
conceived and proposed the Charged Particle Lunar Environment Experiment.

This work was supported by National Aecronautics and Space Administration Contract No. NAS
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Simultaneous enhancements of low-energy ions and negative-particle fluxes due to the im-
pact of the Apolle 14 lunar module were observed by the lunar-based charged-particle lunar-
environment experiment (CPLEE). The impact occurred 66 km away from CPLEE, and the
time delay between impact and flux onset was approximately 1 min. It is argued that the ob-
served charged particles could not have energized at the instant of impact but rather that the
impaet produced expanding gas clouds and thag constituents of these clouds were ionized and
accelerated by some econtinuously active acceleration mechanism. It is further shown that the
acceleration mechanism could not have been a statie electric field but rather is possibly a eon-
sequence of interaction between the solar wind and the gas cloud.

The ascent stage of the Apollo 14 lunar
module Antares impacted on the lunar surface
on February 7, 1971, at 00h 45m 24s GMT.
Shortly after the impact, a lunar-based charged-
particle detector based 66 km away detected
fluxes of low-cnergy positive ions and negative
particles with intensities a factor of 10 greater
than the ambient fluxes. The ion and electron
enhancements exhibited near-perfect temporal
simltaneity, and we report here preliminary
studies of these impaet-produced plasma clonds.

The messurements were made with the
charged-particle lunar-environment experiment
(CPLEE) deployed as part of the Apollo 14
Alsep instrument array at Fra Mauro. The
CPLEE instrument Js conceptually similar to
the switching proton-electron channeltron spec-
trometer {Specs) described in detail by O’Brien
et ¢l. [1967]. Two identical particle analyzers
are housed in the unit., One analyzer, labeled
A, is pointed toward the local vertical, and the
other analyzer, labeled B, is pointed 60° from
vertical toward lunar west,

We refer the reader to O'Brien et al. [1967]
for a detailed description of the particie anal-
yzers and report here a few salient features of

Copyright © 1972 by the American Geophysical Union.

the instrument relevant to this report. Charged
particles are deflected by a set of electrostatic
deflection plates according to energy and charge
sign into the apertures of an array of six chan-
nel electron multipliers, and, at a given deflec-
tion-plate voltage, an analyzer makes meas-
urements of fluxes of particles of one charge
sign (e.g., electrons) in five energy ranges and
particles of the opposite charge sign (e.g., ions)
in a single energy range., Normally the instru-
ment steps through a series of six deflection
voltages plus two background steps every 10.2
see. However, the automatic sequence can be
halted by ground command and the deflection
voltage stepped to any one of the eight lavels,
with a consequent reduction of the sampling
interval to 2.4 sec. Before the impact, the de-
cision was made to operate the instrument in
the manual mode at a deflection voltage where
the instrument was sensitive to negative par-
ticles in five energy ranges centered at 40, 50,
65, 95, and 200 ev, respectively, and sensitive
to positive ions in a single energy range with
peak response at 70 ev and half-intensity points
at 50 and 150 ev. As will be seen, this decision
proved extremely fortuitous.

The Antares impact occurred at iunar co-
ordinates 3.42°8 latitude and 19.67°W longi-
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tude, a point 86 km west of CPLEE, at 00h
45 245 GMT on February 7, 1971. The geom-
etry of the impact event is shown in Figure 1.
The terminal mass and velocity were 2303 ke
and 1.68 km/sec, respectively, resulting in an
impaci energy of 325 x 10° joules (G. V.
Latham, private eommunication, 1971). The
lunar medule contained approximately 180 kg
of volatile wpropellants, primarily dimethyl
hydrazine fuel (CH.NHNHCH,) and nitrogen
tetroxide oxidizer (N,0.). There was an addi-
tional source of energy if one considers the
possibility of these hypergolic propellants com-
bining, The heat of oxidation of dimethyl hy-
drazine i3 3.3 x 107 jonles/ke [Foodger, 19707,
and hence, if all of the propellants were able to
combine, the energy released would be ~3 X
10* joules maximum or ecmparable to the im-
pact energy.

In Figure 2 are shown the counting rates of
channel 6 of anslyzer A, measuring positive
lons with energies of 50 to 150 ev per unit
charge, and of chanuel 3 of the same analyzer,
messuring negative particles with energies of
61 to 68 ev, for the period 00h 44m 53s to 00k
48m b5s GMT on February 7, 1971

Ag can be seen from Figure 2, the counting
rates before and during Antares impact were
reasonably constant. The preimpact ecounting
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rates in the low-energy negative-particle chan-
nels were due to an ambient population of
photoelectrons that was present whenever the
Iunar surface in the vieinity of CPLEE was
lluminated. We note as proof of this assertion
that these ambient fluxes disappenred entirely
during the total lunar eclipse that oecurred a
few days later on February 10, 1971, The back-
ground rate of the ion channel (channel 8)
wag due to various sources of contamination,
including a small (~6%) contribution from
electron scattering within the znalyzer, (This
effect was well documented in preflight calibra-
tions.) The ion-channel background level was
egsentially constant throughout the lunar orhit
and hence was not dus to a low-energy tail of
the solar-wind ion flux.

Beginning at T + 48 sec, a series of pro-
nounced enhancements above background levels
in eounting rates of both the ion and the nega-
tive-particle channels was observed, with the
data domipated by two major enbancements
centered at T - 58 gec and T 4 74 see, respec-
tively. Beeause the enhancements were observed
simultaneously in particles of both charge types,
we refer to these events as plasms elouds.

The same dats for analyzer B oriented 60°
{rom vertical toward lunar west (ie., toward
the impaet point) are shown in Figure 3. The

LYZER
A

ANA

CPLEF EA_S.I_L

T T

B& Kmn |

AFJLLE 12
SITE

Fig. 1.

APOLLO 12
TE

A sketch of the geometry of the impact event, showing the location of the impact

point relative to the location of CPLEE and the Apollo 12 Side instrument [Freeman et al.,
1971]. Also shown are the incident solar-wind and assumed interplanetary magnetic-field

directions.
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Fig. 2. The counting rates of channel 3 and channel 6 of analyzer A at —35 volts, meas-
uring 6B-ev negative particles and ions with 50 < E < 150 ev with peak response at 70 ev,
respectively, showing the particle fluxes resulting from the lunar module impaet.

background level of the ion channel in analyzer
B ig considerably higher than that for analyzer
A for reasons that remain unknown to us. The
effect however was well documented in a series
of postdeployment, tests with N.® beta sources
that were attached te the underside of a re-
mavable dust eover protecting the analyzer
apertures during deployment and lunar-module
ascent. As for the amalyzer A data, however,
we measured the flux enhancement as the dif-
ference botween the instantanecus counting
rate and ihe background level. From compari-
son of Figures 2 and 3, one can note that the
flux enbancemenis were essentially simultaneous
in two directions, but the ion flux measured by
analyzer A was 5 timnes higher than the ion flux
measured by analyzer B. The geometrie factors
of the corresponding sensors in analyzers A and
B are essentially identical, and hence the rela-
tive flux magnitudes can be directly compared

by comparing the relative counting-rate en-
hancements ahove the background levels of the
channels, On the other hand, the negative-par-
ticle flux measured by analyzer A was only
one-third az great as the negative-particle fiux
measured by apalyzer B, Examinations of Fig-
ures 2 and 3 also show sporadic enhancements in
particle fluxes occurring after the two initial
plasma clouds. We consider that these enhance-
ments were alse the result of the impaet but
were due to various ‘aftereffects,’ perhaps see-
ondary impacts of ejecta material. (See dis-
cussion helow.) In this paper, thercfore, we
concentrate on the first two well-defined en-
haneements.

The detailed characteristics of the two domi-
nant plasma clouds are shown in Figure 4, a
plot on an expanded time scale of the negative-
particle fluxes in five energy ranges and ion
flux in a single energy range measured by ana-
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lyzer A. The plot shows clearly that the nega-
tive-particle enhancement was confined to en-
ergies less than 100 ev, since the 200-ev flux
remained essentially constant throughout the
event. The plot also shows that the enhance-
ments of all the particles meagured were simul-
taneous to within the temporal resolution of
the instrument (2.4 sec).

The negative-particle spectrum is seen (Fig-

ure 4) to vary throughout the event in both
the magnitude of the fluxes and the shape of
the spectrum, A comparison of the preimpact
negative-particle spectrum and the spectrum
during the enhancements is shown in Figure
5. The first spectrum was measured at OCh
42m 38s, or during the period of stable, ambient
fluxes some 3 min prior to impaect. The second
spectrum was measured at O00h 46m 21s, or
during the first enhancement. The differing
spectral shapes are clearly seen in this figure,
It might well be questioned whether the
flux enhancements at 7 -+ 58 and 7" + 74 sec
were actually initisted by the Antares impact.
Indeed, in the time period of approximately 2

1295

days following the impact event, when CPLEE
was 1n the magnetosheath, several rapid en-
hancements in the low-energy electron fluxes
by up to & factor of 50 were observed. How-
ever, these other enhancements were not cor-
related with positive-ion flux increases, and, in
fact, the event referred to here is the only such
example of such perfectly correlated low-energy
ion and negative-particle enhancements seen in
this time period. In addition, carefn]l monitoring
prior to the impact revealed that the fluxes
were relatively stable, constant to within a
factor of 2 over time periods of a few minutes,
These facts lend credence to the belief that
this situation iz a valid cause and effect one.

Further confidence in our interpretation thaf
the flux enhancements were artifically impact-
produced rather than of natural origin is gained
by moting that although no such plasma clouds
were previously detected resulting from impact
events, Freeman et ¢l. {1971] reported detec-
tion of positive-ion clouds with the Apollo 12
suprathermal ion detection experiment (Side),
which they concluded resulted from the Apollo
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13 and 14 Saturn IV-B stage impacts. Further-
more, the positive-ion components of the plasma
clouds reported here were also detected by the
Side at the Apollo 12 site, located 118 km west
of the impact peint (J. W. Freeman, Jr,, pri-
vate communication, 1971).

It is concluded, therefore, that the impaet
of the ascent stage of the Apolio 14 Tunar-
module was responsible for the positive- and
negative-particle fluxes observed by CPLEE,
and these fluxes are referred to as plasma
clouds. The salient features of the event are
the time delay between the impact and the fux
enhancements {~60 sec) and the simultaneous
appearance of positive and negative particles.

There are two possible interpretations
of these data in 8 gross sense. Tt can be as-
sumed that the particles were created and
energized at the instant of impact or that the
impact ereated an expanding neutral gas cloud
and the components of the neutral cloud were
ionized and aceelerated by mechanisms that
were more of less continnously active and in-
dependent of the impact itgelf,

If it is assumed that the particles were en-
ergized at the instant and point of impaet by
gsome unknown mechanism, it s necessary to
explain the subsequent behavior of the plasma,
clouds.

According to this hypathesis, the plasma
clouds had an average travel velocity of ~1
km/sec and horizontal dimensions of 14 and 7
km, respectively, for the first and second clouds.
Noting that the positive and negative particles
appeared simultaneously, a mechanism must be
found to explain hoth the cloud containment
and the relatively slow propagation velocity.
It can be postulated that the positive-ion—di-
rected velocity was of the order of the inferred
plasma-clond propagation velocity (~1 lkm/
sec),-and then one can appeal to ambipolar

diffugion to contain the negative particle com-
ponent, if it is assumed that the negative par-
ticles observed were electrous. Several caleu-
lated parameters of 50-ev charged particles of
various masses are listed in Table 1, and it is
seen from this table that, to fit the foregoing
hypothesis, the ion mass would have to be on
the order of 1000 amu, Since the gas released
at impact probably consists mainly of vaporized
lunar-module propellants and lunar-surface ma-
terials, we would estimate ion masses in the
range 25-100 amu, but it is difficult to see how
raass 1000 ions could have been created. Im-
deed, this assumption iz substantiated by the
observation of the Apollo 13 Saturn IV-B im-
pact ion cloud by Freeman et ol [1971] with
the Apolle 12 Side instrument. The mass-ana-
lyzer portion of the instrument showed peak
ion fluxes in the range 66-90 amu/unit charge.

Rejecting the hypothesis that the particles

“traveled in straight-line paths between the im-

pact point and CPLEE, there is still the pos-
gibility that the particles could have been
energized at the instant of impact and the
trajectories influenced by a local magnetie field
or that the plasma cloud eould be magnetically
confined. The meéasurements of the lunar-sur-
face magnetic field by the Apollo 12 lunar
surfacé magnetometer [Dyal ef al, 1970]
showed a steady field of 38 == 3 y, with vector
components B, = 26 y, B, = 13 y, and B, =
—24 y. (In this coordinate system, z is south,
y is east, and 2z is the direction of the local
vertical,) Measurements of magnetic flelds at
two locations near the Apollo 14 site were made
with the lunar portable magnetometer [Dyal
et al., 19717, These sites (1 and 2) were located
approximately 500 and 1700 meters from
CPLEE, respectively. At site 1 the field was
103 v with components B. = 24 y, B, = 38 v,
and B, = —93 v, and at site 2 the field was

.TABLE 1. Plasma Cloud Parameters

Cyclotron Radius, km -

Particie Velocity, Enerpy Density,
Energy, ev' Charge Sign Mass, amu km /see ergs/cm? 36-y Field 100-y Field.
5G + 1 100.0 5.6 X 10~ 30 14
50 + 25 20.0 28.0 X 107 150 50
50 + 100 10.0 56 X 1010 300 100
50 = 1000 1.0 560 x 10w 3000 1000
50 — m, 4300 0.7 0.23
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43 v with components B, = 19y, B, = —36 v,
and B, = —15 y, The reader is referred to the

ahove references for a complete deseription and
discussion of the lunarsurface magnetic fields,
but the data do suggesi [Dyal et al, 1971]
that surface magnetic fields of several tens of
v's exist over wide regions of the lunar surface.
By contrast, magnetic-field measurements by
the lunar-orbiting Explorer 35 spacecraft showed
valnes of 10-12 y 800 km above the lunar sur-
faca [Ness et al, 1967]. From these data we
might postulate that the plasma eclouds were
magnetically confined in the enhanced mag-
netic field close to the surface. However, when
it is recalled that, aceording to the hypothesig,
the dimensiong of the two clouds were 14 and
7 km and when it is argued that the cyelotron
radii of the particles can he no larger than the
cloud dimensions, it is seen from Tabla 1 that
the ions would have to be predominately of
small masses (Le., protons). We have argued
above, however, that the ions probably have
masses in the range 25-100 amu, and these jons
would have cyclotron radii (see Table 1) too
Targe by a factor of af least 5 to fit the ob-
served data, _

Therefore it appears that it is impossible to
reconcile the observed data with the hypothesis
that the charged particles were energized ai
the instant of impact and then propagated in
gome manner to the location of CPLEE. The
time delay between impact and observation by
CPLEE and the relatively short duration of
the enhaneements were seen to require, depend-
ing on the mode of propagation chosen, either
extremely large (~1000 amu) or extremely
smail (~1 amu) Jonic Imasses, and it was
argued that such extreme values are highly
unlikely. ’

An alternate hypothesis is that the lunar-
meodule impaet produced expanding annular gas
elouds and the components of the gas clouds
were then ionized by solar photons or other
mechanisms and subsequently energized by a
continuously or erratically sctive accecleration
mechanism, These fluxes were then observed by
CPLEE only when the expanding annular gas
clond was in the wicipity of the instrumoent.
Thus, according to this hypothesis, the velocity
of 1 km/sce deduced from the impact-CPLEE
distance and the delay time is a characteristic
velocity of the gas-cloud expansion. The fact

RuasoNER AND O'BrRiEN

that there were two large enhancements, and
by inference two gas clouds, ean be cxplained
by noting that the Iunar-module impact fra-
jectory was at a low {~10°) elevation angle,
and this could, of course, lead o secondary
impacts following the primary impact.

We can only speculate as to the mechanism
responsible for energization of the charged par-
ticles. We note that the solar magnetospheric
coordinates of CPLEE at the time of impact
were Yor = 34 Bp and Zpr = 21 Ry and the solar
elevation angle was 30°. Fxamination of the
complete CPLEER data records before and after
the impaet show that the impact cecurred just
before the instrument crossing from the inter-
planetary medinm inte the magnetosheath.
Therefore the solar wind had direet access to
the lunar surface at the time of the impact
event.

Manka and Michel [1970] calculated the trajee-
tories of ions created near the lunar surface
and aceelerated by the V% B eleetric ficld of the
solar wind, Although their caleulated electrie-
field values (2-4 v/km) are certainly of sufficient
magnitude to produce the observed particle
energies, there are two observational features
of these impact data that cause the hypothesis
of acceleration in a static eleetrie field 1o be
rejected immediately. The first feature iz that
energetic particles of both charge signs appeared
simultaneously, and the second feature is that
positive ions resulting from the impact were
detected both by CPLEE located east of the
impact site and by the Apollo 12 Side located
west of the impact site (J. W. Freeman, Jr,,
nrivate communieation, 1971).

The solar-wind energy density is ~80 x 107
erg/em?, and, by comparing this value with the
range of plasma-cloud energy densities caleu-
lated from the measured flux (see Table 1}, it is
seen that the solar wind is energetically capahle
of being the energy souree. Whether or not
interaction between the solar wind and a gas
clond can actually aceelerate particles to the
obscrved energies and fluxes is unknown, al-
though Alfvén [1954] and Lehmert [1970]
pointed out that strong interactions may oecur
between magnetized plasmas and neutral gases.

In summary, these lunar-module impact data
indicate a situation of interaction among a neu-
tral gas cloud, the solar wind, and possibly
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local lunar magnetic fields, and thus a unique
problem in plasma physics is presented.
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The charged patticle hunar environment experiment. (CPLEE), a part of the Apollo 14
lunar surlace puckage, is an ion-electron spectrometer capable of messuring ions and electrons
with energies between 40 ev and 50 kev. The instrument, with apertures 26 cm above the
surface, has detected a photoelectron zas layer above the sunlit lunar surface. No detcelable
flux above 200 ev has been observed. Experimental data for periods while the moon was in
the earth’s magnelotail for electrons witk cnergies 40 ev < E < 200 ev follow a power-law
specirum j{EY = ju{F/E) with 35 < & < 4. In the absenee of photoelectrons with £ = 200,
we assume that the smirface potential is al least 200 volis. The modulation of this potential
in the presencc of infense plasma-sheet fluxes has been observed. Also, 1 detailed history of
the February 10, 1971, total Tunar eclipse, to determine the source distribution of high-cnergy
solar photons, 1s nresented. A classical penumbral-umbral behavior indicates that at the time
of the eclipse the cmission of higher-energy photons was uniform over the solar disc. Numerieal
solutions' for the variation of electron density and potenlinl as functions of height above the
lunar surface were obtained. The solar photon spectrum 7(hs), oblained from various experi-
menial sources, and (he photoelectron yield function of the surface materials, ¥ {(hy), are two
parameters” of the solution. Iinergy spectra at the heighl of the measurcments for various
values of V{(ke) were computed unlil a fit to experimental data was obtained, Tistng a func-
tonal form ¥{he) = T¥e(he — W)/ W/ for 6evs v $9evand F(he) = Y, for
fw =9 ev, where the lunar-surface work function W wus set at 6 ev, we caleulated a value of
Yo = 0.1 electrons/pholon. The solution zlso showed that the photoelcsiron density [alls by
& orders of magnilude within 10 meters of the surface, but the layer acinally terminates several
hundred meters above this height. A hydrostatic model of the photoslectron layer has also
been developed, It is shown that the numerically caloulaled pressure, density, and poteniial
can be approximated by solving the hydrastatic equations with an equation of state P/n'® —
constunt out to 200 em from the surface. Beyond Ihis height, the equation of stale shifts
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toward the lsothermal casc, P/r — constant,.

The general problems of phatoelectron emis-
sion by an isolated body in a vacunm and in 4
plasma have been the ahjects of several investi-
gations. For cxample, Medved [1065] has
treated clectron sheath formations about bodies
of typical satellite dimensions. Guernsey and
Fu [1970] have considered the properties of
14‘_1 infinite, photoemitting plate immersed in a
ditute plasma. Grobman and Blank [1969) ob-
Hained expressions for the lunar surface poten-
tial due te photoeleetron emission while the
moon ig in (he solur wind, T, Walbridge (un-
published manuseript, 1970) developed a seb of
equations for obtaining the density of photo-
electrons as well as the electrostatic potentisl
as functions of height above the surface of the
moon while the moon is jn the solar wind. By

Copyright & 1972 by the American Geophysical Uunion.

assuming a simplified form of the solar photon
emission spectrum, he eould provide analytie
expressions for these quantities.

In this paper, we report on abservations
of stable photoclectron fluxes with energies
between 40 and 200 ev by the Apollo 14
charged-particle lunar environment experiment
(CPLEE). These observations, made in the
magnctotail under near-vacuum conditions, are
compared with numerically caleulated photo-
emission spectra to  determine the HPproxi-
male potential difference hetween ground and
CPLEE’s apertures (26 cm). Numerically eal-
eulated  density and™ potential dist ributions,
when eompared with aur measured values, help
us cstimate the pholoelectron yield funetion of
the dust layer covering the moon.

We have also developed a hydrostatic model
for @ photocleetron gas in equilibrium ahove
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TFig. 1. Five-minute averaged counting rates for CPLEE, analyzer A, channel I, at —35

volts, measuring 40-ev electrons on February 8, 1971. After 0300 UT, counting rates fell from
high magnetosheath to stable photoelectron levels.

the surface of the moon. An cquation of state
P = constant 7" is postulated, where v is a
free paramncler to be determincd from the mr-
merical analysis,

TiE INSTRUMENT

Complete deseriptions of the CPLEE instru-
ment have been given by O’Brien and Reasoner
[1971] and Burke and Eeasoner [1972]. The
instrument containg  two identical charged-
pariicle analyzers, here referred to as analyzers
A and B. Analyzer 4 looks toward the local
lunar vertical, and analyzer B looks 60° from
vertical toward lunar west,

The particle analyzers contain a set of electro-
static deflection plates Lo separate particles ac~
cording to energy and charge type, and an array
of 6-channel clectron multipliers for partiele

detection. For a fixed voltage on the deflection
plates, a five-band measurement of the spec-
trum of particles of one charge sign and a
single-bund measurement of particles of the
opposite charge sign are made. The deflection
plate voltage is stepped through a sequense of
3 voltages at both polarities, plus background
and calibration !evels with zero voltage on thie
plates. A complete measurement of the spec-
trum of iong and electrons with energies be-
tween 40 ev and 50 kev is made every 19.2 sec.
Of particular relevance to this study ure the
lowest electron encrgy passbands, With g de-
flection voltage of —35 volts, the instrument
measurces electrons in five ranges centered at 40,
50, 65, 90, and 200 ev. With +35 valts on the
deflection plates, clectrons in a single energy .
range between 50 and 150 ev are measured. At
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the next higher deflection voltages, +350 volts,
the energy passhands given above are sealed
upward by approximately a faetor of 10.

OBSERVATIONS

In this scetion we present data from the Feb-
ruary 1971 passage of the moon through the
magnetotail. Because these are typical, display
of the data from subsequent months would be
redundant. At approximately 0300 UT on Feb-
raary 8, CPLEL passed from the dusk-side
magnetosheath into the tail. The 5-min aver-
aged counting rates for analyzer 4, channel 1,
at —35 -velts mensuring 40-ev electrons, are
plotted for thig day m Figure 1. Almaost identi-
cal count rdates are obscrved in analyzers 4 and
B during this period of obhservation. As CPLEE
moves across the magnelopause, the counting

6673

rate drops from ~200/cycle to the magnetotail
photoelectron background of ~35/¢ycele {1 eycle
= 1.2 sec). Enhancements at ~0530 hours and
at ~0930 hours correspond to plasma events
assoclated with substorms on earth [Burke and
Reasoner, 1972]. There is a data gap from 1000
to 1200 hours. With the exception of the short-

dived (<1 hour) enhancements, the detector

shows a stable counting rate when the moon is
in the magnetotail.

Our contention is that these stable fluxes oh-
served in the magnetotail during periods of low
magnetic activity are photoelectrons gencrated
by ultraviclet radiation from the sun striking
the surface of the moon. In support of this
thests, we have reproduccd the counting rates
ohserved in the same detector on February 10
when the moon was near the center of the tail
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Fig. 2. Five-m_inuLe averaged deep-tail counting rates of 40-ev elcetrons on February 10, 1971,
The lunar eclipse (0500 to 0900 UT) is marked by vanishing photoelectron counting rates.
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(Figure 2). First, we note that the stable count
level is the same at the center as it was when
CPLEE first entered the tail. Secondly, from
about 0500 to 1000 hours the moon was in
eclipse. During this time, the counting rates go
to zero. As the moon emerges from the earth’s
shadow, the counting rates return to their pre-
eclipse levels. If the stable low-cnergy electrons
were part of an ambient plasma, rather than
photoelectrons, the counting rates would not be
so radieally altered as the moon moved across
the earth’s shadow.

A detailed plot of the photoelectron flux on
an expanded time scale for the period of lunar
entry into the earth’s penumbra and uwmbra is

REASONER AND BURKE

shown in Figure 3. The times of penumbral and
umbral entry are indicated, and these times
were computed from ephemeris data appropriate
to the lunar coordinates of CPLEE. Tn addition
to confirming our carlier arguments, this plot
also shows that the high-energy (>40 ev) pho-
tons are radiated essentially uniformly over the
solar disc, If these photons were emitted from
s few isolated regions, then one would observe
sharp transitions in the flux as the regions were
progressively shadowed by the limb of the
earth. As can be seen, however, the curve in
the penumbral portion is smooth, with no obvi-
oug discontinuities, Furthermore, one notices
that the counting rate falls by more than 2
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Tig. 3. Expanded time-seale plot of photeelectron fluxes for the period of penumbral and
um_bral entry of the lunar surface region around CPLEE (analyzer A) during the lunar
eclipse of February 10. The data are the counting ratc of channel 6 at 435 volts measuring

elecirons of 50 ev << B < 150 ev.
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Fig. 4. An example of ultraviolet contamination of analyzer A from ~1200 of February 11
to ~0300 of February 12, 1971.

orders of magnitude as the moon traverses the
umbral and penumbral regions {Figure 3). The
minimum couniing rate of ~15/sec for this
channel (channel 8) is very near the instru-
ment background level, but even if these were
all due to an ambient plasma our argument that
the pre-cclipse counting rates were due entirely
to photoelectrons is not significantly altered.
It could be argued that the observed count-
ing rates were duc to photons scattering within
the detectors themselves and not due to ex-
ternal photoelectrons. This, however, is not the
eage. Preflight calibrations with a laboratory
ultraviolet source showed enhanced counting
rates only when the angle between the look
direction of the detector and the source was
less than 10°. Given the 60° separation between
the look directions of analyzers A and B, i
would be impessible for the sun, essentially a

point source, lo produce identical counting rates
in both unalyzers simultaneously. There are
Limes when we do observe uliraviolet contami-
nation in one or the other chunnel. An example
of such contamination is shown in Figure 4
from 0600 hours, February 11, to 000 hours,
February 12. As the sun moves across the
aperture of analyzer A, the counting rates in-
crease & full order of magnitude. During this
period, analyzer B continued to produce typical
deep taill cointing rates. Note that as the de-
tector came out of ultraviolet contamination it
encountered typical magnetosheath plasma. At
~0345, it passed back into the magnetotail,
then at ~08300 returned to the magnetosheath.

A typical speetrum of phatoeleetrons shown
in Figure 5 was observed hy analyzer A at
~0400 heurs on February 10, shortly before the
moon entered penumbral eclipse. The dark line
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marks the differential fux equivalent to a back-
ground count of one per cycle in cach channel
(channels 1-5). For all five channels, with the
deflection plates at —35 volts, the differential
flux is well above this background level, During
geomagnetieally quiet times, no statistically sig-
nificant counts are chserved when the deflection
plates are at —350 or —3500 volts, correspond-
ing to electrous with &£ > 500 ev {Burke and
Reasoner, 19727,

With the exception of periods of ultraviolet
contamination in analyser 4, we always ob-
serve nearly the same counting rate due to
pholoeleclrons in analyzers 4 and B. For all
purposes, we cun say that the spectrum dis-
played in Figure 5 i3 just as typical for ana-
lyzer 8. We have found no case ol anisotropy
in Lhe photoelectron fluxes. In all cases, too, we
found that the photoelectron spectra observed
in both analyzers had cloge to a power-law de-
pendence on encrgy. Tf we write the differential
flux in the form j(E) = (E/E)™, nis between
35 and 4. Tn the next scetion, the details of
this spectrum are more carefully studied.

Also in Figure 5 we display a schematic cross
section of our mstrument zs it s deployed on
the surface of the moon. The apertures of hoth
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Tig. 5. Typieal photoelectron spectrum  ob-

served by CPLEE at the lunar surface in the high-
latitude magnelotail.
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analyzers are elevated 26 em from ground.
Their geometry s such that they observe only
electrons with a component of velocity in the
downward direction. Since we eontinually ob-
serve photoeleetrons with energies up to ~200
fv, wr mush assume that the lunar surface po-
tential is at least 200 volts during these times.
Thiz measurement will seem high to those
familiar with the work of E. Walbridge (un-
published manuseript, 1970) and Grobman and
Blank [1969], who calculate a surface potential
that is at least an order of magnitude [vwer,
The difference is that their models deal with
photoemizsions from the surface of the moon
in the presence of the solar wind. Our measurc-
ments in the magnetotuil are made under near-
vacuum conditions. After further analysis of
the preblem, we return to considerations of the
surface potential,

To summarize: During geomagnetically quict
times, when the moon is ip the magnetotail and
not in eclipse, stable photoelectron fluxes with
energies between 40 and 200 ev are observed.
These fluxes are izotropic and obey a power
law, E™*, where p ig between 3.5 and 4. From
the fact that CPLEHK is observing downward-
moving electrons, we conclude that in the mag-
netotail the lunar surface potenilal is of the
order of 200 volts.

A Hryprosraric MopeL

Our ohservation of steady photoelectron
fluxes that are isotropic over the lower half-
plane for much of the moon’s passage through
the magnetotail suggests thal we can make the
following assumptions about the physical situa-
tion:

1. The solar radiation flux at the lunar
surface and the photoelectron flux produced by
the lunar surface are constant in time.

2. There are equal probabilities {ur emitting
photoelectrons into equal solid-angle elements
in the upper haif-plane.

3. In the equilibrium situation, the net eur-
rent out of the surface is zero.

4. The lunar surface may be approximated
by a flat infinile plane. Physieal quantities vary
only with height above the surface. (The co-
ordinale sysiem ig such that X, ¥, Z increase
toward the loecal vertical, west, and south,
respectively.)
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The first assumption assures a constani Aux
of photoelectrons at the surface of the moon.
In the Appendix, we show Lthat our postulate
of an isoirepic preduction of photoelectrons is
suffieient to explain our observalion of isotropic
fluxes at 26 cm. Assumption 3 demands that in
a vacuum all photoelectrong be trapped by the
electrostalic Geld above the surface. The surface
potential under vacuum' conditions is deter-
minad by the mosl energetic photoelectrons.

In the equilibrium situation, the governing
equations are Poisson’s equation,

8;!253‘) = —dxgn(z) (1)

and the equation of conservation of momentum,

dp(x) . 1 dP(x)
dr ' afr) Iz ()

Here the densily and pressure are defined by

nlr) = f flw, #} d'%

; 1

Plz) = Ef mo’ (v, 2} &%

Thc- density can be eliminated from eqmtlons
I and 2 to show that

o - (43

However, to solve for all three quantitics we
must postulate an equation of state

Pla) _ Py
nT () n'
where o 15 a constant, and y is related to the
polytrope index v by the relationship v = (v
+ 1)/v. The values of physical gquantities at the
surface are denoted by zero subseripts. In solv-
ing equations 1-3, we demand that, as z — oo,
all physieal quantities go to zero,
Pressure can be climinated by differentiating
equation 3 and substiluting into 2

= )

6&6 = Yo 7—2_d_7_?'
oz + . L {4)

If we multiply (1} by 3¢/8x, using (4) on the
right-hand side, and integrate in from infinity,
we gel,
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Q(E 2 = —Srya ( r)‘r 1dn(£)d ¢
(az) . f ()
T = [Bran” (x)]

In order to insure a potential that decrcases
as z inereases, we must choose the minus sign
n equation 5. Lquating the right-hand sides of
equations 4 and 5,.

e yoadn o v e
. e (Sma)' *n
or
= (2’_)”2 f"m T
q \BT n
For v £ 2,
— 9]y
n(x) = [1 — T—T—f:l (6a)
and for vy = 2
n(z) = nee **
with the characteristic length
A= (Po/2mging’) (65)

Equations 6a and 60 can be substituted into
4 to get:

x _ ¥y -2y
fo (1 - %—2 f) dz  (7a)
v & 2
$o — ¢ = 0 _ gy
Gy
. Py v -
= —QTZ(I ~ &N (7b)

¥y =2
For v == 2 (equation 7a), there are two
formal solutions, depending on whether y =
1 or not:

¥y # 1,2
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b0 — bz} = —P—Gln(1+§—f) (7

vy=1

The solutions for the elcelrostatic potential,
equations Ta’, 7a”, and 7h, satisfy the boundary
conditions ¢ (0} = ¢, = 200 volts and p{e0) =
0. Hete o = {IW/gna)y/(y — 1). It 1 < v
< 2, ¢(z) goes smoothly to zero as z —>» <.
Tiy > 2, ¢(x) goes to zero atx = Ay/(y — 2).
Ilowever, of 0 < v < 1, both boundary con-
ditions cannol be salisfied for finite ¢,. It would
be possible to have an cquation of stale with
finite ¢y and y < 1 near the surface, but the
value of y must shift to a value greater than 1
beyond some height. The numerical analysis of
the following section shows that this is the cage.

NUMERICAL ANALYSES

General theory. The variations of photoelec-
tron density and electrostatic potential above
the surface of the moon ean be ealeulated nu-
merically. Again we approximate the lunar sur-
face by un infinite plane, with the 2 direction
normal to the surface, and assume spatial varia-
tions of physical quantities only with the height.

At a helght = above the surface, the cleetron
density is | f(v, ©) d*, where f{v, a,) is the elec-
tron  distribution funetion. Il we assume an
isotropie flux at the surface, the Liouville
theoremn can be used to show that the distribu-
tion function is independent of angles at all
heights. Writing

dy = (2E/mY"? 4E 4%

and integrating over solid angles, we obtain for

the density

n(z) = ix f "R/ E 5 AR ()

Sinee the distribution function is a constant
along particle trajectories, [(E, 2) = f(F, = =
0), where & = K, — glds — ¢(z)]. By chang-
ing the variable of integration from F‘ to I,
equation 8 can he expressed

n{z) = 4w
f (2m(By ~ gfén — D]
olgo—dlz}]
J(Ey, & = 0) dE, (%)
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To calculate the distribution function of
photoelectrons at the surface, we consider the
fquantity

HFo) dEq

- [ f: T(ka) Y{Io) pl( oy o) dhv:l dE, | (10)

the upward-moving flux of photoelectrons
emitted from the surface with enerpies between
E, and E, + dF, where I{(hv)d(hv) is the
flux of photons reaching the [unar surfuce with
energies betweent Ay and kv + d{hv). The

Cquantum yield funetion Y (Aiv) gives the numn-

her of electrons emitted by the surface per in-
cident photon wilh energy v, and p(%,, Av)dE,
is the probability that an clectron emitted from
the surface, due to a photon with energy #v,
will have a kinctic encrgy between E, and E, +
dE, The quantity p(E,, hv) i1s normalized so
that

f p{Eg, by dl, = 1
0

W is the work function of the lunar surface
material.

The total upward-maving flux at the surface
is 8,0z = 0) = [o(E)dE,. But

Seplz = 0)

2r [ FF o
- [ f f voi(Bo, 8, 6, Qv v
o 0 0

+isin @ df dé
Since vy = wficos 8 4 jsin  cosgp 4+ k sin 6

sin ¢] and { iz independent of angle,

Sz = 0)

® 2k
=r [ 455, 2=0am, ()

Thus

m*j (o)

= 0) = e

(e, x {12)
n(z) = 2
S et = de a1

o)
5 b (13)
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The potentisl as a funclion of height is
evaluated by multiplying Poisson’s equation,
F¢/or" = —dngn(z), by d¢/dr and integrating
m from & = oo to get

(09/02)* = —8rq f e g (19

where we have wrilten

)]

BGTY

1. Adopted a work funetion of [unar ma-
terial of 6 ev.

2, Assumed a photoelectron vield function
of the form ’
Y{h) =0 hy < B v

hy — 6 -

¥im) = ¥, ad . 6 < hp <9y
Y(k) = Y, he > 9 ev

j;‘” n{z')(0p/d2") dx’ = f

g') o’
Bz -
A farther ntegration out from the surface
gives us the potential at a point z.
Computational methods and results. To de-
termine the upward-moving differential flux at
the surface, upon which the distribution fune-
tion, number density, and potential depend, we
must firgt ealeulate the integral in equation
10. The solar photon differential flux at 1 AT,
I(hv), 15 taken from Friedmon [1963] for the
range 2000 to 1800 A and from Hinteregger
et al. [1965] for the range 1775 to 1 A aund is
plotted in Figure 6. Following the suggestion
of Walbridge [1970], we have:

18

(15)
where Y, 15 a free parameter of our ealeulation.
3. Chosent a probability function

o(E, hw)

il

0< E<LE
(16}

6E(E, — E)/E,

ollf, hy) = 0 E > E,
where
By = — W i > W
I, =0 he < W
In general, the probahility function 15 a
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complicated function depending on the nature
of the photoemission material. However, Grob-
man and Blank [1969] have shown that, for the
purpose of calewlaling equation 10 any broad
function with zeros at B = 0 and B = E, and
a width AE ~ kv will suffice. A plot of p{E,
hv) g shown in Figure 7 for various values of
E,.

The upward-direeted differential flux in elec-
trons/em’® sec ster ev for the values ¥, = 1,
0.1, 0.01 were numerically compuied and have
been plotted in Figure 8. We huve alsa inserfed
the photoelectron differentisl flux observed by
CPLEE at 26 em. The Liouville theorem allows
us to set & lower bound on Y, of 0,1, That is,
if there were no potential difference between
the ground and 26 em, the yield f{unction
would be 0.1 electrons/photon. After estimating
the potential difference between 26 em and
graund, we ean also determine an upper bhound
on Y,

Salving the integro-differential equation 14
for §{x} involves an integration from the sur-
face outward, with an assumed value of b,
However, the expression for d¢/dz involves an
integral from infinity in to z, or equivalently
from ¢ = 0 to ¢(z). By the expedient. of divid-
ing the integral into pieces in F, space and
using an analvtic approximation to the fune-
tion j(F,) in cach of these intervals, a solution

REASONER AND BURKE

was effected. In this way, it was only necessary
to know the values of ¢ = ¢{x) and ¢ = O at
the end points of the interval, and the soluticn
would proceed. Tn Figure 9 we show families of
golutions for ¢(z) with several valies of the
parameter Y.

The value of Y, caleulated by assuming no
potential differcnee between the surface and «
= 26 cm was 0.1. Figure 9 shows that, for ¥,
= 0.1, the potential difference ¢(z = 0} —
$(z = 26 cm) s only 3 volts. Obviously, we
could now use an iterative procedure, modifying
our spectral measurement at 26 om to obtain
the surface spectrum according to the equation
flE, ) = f(E, 0) and henece ohtain a new
estimate of Y, However, the procedure is
hardly justified considering the small potential
difference (~3 volts) and the energy range of
the measured photoelectrons (40 to 200 ev).
Henee from our measured photoelectron fluxes
and numerical analysis we obtain a lunar sur-
face potential of at least 200 volts and a value
of the average photoelectron yicld of ¥, = 0.1
electrons/photon.

Lunag SUrRFACE POTENTIAT, ¢,

The presenee of photoeleetrons al 200 ev
without stgnificant fluxes in the next highest
energy channel at 500 ev leads us to comclude
that the lunar surface pofentiul is at least 200

.0?’—- T T T T

plhv.E)

E {ev)

Fig. 7. Probability function thal a photon of enerzy ke will causc the lunar surface material
to emii & photoelectron of energy £, with different values of By = by — W.
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SURFACE PHOTOELECTRON FLUX(electron/ecmZ-sec-e v}
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\
10-2 10! 10° 1! 102 [
ENERGY (EV)

Fig. 8 Numcrically compuled photoelectron
gpectra emitted for the vield funcltions ¥o = 1,

0.1, and 001 electrons per photon. The phato- .

electron spectrum measured by CPLELE (shown
by plus signs) 1s found to fall close ta the ¥, =
0.1 line.

volts. The data of Hinteregger et al. [1965]
show significant solar photon fluxes up to 400
ev, and presumably the lunar surface polential
under vacuum conditions ronld be 400 wvolis,
However, wo detected no photoelectrons with
£ > 400 ev, although it should be noted that
the extrapolation of our measured spectrum
{Figure 5) to 400 ev is below the instrument
background. We have therciore adopted a con-
servative value of 200 volts as the lunar surface
potential for the raleulations in the preceding
and following sections.

The lunar surface potential ean be deercased,
however, by the presence of a hot ambient
plasms that furnishes an electron return cur-
rent that partially balances the emitted photo-
electron current. 1n effect, the highest-energy
photoelectrons can egcape from the potential
well, since electrons from the ambient plasma
furaish the return current to balance these

6i6is1

escaping photoclectrons. Quantitatively, il F,
is the net negative flux to the lunur surface
from the ambient plasma, and j{E,) is the
emitted photoelectron energy spectrum in units
of clectrons /om® see ev, then

v = f W) 4, (17)
udg

and this equation ean be solved for ¢., the
lunar surface pofential.

Our measurements of phataclectrons  were
taken during periods in the magnetotail when
all the channels of the instrument exeept the
lowest-energy electron channels were at back-
ground [evels. Thus we ean cstablish an upper
limit to the electron flux from the ambient
plasma for eclectrons with 40 ev < E < 50 kev.
Figure 5 shows the ‘hackground spectrum;
ealeulated by converting the hackground conunt-
ing rate of ~1 count/sec ta equivalent flux in
each of the encrgy channels, Integrating over
this spectrum and converting to Qux over the
hemisphere gives F. < 3.4 x 10° electrons/em®
soe. We feel that this is 4 valid upper limit,
us the range of measurement in energy nclides
the peak energy of the plagma-sheet spectrum
{~1 kev).

We note that Vasyplinees [1968] obtained an
upper limit to the electron concentration for

200

135
W
%S
-
8
E{ 190
g

185

180 L L i 1 . 1

0 [} 20 Es 40 50 80 T0
HEIGHT (CM)

Fig. 9. Numerically computed potential dis-
tribution above the lunar surface for several val-
ues of the yield function ¥, For ¥. = 0.1, the
poteniial difference belween ground and 26 ¢m is
ahout 3 volts,
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locations outside the plasma sheet based on
Ogo 3 data. The relation expressed was NE/» <
10-2 em—* kev'’2, where N is the electron density,
and By is the energy at the peak of the spectrim,
Tor an isotropic plasma in which the bulk
motion can be neglected relative to the thermal
motion, the electron flux to a probe is given by
F. = Nv/2(x)v2. Applying the appropriate cou-
version factors, the expression ol Vasyliunas
results in an upper limit to the electron flux of
F. < 56 X 107 electrens/em? sec,

The cmitted photoelectron energy spectrum
J{E,) is shown in Figure 8. The pracedare
involved in caleulating 1he surlace potential ¢,
i to integrate the function j(F) from the maxi-
mum energy of 200 ev hackward until the
total flux is equal to the upper limit of the
return flux. The computation was done for Y,
= 1, 0.1, and 0.01, and for the two values of
the upper limit of the return flux dertved above,
The regults are shown in Tabie 1.

The lower half-height of the channel 5 energy
passhand iz 160 ev, Hence the surface potential
could be as low as 160 volts and still result in
partiele fluxes in channel 5. This estimate of
the potential is seen to be not inconsisient with
values of ¥, = 0.1 and F, < 3.4 x 1P, result-
g in a surface potential (Tzble 1) of 114 valts.

Ome rather ohvians prediction of our argu-
ments about the surface potential is that, when
the electron flux reaching the surface of the
moon iz high enough, surface-generated photo-
electrons with energles in the range of our de-
tector should vanigsh, This happens in the selar
wind and magnetosheath, but it is impossible
for CPLEE to provide conclusive observational
evidenee in the presence of contamination by
solar wind and magnetosheath elecirons that
the >>40-ev photoelectrons are not returning to
the surface and hence entering the detectors.
Electron densities >1 em™ and temperatures

TABLE 1. Taunar Surface Poleniial
Electron Flux Yo o, vOlts
3.4 X 108 1.0 181
3.4 x 108 0.1 114
3.4 X 108 0.01 44
5.6 X 107 1.0 96
3.6 » 107 0.1 36
5.6 x 107 0.01 8

IEAsSONTR aND BURKE

~15 av, such as thuse commonly encountered in
the solar wind and magnetosheath, provide
much higher fluxes in the 40- to 200-ev range
than photoelectron fluxes ohserved in the high-
latitude magnetotail.

On April 9, 1971, a worldwide magnetic storm
was observed by CPLEE [Burke ef al., 1972]
in which the magnetosheath moved in to Yy =
15 Rs. As the magnelopause moved out past the
moon, intense plasma-sheet fluxes were ob-
served. At this time, the fluxes observed in the
40-, 50-, and 70-¢v channels fell below photo-
eleciron levels. In Figure 10(qa) we show the
count. rates for the 40-ev and 500-ev electron
channelg from 100 to 1200 TUT on April 9. A
heavy line has been drawn at the 40-ev photo-
electron level. As the 500D-cv count rale rises,
the 40-ev count rale falls below this line. From
1128 to 1135 UT, when the 500-ev count rate
dropped, the 40-ev channel returned to the
photoelectron level. Tn Figure 10(h), we have
plotted the eleciron spectra at 1110 {plasma
sheet} and at 1135 (photoeleciron). The inte-
gral flux at 1110 was caleulated to be 2.5 x
107 em™ sec™. Such a flux reduces the surfaee
potential to less than 10 volts. Thus we are
observing a modulation of the surface notential
by plasma-sheet fluxes into the lunar surface.

Discussion

For the sake of comparison with the predic-
tions of the hydrostatic model, we have plotted
the numerically caleulated density, pressure,
and potential difference from z = 0 out to a
height. of 200 meters in Figure (1. In Figure
12 the pressure is plotted as a funetion af num-
ber density to obtain the equation of state. We
find that, from 0 < 2 < 30 em, the value of ¥
Iz about (L5, From 20 to 100 em, y drops to a
value of 0.2, then recovers to about 0.5 put to
z = 2000 em. Bevend this point, y shifts toward
a value greater than 1.

The dashed lines in Figure 11 represent the
density and potential difference as computed
from eguations Bz and 74 using y = 05 A
surface pressure of ~2 x 10™ erg/cwm® and
density ~6 x 10" em™ pgive a value of A =
21 em. Qut to & = 200 cm, the numerically
caleulated potential agrees quite well with the
hvdrostatie prediction. Beyond this height, the
potential difference rises less steeply than the
y = 0.5 prediction. owever, this can be under-

w
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stood in terms of the shift to larger than unity
values of v required by equation 7o’ if the
houndary condition ¢(ee) = @ is to be met.
The density eurve 13 much more sensitive to
fluctuations in the value of y. The variations in
the region 30 < z < 300 cm correspond to
potential differences of 3 to 15 volts from
ground. We note that in Figure 8 the photo-
electron flux generated at the surface has sharp
breaks in this region. Evidently the photoclee-
trons can be broken up into three groups of
low (0 < E < 1ev), medium (1 < £ < 10
ev), and high (10 < £ < 200 ev} energy.
Where onc distribution dominates over the
others, a value of ¥ is established. Fluctuations
in y are found in the transition regions between
populations, : .
Feuerbocher et af, [1972] have measured the
photoeleetron yield of a Innar fine sample. In
the photon energy range 5 < F < 20 ev, they
found a yield function that reaches a maximum
value of ~0.08 at 15 ev, then drops to 001
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at 20 ev, B. Fitton (private communication,
1971} has suggested that our value of 0.1 is
more a measirement of the CPLEE instrument
ease yield funection than that of the lunar sur-
face. We find it dificult to understund how
this eruld be the case,

First, were CPLEE an electrieally isolated
package, the requirement that the net eurrent
to the instrument be zero would result in a
measured yield function that iz represenfative
of the ease material. Relative to the lunar sur-
face, the case would bear a positive potential in
order to maintain an enhanced photaclectron
density in its immediate vicinity.

The fact is, however, that CPLEE is not
clectrically isolated. CPLEE is conneeted to the
central Alsep station. Further, at any given
time, only the top surfaces and one or two sides
of Alsep packages are illuminated by the sun,
while the remaining area is shadowed. These
uillominated surfrees provide recoptor areas
for return current from the photoelectron gas.
Thus no large potential difference can develop
between CPLEE and the lunar surface, and
photoelectrons cmitted at the lunar surface
and at the CPLEE easc are indistinguishable.
Geometrical considerations of electron trajec-

tories would lead us to expeet that the bulk of
the photacleetrons measured hy CPLER were
cmitted at the lunar surface al lesst several
meters from CTTEE. 1f the Alsep instrument
cages had a photoelectron yield much larger or
much smaller than the yield of the lunar sur-
face, then one would expect a perturbation of
the photoelectran flux in the vicnity of Alsep.
This perturbation would depend not only on the
ratio of phetoclectron yield, but, more impor-
tant, on the ratio of the area of the Alsep in-
struments fo the area encompassed by the tra-
jectorics of B > 40 ev photoeleetrons from a
point seurce. This last area is of the order of
the square of the seale height of photoelectrons
with £ > 40 ev {~10 meters, Figure 11). Sinre
the Alsep area is ~3 w’, the ratio of areas is
of the order of 29 . Thus, cven i the yield of
the instrument cases were a factor of 10 greater
or smaller than the surface yield, the flux per-
turbation would only be 209,

Second, were CPLEE measuring its own
photoelectrons, one would expect to observe
changes in the relutive flnxes observed in the
two analyzers with solar zenith angle as the
electron eloud sarrounding the instrument ad-
Justs to changing illumination. Specifieally, the
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ratio of the flux ohserved by analyzer I (look-
ing 60° west of vertical) to the flux observed in
analyzer A (looking to the vertical) should he
larger after Junar noon than befare. Our data
show isotropic photoelectron fluxes across the
chtire magnetotai. ‘

SuMMARY AND CONCLUSIONS

Tn this paper, we have reported the ohiser-
vation of stable, isutropie photoelectron fluxes
26 c¢m above the lunar surface. Tn the energy
range 40 < E < 200, the flux obeys a power
law of the form j(EY = .(E/E)™, where p
is between 3.5 and 4. Beeause these fluxes were
moving down, we eonclude that, in the near-
vacunn eonditions of the high-latitude Inag-
netotail, the lunar surfnce potential is at least
200 volls. The modulation ol the surface po-
tential in the presence of intense plasma-sheet
Nuxes has also been observed. Tt was shown
that these elecirons can be explained n terms
of the measured golar photon speetrum produe-
ing an isotropic flux of photdelectrons at the
surface. A photoelectron yicld funclion of ¥,
= 0.1 clectron/photon was caleulated. Finally,
we have shown that the numerically ealeulated
pressure, density, and potential distributions
ean be approximated by the solutions to a set of
hydrostatie cuations that employ an equation
of state P/n'® = constant out to 200 em from
the surfzce. Beyond this height, the equation
of slate shifls toward the isothermal case, P/n
= econstant.

APPENDIX

Tore we present a justification for wsing a
sealar pressure in the cquation of state (equa-
tion 3). '

By definition, the number demsity, flux, and
pressure are

w@ = [ fv, 9 d

= f N(E, £, X) dE 42

8{z) = fo(V, ) d' )
(Al

= fﬁS(E, Q, X} dE d2

B6SH
Plz) = f myvilv, z) d'

- fmapm, Q, X) dE d

Here we have used d'v = »*dv sin # d0 dp =
(2E/m*y?dE dQ and have defined the direc-
tional differential density, flux, and pressure

2E 1/2 N
2
S(E, @, X) = éﬁ- (E, 2, %) (42)

2B\ .
rm, 0, % = (22) 1w, 0, 0

The angular. dependence of these quantities 1s
contained only in the distribution function. To
compare one ol the directional differential
quantities at a point X, with its value at the
ground, X = 0, we use the Liouville theorem:

1By, @, Xy = fo(En: @, Xa)

The distribution function is a constant along
parlicle trajectories. Subseripts 0 and T ndi-
cate the value of the quantity at z = 0 and an
arbitrary height x = X,

In our wodel, we assumed an isotropie photo-
electron production (at X = 0} over the upper
half-plane in velocity space, Since all electrons
are trapped in a eonservative field, isotropy Is
maintained over the whole of velocity space at
X = 0. Thus f, is independent of (. From the
congervation of energy

E,=E + Q'[d’0 - x;b(X])]

or
f1(E1, Q, X0
= fﬂ(El + gl — ¢{Xl)] (A3)

Thus if photoelectrons are sotropie ab the
ground, they are isotropic at X, This explains
our ohservation of isotropie fluxes, measured at
X = 26 cm. Tn this case, the directional dif-
ferential pressure is also Isotropie, and on inte-
gration reduces to the scalar form used in the
text,

Being independent of angle, the distribution
funetion iz an even function about », = 0, 2,
= 0, and », = 0. The Vlasov equation
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3 , o

Kl T ax
has nontrivial moment solutions
multiplied by v,2.f, v.p,% or v,
ment couations take the form

e 9¢ 8f
m ax do,

anly when
*. These mo-

@) + % 206 = 0 (an

and
2 w20, )

22 @05 = 0
5 nlo (@, ()

£ @ @) = 0

i3 61:
d 2, N 2
A ()
d 2
4 L@ @) = 0
where

n(w) e (7)) = f A’ fv, )

Since the distribution function depends only ou

velocity, equations (44) and (45) ean be
written
3e @
PO S RO NPT
-ﬂu@ fﬂg@:o (A5)
dz
where

o =
7.,(x) /.

If, for cxample, we had & loecally Maxwellian
gas

2y
vy, ) di

() i
f(y, 3;) = ;gﬁme v w?(5)

then

{2 — Dn(x)w® " 2(zz:)
2"y

Ti(z) =

REAsoNER AND Burkrm

and (A4} hecomes

an(w;fz(z) Ze ad’ a(z) = 0
and (457},

Expanding, we oef,
? =

w( )[a”"(f)"” (), 22 n(iﬂ):l

Sinee the bracketed term ig zero and wlzhw’ (z)
> 0, w*(z) I8 a constant. This is the isothermal
case, whose solution n(z) = m, exp {—glds
— ¢(z)]/mw’} s well known.

In general, however, (A4} and (A55) cannot,
be solved without assuming a distribution fime-
tion, froin which the equation of state can be
determined fram (A5,
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A geomagnetic storm beginning with n se ovcurred on April 9, 1971. During the storm
the charged particle linar environment experiment at the Apolla 14 gite, the solar wind
spectrometer cxperiment at the Apollo 12 site, and Lthe Ames magnetometers on Explorer
35 took data in Lhe magnetosheath, at the magnetopause, in the plasma sheet, and in the
high-latitude geomagnctic tail. The MIT Faraday cup and Ames magnetometers on-board
Explorer 33 maonitored the solar wind. The dala show that the slorm was caused by a
corotating langential discontinuity in the solar wind, the magnetopause position is strongly
dependent on the attack angle of the solar wind, and the tail field strength was indirectly
megsured to increase from 10 to 14 4 after the se. During the main phase the field strength
in the tail was observed to incrcase 1o between 28 and 34 #. This increase is consistent with
& thermal and magnctic compression of the teil rading from ~26 to ~16 Kz The datz also
show that plasma sheet electrons were ohserved to drift into the magnetosheath, the thick-
ness of the magnetopause was measured by spatially separated instruments to be =>3000 kin,
and the plasma and magnetic ficld data sre consistent wilh a model for eurrents flowing
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along magnetic field lines in the boundary.,

Tn this paper we investigate the cffecls of
the distutbed solar wind on the topology of the
magnetotall by correlating solar wind data with
data taken near the magnetopause at lunar
distance during the geomugnetic storm of April
9, 1971. The topology of the magnetotail during
geomagnetic storms has heen the objest of
several studies. Sugivre ef al. [1968] have
traced the propagation of a sec to Ogo 3 at
radial distance of ~10 R hehind the earth.
They argue that the inerease of field strength in
the tail near the time of the se is due Lo magnetic
flux being transferred from the dayside instead
of being due to a thermal compression of the
tail by the solar wind. In the closed field line
region of the near-earth tail the magnetic field
strength has been observed to undergo diamag-

Copyright @ 1973 hy the American Geophysical Union.
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netic deereases duc to the presence of the ring
eurrent during the main phase of storms [4n-
derson and Ness, 1966]. However, in the deep
tail ontside the plasma sheet the field strength
increases [Behannon, 1968]. As mmuch as half
of this high-latitude field increase has hecn
altributed to the transport of dayside flux into
the tail [Behannon and Ness, 1966].

The positions of the magnetopause during
quict and disturbed times have been studied
by Behannon [1968, 19707, Fairfield [1971],
Mihalov et al. [1970], and Howe and Binsack
(1972]. Behannon's data show that the mugneto-
pause at lunar distance has been dbserved to
move in from quiet time positions of ¥,, =
—21 and 425 Bz o V,, = —15 and 21 Ry on
the dawn and dusk sides, respectively, during
disturbed periods, '

In this paper we report on simultaneous ob-
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servations made by several instruments of the
magnetic storm ol April 9, 1971, These obser-
vations incinde (1) vproton and eclectron
flux measurements by ihe Riee University
charged particle lunar environment experiment
{CPLEE) at the Apollo 14 site, {2) proton
fluxes by the Jet Propulsion Laboratory solar
wind spectrometer experiment (SWSL) at the
Apollo 12 site, (3) solar wind proton fuxes by
the MIT Faraday cup expcriment ahourd Fox-
plorer 33, and (4) magnetic measurcments by
the Ames Nesearch . Center magnetamcters
aboard Fxplarer 33 and Explorer 35

Data from these inglroments are used to
reconstruet a detailed history of the storm.
Cround-based magnetormeter records are pre-
sented first for purposes of identifying the
general temporal hehavior of the storm. Solar
wind particle and magnetic field characteristics
are next digplayed. The response of the geo-
"magnetie tail at the lunar distance Js displayed
by using data from CPLEE, SWSLE, and the
Tixplorer 35 magnetometer. The properties of
the boundary layer region and an intensc
plasma sheet, near that boundary are discussed.

INSTRUMENTS

The CPLEE, depleyed al the Apollo 14 land-
ing site, has heen deseribed by (FBrien and
Reasoner [1971]. The Instrument containg two
charged  parficle analyzers similar to  an
ion-electron speetrometer  code-named  Specs
[O’Brien et al., 1967]. The look direction of ane
analyzer is toward the lunar vertical, whereas
the other is 60° from the lunar vertical toward
lunar wesl. The normal voltage stepping se-
quence requires 19.2 sec 1o complete a 15-point,
spectrum over the energy range 40 ev to 20 kev
for elecirons and positive ions.

The SWSE was placed on the surface of the
moon ag part of the Apollo 12 scientifie package
and has been described by Sayder of af. [1970].
This ipstrument consistz of seven Faraday cups,
one of which [aces the Tunar vertieal. The other
gix are arranged symmetrically about it but
looking 60° awny from the vertical. By mea-
suring the relative and absolute eurrents in each
detector the Intensity and directions of solar
wind and magnelosheath fluxes reaching the
surface of the moan are ealeulated every 281
see. Beecanse of ther high sensitivity thresholds

BurkE g1 AL.: StonM FErrecrs AT 60 f,

the Faraday cups do not respond to magneto-
spheric plasma. Thus SWSE duta used in ihis
paper are from magnetosheath and houndary
layer protons.

The MIT Faraday cup aboard Explorer 33
has been described by Lyon et af. [1968]. This
ingtriment, sensitive to electrons and ions with
energies betwern 100 ev and 4 kev, determines
the density, bulk, and thermal speed and the
direction of plasma flow every 328 see.

The Ames magnefometers aboard Explarer
33 and Explorer 35 have been described hy
Mikalov et of. [1968] and comsist of threc
orthogonal flux-gate magnetometers. One vector
measutement is made every 6.14 sec; in this
paper, 81.8-sec averages are presented. During
periods when Explorer 35 was in the shadow
of the moen and/or acculted by the moon with
respect to the earth, no duta were received.

The locations of the various imstruments in
relation to the quiet time magnetosphere are
shown in Figure 1. Explarer 33, monitoring
the solar wind, is near (X.., V.., Z..) = (5,
—34,33) Ry On April 9 at 1200 UT the moon
was at (V. Z..,) = (159, —38) R. and was
well within the quiet time magnetotsil. On the
lunar surface, SWSIL and CPLEE are scparated
by 182 km, The maximum separation between
the unar-based mstruments and Txplorer 33 is
6 R.(1 R, = 1738 km).

OBSERVATIONS

A seleclion of magnetograms for the first 16
hours of April 9, 1971, is shown in Tigure 2.
For at least 3 hours before (he s¢ at 0428 the
horizontal components of magnetic flald were
at quiet time levels for all stations. The s¢ wag
ohserved mast prominently at low-latitude sta-
tions located in the alternoon sector. The initinl
phase of the storm lasted between 1.5 hours
at Guam and 2.5 hours at Fredericksburg. By
0630 the ring eurrent had established the mam
phase depression at the low-latitude stations.
The recovery phase begun at ~1000 TUT. Re-
maining features of the magnetograms, particu-
larly those of high-latitude stations, are pre-
sumably from locul effects such as substorm
eloctrojets, We need not dwell on these effeets,
but we have presented the traces for the sake
of compleleness,
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Solar Wind

A eursory glanee at the Ap indices for the
firgt 6§ months of 1971 {Salar Geophysical Data,
1971} indicates that the storm of April 9, 1871,
was eaused by a fast-moving strearn corofating
in the solar wind. The February and April
passages of this slructure have been obscrved
by the Txplorer 33 plasma deteclor [Howe et
al., 19717.

The solar wind proton and magnetic field
data observed by Explorer 33 are displayed in
Figure 3. Here & (per cubic centimeter) is the
proton density, ¥ (Eilameters per second) is the
buik speed, & is the solar wind longitude, W is
Lthe most prebable thermal speed, B is the inter-
planetary field strength, and ¢ and ¢ are tho
longitudirial and latitudinal field direetions in
the solar equatorial coordinate syslem. The
angle @ 13 positive If the flow iz from the east
of the sun. Aberration due lo the earth's orhital
motion about the sun has been removed from
the data. '

For our analysis of the cffects of the storm
time solar wind on 1he magnetotail we note:

1. For 4 hours before the se, N, ¥, W, and
B werc near steady values of 14 em™, 350 km/
sec, 35 km/see, and 4 .

2. At ~0435 the density, flow speed, and

magnetic field suddenly increased to ~30 em-3,
400 kr/sec, and 6 v, respectively, and the ther-
mul speed decreased to 25 kin/sec. This event,
with a field and density increase and temperature
deerease, is similar to a (4, 4+, —) tangential
diseontinuity reported by Burlage [1968]. If
indeed the 0435 event was a tangential dis-
eontinuity, the normal to the surface of discon-
tinuity is given by Bi%By/|B;xB,|. In B, T,
and N coordinates [ Turner and Stscoe, 1971] the
preevent magnetic field was B, = {—1.5, 1.6,
—3.9) v and changed to B, = (—3, 3.3, —5.3) v.
Thus & surface normal A =
which is illugtrated in Figure 1, is given. Such
a normal is consistent with the fact that the sc
was observed only in the afferncon sector and
that the leading cdge of the fast-moving stream
arrived at the Explorer 33 satellite 7 min after
the sc.

3. At ~0542 the solar wind direction shifted
by 5" furthei from east of the sun and the
interplanctary fisld increased to ~18 -+,

4. Between 0945 and 1000 the density de-
ereascd to ~15 em~% the thermal speed in-

(0.76, 0.65, —0.3), .
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Tig. 1, Position of instruments wilh respeet

to the carth, the quiet time magnetopause, and
the bow shack just prior ta the se event of April
9, 1071, at 0426 GMT.

creased to ~75 km/sec, and the flow shifted to
a direction from east of the sun. The change in
flow direction from east to west az the flow
veloeity inereased from 375 to 600 kmn sugpests
that the event at 1000 UT i3 a sccond tangential
discontinuity within the solar wind structure. Tf
it is so, the R, N, and T normal to the discon-
tinuity is 4 = (0.82, 0, 0.55).

5. Beiween 1230 and 1240 the flow direction
was again from east of the sun. After this the
fow was from west of the suh, and the speed
inereased to over 600 km/sec.

Muagnetotail

The responses of the maghetotail to the
change in solar wind conditions as measited
hy CPLEE, SWSE, and the Explorer 356 mag-
netometer are ghown in Figures 4, 5, and 6 for
hours 0300 1o 1300, Tn Figure 4 the differenfial
Huxes of elecirons with energies near 50 aud 600
ev and protons of energy 1 kev are plotted,
The density, flow speed, and thermal speed of
protons observed hy SWSI are plotted in Fig-
ure 5. The magnetic field ig plotted in Figure 6
as the field magnitude, solar equatorial Jongi-
tude ¢, and solar equatorial latitude 8. )

For the sake of clarity, we have divided the
linar and nearJdunar observations into three
periods: from 0300 to 0543, from 0543 to 1030,
and from 1030 to 1300,
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Fig. 2. H components for ground-based mag-
netometers for the April 9, 1971, geomagneiic
stormm. The 7 component for Cambridge Bay
is also given.

From 0300 to 0543, Prior to the sc at 0428
the high-latitude field strength was ~10 y.
The moon entered the plasma sheet at 0400 as
evidenced by the field strongth decrease in the
Explorer 35 wmagnetometer data (Figure 6),
Behannon [1968] obgerved a delay of 12 == 2
min between the se and a high-latitude tad
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field increase near lunar distance for the geo-
magnetic storm of September 14, 1966, Thus
we night expect to see an effect at the hinar
distance at ~0440. However, botween (441 and
0447 the 180° ghift in the magnetic field direc-
tiot indicates that. the moon erossed the neutral
sheet. A high-latilude tail field increase would
not be abserved at the instant of onset because
of the masking effect of the neuiral sheet. After
0447, however, the magnetic field strength was
811 v, but CPLEE data show that the moon
was still in the plasma sheet. From pressure
balance cobsiderations we caleulate o high-
latitude tail field strength of 14 v, or an increage
of 4 v over the prestorm value, which was due
to the se¢ propagating to the lunar distance,
From 0543 to 1080,  After seversl encounters
with the maghetopause the moon passed into
the magnetosheath at 0543 and remained thetre
until after 1000, This peried coincides with that
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Fig. 3. Bolar wind plasma and maghetic field
data for April 9, 1971, by Explorer 33.
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Fig. 4. Differentinl fluxes measured by ihe
50- and 600-<v electron and 1-kev proton channels
of CPLEE during the hours 0300 to 1300 of April
9, 1971.

when the solar wind was flowing from cast of
the sun, Within the period, two regions of ob-
servations are evident: magnetosheath and
boundary fayer. Characteristies of the magneto-
sheath are diseussed below. During times of
magnelosheath observations we note that the
solar wind How direction was >8° from cast of
the sun. Incounters with the boundary layer,
characterized by rapid decreases in density and
flow speed, were observed at 0607, 0643, (714,
and 0800, Allowing 15 to 20 min for solar wind
information to propagate from the position of
Explorer 33 to the moon, we find that these
encounters eoineide with periods when the solar
wind flow was ~5° from east of the sun. Since
none of the other solar wind characteristics
show a consistent variation, we conclude that
at lunar distance the position of the magneto-
pauge is strongly dependent on the flow direc-
fion of the solar wind. That is, the dynamie
pressure of the solar wind so completely domi-
nates magnetic field tension that at lunar dis-

tance the tail responds to the solar wind by
aligning itself with the flow.

During the hours that the moon was in the
ipaghelosheath the SWSE measured particle
densities belween 30 and 70 em™ until the
tapid deercase at ~0945. The magnetosheath
flow speed remaiped near 300 km/snc. The
thermal speed of the protons stayed botwecn
50 and 70 km/sec until 0945, when it increased
to over 100 km/sec.

The fluxes observed in the low-energy elec-
tronr channels of CPLEE have besn fit to
Maxwellian gpeetra. and show temperatures
between 15 and 20 ev. Temperatures remained
within this inferval for the entire period and
are comparable ta the 10- to 12-ev temperatures
that we abserve in the quiet time sheath, This
behavior is consisient with observations by
Montgomery et of. [1968] that the solar wind
electron temperature remains fairly constant
despite wide variationg in proton temperatures.
We would stress that the temperature given
above is an upper Imit. The effect of a positive
surface potential due to photoelectrons would
lead us to overcstimate the temperature by a
few clectron wvolts. On the other hand, the
medium energy electrons 0.5 < F < 2 kev
show spectra typicul of what we normally
observe in the plasma sheet rather than the
magnetosheath. We snggest that the origin of
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Fig. 5. Proton density, flow speed, and thermal
speeds measured by SWSE during the hours 0300
to 1300 of April 9, 1971
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this population is the magnetosphere. The gra-
dient drift of plasma sheet electrons tends to
carry them to and possibly through the dusk
magnelopause.

The SWSE and CPLEEF entered the magneto-
sheath during a magnetometer data gap. After
0545, when data resumed, the field magnitude
was slightly larger than it was at 0537, and its
orientation wag significantly different: south-
ward (8 between —40° and —75°) with a
distinet dusk to dawn eomponent (¢ ~ 250°),
This configuration characterized the magneto-
sheath field data up to the data gap beginning
at 0714.

Between 0547 and 0714 a remarkable coin-
cidence is found between the interplanetary
and magnetosheath fields. In both, the field
strength was ~15-18 v, with longitudinal direc-
tions near 270° and strong southward compo-
nents. The stronger southward component in
the magnetosheath field was probably due to
the effects of field lines draping over the mag-
netotail, The similarity of interplanetary and
dusk side magnetosheath fields at lunar distance
is congistent with ohservations by Behannon
and Fairfield [1969].

From 1030 to 1300, During the hours after
the moon reentered the magnetotail & multtiplic-
ity of phenomena was observed. The high-
latitude magnetic field strength was in excess
of 30 y. There were at least eight crossings of
the neutral sheet. In the plasma sheet, CPLEE

BuREE ET AL.: STorM ErrECTS AT 60 B,

obaerved particle dengities of the order 1 em™,
a factor of 10 higher than our observed quiet
time density. The electron and proton tempera-
tures were ~300 ev and ~2 kev.

Becayse of the information afforded coneern-
ing the boundary layer between the tail and
sheath, special aftention is directed to phenom-
ena observed between 1205 and 1300, First, we
compare the magnetic fields observed by Ex-
plorers 33 and 35. Their magnitudes are com-
parable. However, although the interplanetary
field varies in longitudinal and latitudinal angle
ranges of 185° to 250° and 0° to —40°, the
ficld observed at Explorer 35 was in the ranges
0° to 45° and 0° to —15°. Since the field ob-
served by Explorer 35 shows features of neither
the interplanetary medinm nor the magnetotail,
we postulate that Explorer 35 spent this hour in
g transition region between the tail and sheath,
A model that reproduces the field characteris-
tics ohserved by Explorer 35 during this hour
is developed in the appendix.

From 1132 to 1137 and from 1205 to 1228
the 40-ev electron channel of CPLEE was at
the photoelectron counting level, and the 500-ev
channel was at background. Generally, this
sttuation would ndicaie that the moon was in
the high-latitude taii, However, the flux ob-
served in the 200-ev channel of ~10* em™ sec™
ster™ ev™ ig a factor of 6~10 higher than the
photoelectron  level [Reasoner and Burke,
19727. In both instances the magnetometer
showed field orientations of the boundary re-
gion. This result suggests that there is a mech-
anism in the boundary region responsible for
the separation of ~200.ev electrons from the
plasma sheet population, We returny to  this
point below in the discussion.

Magnetosheath ions were observed by SWSE
and CPLEE far the final time between 1230
and 1240, a time when the solar wind flow
was ~§° from east of the sun. However, the
increased ion flux was not accompanied by a
proportional increase in magnetosheath elee-
trons. Observed electron fluxes are more typical
of the plasma sheet population. If, as was
argued above, both Explorer 35 and the moon
spent this period in the boundary layer, the
boundary at this time was at least 3000 km,
the V,. scparation of Explorer 35 and the
instruments.
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DiscussioN

The position of the magnetosphere is deter-
mined by the cambined effests of the dymumie,
thermal, and electromagnetic pressures of the
solar wind. Qur observation of the magneto-
pause changing position in response to changes
in the solar wind flow direction enables us to
decouple dynamic from thermal and electro-
magnetic cffects.

Behannon and Ness [1966] have argued that
the storra time increase in the high-Tatitude
field strength at 30 Rp iz due more to the
carrying of flux from the front side into the
tail than to thermal pressure from the mapgneto-
sheath plasma. We find that at lunar distance
the converse is true.

By assuming constant pressure across the
tail we ean use the high-latitude ficld strength
and ignore the magnetospherie plasma in the
pressure balance equation

B‘l

B’ .
ﬁ=—8-;;+Pl'x+Pex

8

The subscripts ¢ and s represent tail and sheath
quantities, Although the maon was in the mag-
netosheath between 0600 and 0713, we observed
plasma  densities of ~65 em™, ion thermal
speeds of ~B85 km/see, and an electron tem-
perature of ~15 ev, These give ion thermal
pressures of P,, = WNMW® = 13 x 10°
dyne/ecm® and an electron thermal pressure
P, = NET, = 1.5 x 107° dyne/cm®. During
this time the magnetic field in the sheath was
shaut 18 v, mostly in the —Z direction, and
thus a magnetic pressute of about 1.3 x 107
dyne/em® is given. From this we caleulate a
total high-latitude field strength of about 32
necessary to balance the combined magnetie
field and particle pressure in the magnetosheath,

Assume that we ean represent the magneto-
tail at lunar distance as a cylinder with the
field pointing toward the earth in the northern
half and away from the earth in the southern
half. Tf such a field were eompressed owing to
an increase in external pressure, the conserva-
tion of flux equation shows that B,R," = B.R/).
Subseripts 1 and 2 refer to precompression and
postcomprression values.

During the period 08000700 the solar wind
had a velocity of ~450 km/sec with 2 direc-
tional flow of about 5° from the cast of the
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sun. Thus an observer in the earth’s frame of
reference would see the solar wind as flowing
almost radially from the sun. The radiug of
the eylinder iz then approximately the square
root of the sum of the squares of the Y., and
Z,m posilions of the houndary.

On.the basis of five lunar passages threugh
the magnetotail we have determined the average
dawn and dusk magnetopause positions. On
the dawn side we find (V.. + Z..°)” = 238
*+ 37 Ry, and (V,.° -+ 2,507 = 286 = 28
R e on the dusk side. Thus an average tail radius
of about 262 == 2.3 Rj i= obtained. The ecrror
limits represent the standard deviation of the
cnsemble of data points and not the error
associafed with a single measurement. This
value is within the limits found by Mitalov et
al. [1970]. We assume the value of ~262 R,
as the quiet time radius of the tal and use
Apollo 14 ephemeris data that show storm
tiime positions of the magnetopause at 1200 to
be (¥,.} + Z,.°)"" = 16 R;. Prior to the storm
the high-latifude ficld strength was ~10 . Flux
conservation gives a value of

B = 10(26.2°/16) = 27 4

Thus, of the 32-y field reguired for pressure
balance, 27 y can be accounted for by thermal
compression of the tail. Presumably the other
5 y must come from flux that is carried from
the frant side to the tail as a result of the en-
haneed solar wind. Using the Mead and Beard
[1964] model of the magnetosphere, Sugiura et
al. [1968] have caleulated the magnetic field
increase in the tail. The change of magnetic
field strength AB is related fo the prestorm
values of the fux in the tall as well as pre-
storm and intrastorm solar wind density and
velocity by

AR = B((N./N)(Vo/ V) — 11

Again, B, = 10 v, N, = 15 em®, N, = 60 em™,
V, = 350 km/sec, and V, = 450 km/sce. Thus
the total change im the tail field due to flux
transfer from the front s AB = 4.4 v.

Since the transference of flux from the day-
side to the nightside takes place hefore the tail
is thermally compressed [Sugivea et of., 1968],
it might seem more proper to add 4.4 y to the
10-y prestorm high-latitude tail field and then
compress the tatl. The 32-y field strengih re-
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quited by pressure balance implies that the tail
radius should be B, — 26.2 (14/32Y" = 17 R,.
We see no way of distinguishing between a tuit
radins of 16 and 17 Ry, a solar wind angle
error of 1° would account for this difference.
In cither case it is obvious that most of the
high-latitude tail feld strength enhancement
during the storm’s main phase is due to thermal
and magnetic compression of the tail.

Twa rather obvious ohjections ean be raised
against the analysis given above: it compares
maghnetosheath observations made at  ~0800
with magnetotail observations made at ~1200,
and il ignores the effects of tangential magnetic
stresses due to the strong southward cornponent
in the interplanetary feld.

The first difficulty disappears when one con-
siders the fact that, although the solar wind
particle density is lesg at 1200 than it was af
0600, the temperature has increased, and the
magnetic field is about the same 15-18 v. This
the sum of thermal and magnetic pressures is
about the same at 0600 and 1200,

It is true that flux has been carried from the
front side to the tail because of tangential
stresses. However, it is also true that this offect
drives the magnetospheric convection system in
a complieated way so (hat {lux is carned buck
to the fropt side. On a long time seale, as
much flux as is carried to the tail by tangeutial
stresses is also carried back again to the front,
How mueh i carried to the back on a short
time scale is unknowrn. The fact that our ealen-
lation using the Mead-Beard model [ Mead and
Beard, 1964) and then compressing the tail
gives results consistent with our ealeulation of
the tail radius and observed high-latitude feld
strength suggests that it would introduce a
correction of a few gammas at most.

Madel for boundary thickening. We now
consider the effects of compressing a cylindrieal
magnetatail of radiug R, high-latilude field
sirength B;, and plasma sheet thickness L, to
values R, B, and L, If R, = R,/q, flux eon-
servation requires that B, = ¢*8,. For simplic-
ity, we assume that L, = L. /¢ and that the
field gradient across the plasma sheet is of order
+28/L in the northern and southern lohes.

The gradient drift of plasma sheet eleetrons
that do not cross the neutral sheet is of order
V., = p/gL, where g is the magnetic moment
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of the clectron, The drift is directed toward
the dusk side magnetopause. If the magnetie
moment 15 echserved during compression, the
ratio of the postcompression to precomproession
gradient drift for a particle of given energy
and piteh angle, V,./V,., is of order a. If the
compression is isothermal, V/V,, is of order .

For the April 9 storm, ¢ = 165, and the
ratio V,./ ¥V, 1s bounded:

1.65 = V,o/V, £ 4.5

The flux of magunelospheric plasma into the
boundary is of order nVyg with n, = 10n,; the
flux intw the boundary increases by a factor of
hetween 16 and 45, depending on the nature
of the compression.

The effects of a magnetosheath flow of plasma
on the boundary layer between the sheath and
the tail have heen studied by Parker [1967a, b1,
Lerche [1967], Su and Sonnerup [19717, and
Willis [1970]. Because of the different gyro-
radit of electrons and protons a charge gepara-
tion regiorr will forin at the magnetopause.
However, wnless electrons from the jonosphere
or magnetosphere also move into the region to
provide quasi-charge neutrality, the boundary
will tend te thin in respouse to the strong
electric fields in the houndary layer,

II there is a current along magnetic field
lines in the boundary layer, a magnetic ficld
perpendicular to the main field is generated,
Parker [19675] has shown that, unless the
solar wind cleciron pressure exceeds a cortain
critteal level, the magnetic pressure will earry
the newly generated field out into the magneto-
sheath where it is convested away, A small-scale
noncquitibrium  situation exists that gives the
boundary a thickness between 1 and 10° km.
Om the other hand, using a resistanco-capaci-
tance cireuit analogy, Willis [19707 has argued
that. unless the solar wind is constant for a
full day, the unstable boundary layer cunnot
form by way of ionospheric electrons moving
io the magnetopause. During moderately quiet
times we expect that the low density of the
plasma sheet found at lunar distance would
not be zble to provide enoungh particles to estab-
lish charge neuirakity in the boundary. Flectric
fields would then insure a narrow boundary
with little or no charge separation. In this
case there could be little parallel current in the
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boundary. This thin boundary is consistent with
ohservations of sharp transitions in the mag-
netic feld signature [Mikalov et al,, 1970] and
in law-energy electron fluxcs [Burke and Rea-
goner, 1972] passing belween the sheath and
tail. Recently, thick boundary layers, marked
by spatial gradients i the proton flux, have
been reported by Intriligator and Wolfe [1972]
and Iowe and Szcoe [1972]. Since im the
Parker model the thickness of the houndary
is defined by the separation between magneto-
sheath ons and clecirons, without coneopvtant
magnetosheath electron data, it is not possible
to say whother the observed ‘thick’” boundaries
are ‘thiek’ n Parker’s sense of the ward,

During the magnetic storm the enhanced
flux of plagma sheet electrons into the boundary
provides charge neutrality and allows magneto-
sheath protons to penetrate further than mag-
netosheath cleetrons, A current along the field
lines in the boundary should develop, and the
houndary thickness inerease [Parker, 19675].
A calculation In the appenilix shows that the
observed plasma characteristics would produce
perturbations in the magnetic field similar to
those observed by Fxplorer 35.

Further, the requirement of charge ncutrality
in the boundary layer is not absolute. As long as
the electrie ficld is weak enough that it does not
drag magnetosheath etectrons into the boundary,
the requirements for a thiek boundary layer are
satisfied. Thus, as plasma sheet electrons
gradient-drift into the boundary layer, they
undergo a E x B drift. that carries them in the
=+Z directions io the northern and southcrn
lobes. The effect is to increase the thickness of
the plasma sheet near the boundary. Because
the gradient drift iy energy dependent, the time
for crossing the boundary layer is longer for
lower-energy electrons. Figure 7 shows the
trajectories of the guiding centers of electrons
with energy F, and E., where E, > E,, in the
boundary layer,

We submit that the above-mentioned mech-
anism for the transport of electroms from the
tail into the sheath is responsible for the electron
spectra observed hy CPLEE in the magneto-
sheath. In Figure 8(a, b), typical electron
spectra observed in the sheath and in the plasma
sheet are shown. With the exception of the
flux depletion in the 200-ev channel the speetrum
in Figure 8¢ resembles a superposition of
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plasma sheet and magnetosheath populations.
Evidently, >500-ev slectrons can gel through
the houndary layer where 200-ev electrons
canniot.

From 1132 to 1137 and 1205 to 1228 while
the moon wasg in or pear the boundary layer,
CPLEE observed 200-ev electrons with fluxes
of ~1(* em™ sec™ ster™ ev™, whereas the 40-ev
channel was at photoelectron level and the
500-ev channel at background. I[ this fAux
value g inserted into Figure g, as it is in
Figure 8¢, the total spectrum does indeed come
to be a superposition of plasma sheet and
magnetosheath populations.

Alternative explanations of the thick hound-
ary suggest themselves, If, for example, there
is a conncetion between the interplanetary and
taill magnetic felds, magnetosheath plasma
could flow into the boundary layver. Another
possibility is that there exists a scattering
mechanism that causes magnetosheath particles
to diffuse a finite distance into the tail.

The first counterproposed model implies the
existence of stresses ai the boundary as opposed
to our model where interplanetary field lines
slide freely along the magnetopsuse. Then too, if
stch a eonnection exists, both protons and elec-
trons should have aeccess to the bonihdary layer.
This view I8 in contradiction to our observation
of magnetosheath protons without corresponding
merease in the flux of magnetosheath electrons.

A difficulty exists far the sceond model in
devising a scattering mechanism thdat would
permit protons fo diffuse across lines of flux
without carrying magnetosheath electrons with

2
Y
Boundory
High
Layer tatitude
Tail

Fig. 7. Intersection of the dusk side boundary
faver and the plasma shect. The different tra-
jectories of electrons are due (o the stower
gradient drift of the lower-energy electron.
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them {our observation). If such a scatlering
mechanism does oxigh, it can only be viewed
ag 2 triggering device for ihe Parvker mecha-
nism.

To summarize, during the storm time comi-
pression of the tail the Aux of plasma sheet
clectrons gradient-drifting inte the boundary
iz enhanced. This enhancement ailows a
geparation between magnetosheath electrons
and protons to develop, The deeper penetrating
magnetosheath proton flux establishes a current
parallel to the magnetic field Jines, and the
resulting unhalanced electromagnetic forces
cause the boundary layer to expand. The resid-
ual charge separation electric field that cxists
in the boundary laver produces a drift of
plasma sheet electrons away from the neutral
sheet. Because of the energy-depeundent differ-
ence in time needed for plasma sheet electrons
to eross the houndary, <200-ev clectrons drift
m such a way as not to get through the hound-
ary. Electrons with energies =500 ev do get
through, The spectrum of electrons observed
i the magnetosheath is a superposition of
typical mugnetosheath clectrons and the > 500-

ev plasmea sheet electrons thit penetrate the
thickened boundary layer,

SuMMARY AND CoNCLUSIONS

During the geomagnetic storm of April 9,
1971, Explorer 33 was in the solar wind on the
dawn side of the earth, and t(he moon was in
a pogition normally well inside the dusk side of
the magnetotail. A rise in solar wind particle
dengity and flow speed as well ag magnetic
field strength oceurred at (0435, 7 min after
the observation of & se by afternoon sector
geomagnetic stations, At 0543, as the inter-
planetary field increased to 1% v and the flow
changed to =>5° from past of the sun, the
magnetoshenth appeared at the position of
the moon, The moon remained in ithe sheath
until ~1000 when the flow direetion shifted 4o
the west. From our analysiz of the history of
the stofm we have shown:

1. The se and geomagnetie storm were caused
by a fast-moving stresm corotating in the solar
wind. Qur identification of the leading edge
as a tangentinl discontinuity propagating near
the gavden hose apgle in the sclar wind baged
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on computation of the discontinuity is con-
sistent with the time delay between the ob-
servations of the se in the afternoon sector and
the arrival of the disturbunce at Fxplorer 33.

2. The observutions of the magnetopause
in response o changes in solar wind flow
direction, although no other solar wind param-
eters varied in a consistent way, suggest that
the position of the magnetopause is strongly
dependent on the attack angle of the solar wind.

3. The tail ficld strength shortly after the
se was indireetly measured to increase from
~10 to ~14 y and is consistent with the pre-
dictions of the Mead-Beard model, During the
main phase the tail field strength was directly
measoted to be belween 28 and 34 vy, This
finding is eonsistent with a thermal and mag-
netic compression of the tail from ~26 1o ~16
Re.

4, Plasma sheet clectrons were lost through
the magnetopause and beecame a eamponent. of
the sheath flow.

5. By simultaneous observations of the
magnetopanise with spatially separated detee-
tors, its thickness was observed to be > 3000 km
on at least one cceasion during fthe storm.

., Plasma and magnetic field observations
are consistent with a model first proposed by
Parker [or currents flowing paralled to the
boundary.

APPENDIX

In this appendix we present a caleulation to
check the congisteney of plasma and magnetic
field chservations with the houndary layer
model,

At ~1200 the magnetic field indicales that
Tixplorer 35 left the northern high-latitude lobe
of the magpetoiail., The main component of
the field was toward the ecarth and had a
strength of ~10-15 . The ¥ cowponent of
the field was 5-10 y and dirceted n the 3-¥
direction. The Z component was pogitive with
values of 1-3 v. DBetween 1230 and 1249 the
particle flow veloeity was ~250 kimn/see, and
the density of plasma sheet electrons was
~01 em™. At ~1245, Txplorer 35 encouniered
the neutral sheet and then returned to the
northern lobe of the tail.

Far the sake of simplicity, we approximate
the intersection of the magnetosheath and
plasma shect (Figure 7) by a eylinder of radius
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Fig. 8¢. Composite spcetrum made by in-

serting the 200-cv differential flux cohserved in
the houndary layer.

R (Figure 9a). The magnetic field at a poini 7
within the eylinder is

4r [
Bly) = “*f " dr’
7C Jy
I¢ W€ assume a current distribution

iy = jo(1 — +'/R)

_ 2mjoR r_(' _2_)}
By = = [131 3R

The term (#/R)[1 — (2r/3R)] is plotted as
a funetion of r/R in Figure 95 and has a
maximum of 037 at /K = 3. Here jo =
naqV, where n, is the density of unbalauced
magnetosheath protons; this numhber has to be
of the order of the density of electrons supplied
by the plasma sheet, Furthermiore, since B,
and B. are both positive oily in the upper
right-hand quadrant of Figure 9z, we can put
a lower limit of 3000 km on E. Pulling a
value of {(#/R}[1 — (2¢/3R}] = T4, we get

then
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gection of the magnctosheath and plasna sheet
as a current-carrving cylinder. () Plot of the
funetion (rf/RB)Y I3 — {(27/3R)] 55 a function of
r/E.

B > 35 y. Since we have probably wnderesti-
mated VR (by as much as a factor of 2), the
caleulated perturbation magnetic field is con-
gigtent with its observed strength.

This calculation does not show that the
boundary layer maodel is correcl, only that 1t
is not inconsistent with the data.
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Plasma Sheet at Lunar Distance:
Characteristics and Interactions with the Lunar Surface

FreEperIck J. Rice, Davip L. REASONER, AND WiLLIaM J. BURKE

Department of Space Physics and Astronomy, Rice University
Houston, Texas 77001

The plasma sheet at lunar distance is investigated with the use of data from the charged
particle [unar environment experiment, (CPLEE), complemented with data from the Explorer
35/ARC magnetometer. It 1s shown that the presence of the lunar surface docs not appreciably
affect measurements of the plasma sheel characteristics by the lunar-based CPLEE instrue
ment. In particular, the lunar surface generally does not shadow plasma sheet partieles. This
may be due to rapid random, passagé (>40 km/see} of magnetotail field lines with respect
to the lunar surface or to diffusion of plasma sheet electrons into the flux tubes in contact
with the lunar surface. The plasma sheet is generally observed as a rapid increase in ob-
served partiele fluxes and a simultancous decrease in field strength. Analysis of the CPLEE
date shows that, for the plasma sheet at lunar distance, typical quiet time parameters are
= 0.10 & 0056 em™®, kT, = 200 + 50 ev, and k7T, = 2.5 = 0.75 kev. The typical ranges for
the paraumeters are 0.05-0.20 cm™ for n, 175-325 ev for k7., and 1-5 kev for k7. The typical
total (plasma plus magnetic) energy demsity is in lhe range 150-350 ev/em® A statistical
analysis of the CPLEE data shows that the plasma sheet in the midnight seclor has a
thickness of 5 Ry = 2 Rz Geomagnetic activity reduces the probability of cncounlers between
the moon and the plasma sheet. This finding is consistent with the concept that geomagnetic
sctivity increases Lhe variance of the plasma sheet from its average location and/or decreases
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its thickness.

The plasma shect and the magnctotail have
been explored extensively and reported upon
out to a geocentric distance of ~30 R. [Bame
et al, 1967; Vasyliunas, 1968; Gringaue,
1969; Fairfild gnd Ness, 1970; Hones et o,
1971a] but have not been as well explored
for large geocentric distances, The most com-
plete reports of the plasma sheet and the
magnetotail  at  lunar  distance (~60 Rj)
are the report by Meng [1971] of high-cnergy
(F > 20 kev) electron data, the statistical sur-
veys by Meng and Mihalov [19720, b] of flux-
gate magnetometer data, and the report hy
Nishida and Lyon [1972] of low-cnergy (0.1-3.0
kev) electrons measured with a Faraday eup.
In a preliminary report, Burke and Reasoner
[1972] stressed that papers by Niskide et al.
[1969] and Prakash and Birsack [1971] 1o the
effeet that the plasma sheet at lunar distance
is simtlar in geometry and spectral characteris-
ties to what had been observed at 18 Ry were
in disagreement with charged particle Iunar en-
vironment experiment [(CPLEE) observations.
The absence of plasma observations for long

'g Copyright ® 1973 by the American Geaphysical Union.

periods of time scemed to indieate that, if the
plasma sheet extended to the moon, it had a
thickness of less than 1 Rg. This more complete
analysis of CPLEE data indicates substantial
agreement with Nishida and Lyon [1972] on
the guestion of geometry, Disagreement contin-
ues on speciral characteristies,

The plasma sheet at lunar distance is studied
with the use of data obtained with the CPLEE.
The CPLEF was deployed on the lunar surface
on February 5, 1971, during the Apollo 14
mission and has been described by ’Brien and
Reasoner [1971] and Burke and Reasoner
[1672]. It contains two electrostatic analyzers,
each having an aperture of 4° by 20°. The
aperture of analyzer A is directed toward lo-
cal lunar vertieal, and the aperture of ana-
lyzer B is direeted 60° from lunar vertical
toward lunar west, The look directions in solar
ecliptic coordinates during the lunar cycle are
shown in Figure 1. The instrument ean obtain
a 13-point eleetron and ion spectrum in the
Tange 4} ev to 20 kev and a background mea-
surement in 19.2 sec or a five-point electron or
ion spectrum in 2.4 sec.

8OO
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for February and March 1971,

GENERAL SURVEY OF THE IDATA

For illustrative purposes the CPLEE and
the Explorer 35/ARC magnetomeler data for
the passage of the moon through the magneto-
tail during February 1971 are presented here in
Figures 4~7. The solar ecliptic (SF) and solar
magunetospherie (SM) Y-Z coordinates for the
February and March 1971 magnetotail passages
are displayed in Figure 2. The Kp indices for
the February 1971 tail passage are shown in
Figure 3. The CPLEE data .are presented as
raw count rates (counts/1.2 see) versus time,
Background count rates have not been sub-
traeted from the data presented. Generally,
the hackground is less than 10 counts/1.2 sec
and is often less than 3 counts/1.2 see. The
Explorer 35/ARC magnetometer data are pre-
sented n solar equatorial polar coordinates.
The many gaps in the display are all due to
gaps in the available data, The large displace-
ment of ¢ from the expected values of ~0° and
~180° on February 10 and 11 {Figures 66 and
7h) iz due to a temporary bias added to the
data by the on-hoard computer because of a
total lunar eelipse that occurred on February °
10 between ~0600 and ~0900 hours, At other
times the ficld direction angles have an accuracy
of =10° for B > 8 y. The data shown in Fig-
ures 4-7 are typieal of data obtained during
subsequent tail passages,

There are three basic types of observationd
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in the auroral zone.

present in the data for any single magnetotail
passage. These types ean be identified with three
regions of space: the dusk magnetosheath, the
high-latitude magnetotail, and the plasma sheot.

The magnetosheath on the duskside is ob-
served by CPLEE principally as a region of
intense low-cnergy electron fluxes, eg., the first
2 hours oi February 8 (Figure 4). These mag-
netosheath electrons ohserved by CPLEL are
consistent with », = 1-10 em™ and k7, =
20 v [Burke ef af., 19737, Because of the large
angle between the ion flow direction and the lock
direction of the CPLEE analyzers (z40°), in-
“ténse fluxes of ions are not seen in the dusk mag-
netosheath, although analyzer A often observes a

4

10—

significant ion eount rate just prior 1o entry into
the tail {eg., Figure 4), The ficld strengih ob-
served in the magnetosheath by Explorer 35 is 2-6
v and highly variable in direetion with a tendency
toward the garden hose angle (¢ ~ 135° or
3156°). Large valucs of  are common in the
sheath region, especially near the tail boundary.

The high-latitude magnetatail is observed by
CPLET as a region with no detectable charged
particle flux except for a very steady flux of
electrons with energies between 40 and 200 ov
that have been identificd as the high-cnergy
tail of the surface photoelectron distribution
[Reasoner and Burke, 19727, The magnetic
field strength has a strength generally in the
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range of 9-13 y; during geomagnetically dis-
turbed times the field strength can be signifi-
cantly greater. The high-latitude tail field is
otiented approximately parallel or antiparallel
to the earth-sun line (¢ ~ 07 or 180°; 6 ~
0°). An example of data taken in the high-
latitude tail is shown in Figure 4 near 1800
hours of February 8, 1971,

The moon is considercd to be in the plasma
shect region when CPLEE observes a flux of
electrohs significantly ahove the background or
the photoclectron count rate in the energy
range of 100 ev to 2 kev and a flux of iong in
the range 1-10 kev. Within the capabilities of
the CPLEE instrument it has been determined
that there are no anisotropies in the flux of the
plasma sheet electrons. The ions were also
measured to be isotropie most of the time but
were distinetly anisotropic on a few occasions
[c.g., Burke and Reasoner, 10733,

The plasma sheet is detected in the Lixplorer
35/ARC magnetometer data by a decrease in
the magnetie field strength and an increage in
the variability in the field direction. This is due
to the diamagnetie effect of the plasma sheet
plasma and has been nsed by Meng and Mikalov
{19724, b] to locate indirectly the plasma sheet
al iunar distance, The simultancous data rom
Explorer 35 and CPLEL show that there is a
definite correlation between the obscrvations by
CPLEE and those by Explorer 35 of the plasma
sheet, There are some noticeshle exceptions that
ate discussed helow.

TuNAR SURFACE [LFFECTS

Because particles striking the lunar surface
‘are absorbed, a particle shadew can develop in
tubes of flux connecting the carth and the moon.
Lin {1968], Van Allen and Ness [1969], and
Anderson and Lan {1969] have reported that the
concept of lunar shadowing is valid for high-
energy (£ > 20 kev) electrons. Anderson [1970]
used the high-energy electron data to develop
a single-particle-shadowing rmodel that could he
used to estimate the speed of flux tubes crossing
the lunar disk. Assuming the motion to be
E % B drift, where E is a steady state conveetion
electric field in the tail and where B = 10 v,
Anderson [1970] determined that E < (.50
mv/m, or to be more precise that the speed of
passage of flux tubes with respect to the moon is
generally less than 50 km/sec. Based on a cross-

RicH BT AL.: PLasma SmEET AT LuNar DisTance

tail potential drop of <75 kev, the steady state
eonvection electric field iy estimated to he <0.25
mv/m in the magnetotail.

Let us agsume that Anderson’s model of par-
ticle shadowing by the moon can be extended.
to electrons or lons of plasma shect energy, and
let us examine the conscquences of this assump-
tion. Depending on the direction of the drift
motion, the distance botween the CPLEE and
tho edge of the lupar disk 1= 1200-2400 km. In
order for 200-ev electrons, 2-kev electrons, or
Z2-kev ions from the plasma sheet to reach the
detectar, the flux tubes must travel across the
Iupar surface at a minimum speed of 2448,
75-150, or 2-4 km/sec, respectively. MeGuire
[1972] has shown that significant particle
fluxes would be observed in the shadowed region
up to 1 gyrorads from the shadow edge cal-
culated in the simple model. Thus in the pres-
enee of an isotropically distributed plusma sheet
population there is no expected shadowing of
plasma sheet jons. However, if it is assumed
that B = 10 y and & « 025 mv/m, then
plasma sheet cloctrong with energy greater than
510 ev should never reach CFLEE, owing to
shadowing, Owing to damagnetistn, B 1s often
6 y, and elcefrons with energies up to 2 kev
should oeeasionslly reach CPTEE. Under these
conditions, eutofls in the electron energy spee-
trum would be featured in the CPLER data.

Gernerally, the CPLEE data do not show any
of the preecding characteristies. Most observa-
tions of jon fluxes are aecompanied by observa-
tions of an electron distribuilon with energies
from 100 ev to 2 kev. Therc is no clear evidence
for a cutofl energy. Occasionally, 2-kev elec-
trons are not ohserved at the ssme time as
200-ev elcetrons, bhut these observations arc
consistent with variations in electron tempera-
ture and density and are not eonsidered to be
ovidence of shadowing, Most observations of
decrcases in the magnetic field strength at
Explorer 35, which are indicative of the pres-
ence of the plasma sheet, ocour at times that
CPLEE observes fluxes of plasma sheet parti-
cles.

There are a few cecasions when the CPLEE
data arc consistent with the lunar-shadowing
model. On February 10 between 1600 and 1900
hours (Figure 6) the magnetometer data show
ihe presence of the plasma sheet, and CPLEE
delected an anisotropic ion population but did-
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not detect significant fuxes of plasma sheet
electrons. Between March 10 at 2300 hours and
March 11 at 0300 hours (Figure 8} a plasma
sheet with an isotropically distributed ion popu-
lation was observed, but except for three brief
intervaly the plasmy sheet clecirons were not
observed. These two sets of data are more con-
sistent with the particle-shadowing model than
any other data obtained by CPLEE. However,
the eutoff in the energy spectrum predicted by
the model did not appear in the cleetron spectra
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during the three brief recovertes of electron
fluxes {Figure 8).

Since lunar shadowing of partieles does not
significantly affeet the flux of plasma sheot
dectrons reaching the CPLER, it must be con-
cluded either that flux tubes cross the lunar

surface at speeds generally greater than 40

km/sec or that the model of particle shadowing
ruay not be extended to plasma sheet electrons.

The CPLEE data imply thatf the convective
clectric field 18 greater than 025 mv/m the

March 10=11,187I
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Tig. 8. Data for March 10-11, 1971, Between 2300 and 0300 hours the Explorer 35/ARC
magnctometer data and the CPLRE ion datz show the presence of the plasma sheet, yct
the CPLEE clectron data show almost no plasma shect electrons.
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vast majority of the fime and is occasionally
greater than 1.0 mv/m. Rapid but randemly
oriented moiions in the tail thal, when they are
averaged over several minutes arc consistent
with B < 025 mv/m, would explain the
CPLEE data in a manner consistent with the
ghadowing concept. In fact, random changes
in the solar wind flow dircetion of the order of
0.5°-1.0°/min are commonly found in the
available solar wind data (J. H. Binsack, pri-
vate communication, 1972). fHowe and Binsmch
[1972] have shown that on a statistical basis
the magnetotail at lunar distance tends to align
itself with the direction of zolar wind flow. In
a gtudy of the geomagnetic storm of April 9,
1971, Burke et of. [1973] showed that the posi-
tion of the magnetopause responds cuickly to
changes in flow direction. The econcept that a
1° shift in the solar wind flow causes a 1-Rg
shift in the location of the magnetotail at Iunar
distance implies that flux tubes eross the lunar
disk with speeds of 50-100 km/see, whieh is
sufficient. to remove particle shadows.

Other particle drifts, such as those due to
curvature and gradients in the magnetic field, are
of little significance relative to the E x B drift.
In the plasma sheet at lunar distance (away
from the neutral sheet), magnsetic field lines show

little curvature [Behannon, 1968]. The gradient

drift V, = (cw, /eRYBxVE, where w, = 3 m.

v? cos? o and e is the particle’s pitch angle. At
lunar distanee, B~ 104 and is directed parallel
or antiparallel to the earth-sun linc. The gradient
in the magnetic field is of the order of B/L,
where L is the half thickness of the plasma sheet.
If L >~ 3 R, then a particle with w, = 1 kev
exporiences » gradient drift, of ~8& km/soe.

If the flux tubes do not cross the lunar disk
rapidly in a random fashion, then the shadowing
model must he invalid for deseribing the motion
of plasma sheet particles. The predicted void
region may he filled in by diffusion of plasma
sheet clectrons fror other regions of the plasma
sheet on time scales of {50 sec. Diffusion is the
result of the electron temperature gradient,
from hot electrons in the unperturbed plasma
sheet to cold cleetrons across the field lines.
The ealeulatlions pertaining to the rate of diffu-
sion expected have not been done, but the maxi-
mum rate is the Bohm diffuston rate, thero
being lateral movement of 1 gyroradius each
gyroperiod, which is many orders of magnitude
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greater than that needed to fill in the predicted
void region [Krall end Privelpicce, 1973]. Al-
ternutively, the shadowing model may be invalid
becanse the plasma sheet flux tubes at lunar
distance may be filled from a continuous plasma
source [Frank, 1971; Hil, 1973],

SPECTRAL DISTRIBUTION OF THE PLasMa SHEET
PopuLATION AT LUwNAR Digmawcs

The ion and elcctron speetra shown in Figure
¢ are representative of many CPLEER spectra
in the magnetotail. These particular spectra are
presented bhecause data were obtained during
a long period of almost constant particle fluxes,
simultancous Explorer 35/ARC magnetometer
data are available, a necutral sheei erossing did
not oecur while the data were being obtained,
and geomagnetic activity was very low.

The photoelectron electron spectrum is a very
noticeable feature of the eleetron speelrum in
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Figure 9. Basically, we treat the photoelectron
gpectrum a3 a background spectrum that must
be subtracted from the data in order to obtain
the plasma sheet electron spectrurm.

~ The plasma sheet electron spectrum in Figure
0 is approximately representative of a Maxwel-
lian distribution with a number density of 0.10
= 005 cm™ and a temperature of 200 == 50 ev.
Beyond 750 ev the eleciron speetrum is best
fitted by a power law dstribution with an expo-
nent of —3. This trend has been shown to con-
tinue out to 15 kev [Chase et al,, 1971; Ander-
son et al., 1972].

A reasonable fit for the ion spectrum in Fig-
ure 9, when it is assumed that all the ions are
protans, is a Maxwcllian distribution with #, =
n, = 0,10 == 0.05 em™ and kT, = 25 = 0.75
kev. Owing to the low flux of ions relative to
the CPLELE sensitivity limits, the uncertainty
in the analysiz of the ion data is large.

Both analyzer A and analyzer B generally
observe identical ion and electron fluxes, indi-
cating isotropic fluxes in the plasma sheet, This
allows a determination of the plasma pressure
in the vieinity of the moon, For the data shown
in Figurc 9 the clectron and 1on pressures are
18 == 3 and 250 = 50 ev/cm’, respectively. The
observed magnetic field strength in the plasma
sheet was ~5 v. When a high-latitude field
strength of 10-12 ¥ is assumed, a plasma’ pres-
sure of 190-300 ev/em” is required to maintain
pressure balance across the high-latitude tail
and the plasma sheet. Thus these data are con-
sislent with the pressure in the plasma sheet
determined by Meng and Mikalow [19720].
Meng ond Mihalov [1972b] miscaleulated the
magnetic field pressure by a factor of 3/2, but,
when their technique and the data used in
their paper are taken into considerstion, it can
be determined that the particle pressure in the
plasma sheel is typically in the range 150-350
ev/em®.

The range of the plasma sheet electron tem-
peratures observed by the CPLEF is generally
175-325 ev, there being one cagze of a substorm
recovery temperature of ~475 ev [Rich et ol ,
1973]. Temperatures significantly less than 175
ev have never been ohzerved in the plasma
sheet. The range of ion temperaturcs is 1-5

kev. Higher temperatures are not observed at

lunar distance. Lower ion temperatures are not
. ohgerved, owing to the sensitivity limits, but are
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consistent with some data showing a plasma
with an electron component but no detectable
ion component. The range of the plasma sheet
number density is 005-0.20 ecm™. Densities as
large as 0.5 e have heen observed but only
during a geomapgnetic storm [Burke et al,
1973].

Quite obvicusly, our observations are in
disagreement with results published by Nishida
and Lyon [1972]. Their density of 1 em™ and
kT, = 0.6 kev give a total clectron pressure of
600 ev/cm®. If we assure a proton temperature

> of as low as 1.5 kev, the total plasina pressure

would be sufficient to balance a high-latitude
field of ~25 y, whieh is two and onc half times
the field strength shown in their own data.

AvERAGE SPATIAL CONFIGURATION OF THE
PrasyMa SHEET

The location and the shape of the plasma
sheet could be determined completely with a
few passes through the tail if the plasma sheet
location were stationary with respect to an
appropriate set of coordinates and if its shape
were time independent. However, neither con-
ditien iz true of the plasma sheet, The magneto-
tail, which carries the plasma sheet with it, has
been shown to respond to changes in the solar
wind flow direction [Howe, 1971; Howe and
Binsack, 1972; Buwrke et o, 1973]. At lunar
distance, the tail shifts approximately 1 R, for
each 1° shift in the solar wind flow direction,
This shift is shown by comparing the neirtral
shect encounters reported by Nishida and Lyon
[1972] with the distribution of the N-8 com-
ponent of the solur wind flow reported by Lyon
et al. [1968]. The plasma sheet thickness is
known to chunge in response to substorms
{Hones et al., 1973].

The CPLEE data used for the plasma sheet
survey used in this paper were obtained during
the tail passages of February, March, and May
1971; August, September, and December 1972
and January 1973 plug 6 hours of data from
July 1972, During August and September 1972,
only electron data are available, The data pre-
sented here consist of 262.5 hours of electron
data and 1845 hours of ion data, The presence
of the plasma sheet was determined with a time
resolution of 1 min by examining the ion and
electron channel considered to be the most sen-
sitive to plasma sheet fluxes. The frequercy
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distribution of plasma sheet encounters in areal
clements extending 1 B, in the Z direction and
20 Ky in the ¥ direction was compuled. Smaller
arcal elements were not used beeause of an
insufficicney of data. The arenl elements nsed
are chosen to be approximately symmetric
about the average central meridian of the tail,
i.¢., extending from ¥,,. = +15 B to Viw =
—5 Ry Thus this paper concenirates on the
problem of the thickness of the plasma sheet in
the conter of ithe tail. An increased thickness
near the flanks has been demonstrated clearly
by Meng and Mihalov [1972a], although the
amount of inerease may be unecertain, In the
center of the tail, problems not directly related

to the plasmu sheet, such as magnetopause
effects, shotld be minimal. The data have been
organized according to the SE and SM coordi-
nate sysiems,

The resulls of the survey of the CPLEE data
aro presented in Figure 10 The resulls are
presented from the total data sct and from the
stibset, of data for low Kp(< 14 ). For compari-
son, the results of Meng and Mihalow [1972a]
for approximately the same ureal elements,
representing 1048 hours of their data, are also
shown. There are two distinet, differences in the
results of the two data sets. The first difference
iz that the probahilities of encountering (he

plasma sheet at vartous Z,, ecoordinates are -
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grealer in the Explorer 35/ARC magnetometer
data than in the CPLEL data. (The high prab-
ability at Z,,, = 6 Rz and 7 R; in the CPLEE
data set iz'not considered to be of great signifi-
cancee, owing Lo the small amount of time spent
in those areul elements.) The second difference
is the width of the maximuym probability peak,
which implies the plasma shest thickness is
smaller in the CPLEE data set than in the
maghelomeler data set,

The gystematic decrease in the plasma. sheet
encounter probability for CPLEE data com-
pared to that for the magnetometer data could
have several possible causes: First, there s a
difference in the surveying technique. The tech-
mgue that Meng and Mihalov [1972q] used
tends artifieially to incrcase by as much as 10
min the duration of plasma sheef, eneounters,
The ncrease is negligible for long plasma sheet
encounters but has some significance here, sinee
the median duration for w plasma sheet encoun-
ter 15 between 30 and 40 min for both the
CPLEE and the magnetometer data sets [J.
Mihalov, private communication, 1972]. The
gensitivity of the magnetometer using the detec-
tion eriteria of Meng and Mihaulov may be great
enough to detect regions of the plasma gheef
where the cpergy densily 1s less than that
which can reliably be detected by the CPLEE
{~100 cv/em?®}. The difference it probabilities
may also be due to perturbalions in the high-
latitude fail ficld, perhaps indueed by the solar
wind, that cannot be distinguished with the
maghetometer data from plasma sheet cneoun-
ters. Bulk flow of plasma in the tail, espeeially
in the sunward direetion, can also be recorded
a3 a plasma sheet type field disturbance by the
Explorer 35 magnetometer, whereas detectable
particle fluxes fail to reach the CPLEE analy-
ZOTS.

The results of Meng ond Mihulov [1972a)]
shown in Figure 10 indicate a peak in the
plasma, sheet encounter probahility ~7 2, wide
and eentered about the 7., = 0 R plane. The
CPLEE results, especially the results for Ap <
1+, indicate two peaks in the probability func-
tion having a total width of ~5 Rz. Tt has heen
found Lhat the [ack ol plasma sheet encounters
between Z,. = 0 and 2 B cannot be attributed
to multiple plasmy, sheets, a statistical anomaly,
or seasonal eflects. It is proposed that the
apparenily skewed and bimodal distribution
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derived [rom the CPLEE data iz due to inter-
actions of the magnetotail with the solar wind
that cause an aliasing problem due o a match-
ing of the lunar synodic month and the solar
rotation period. Selar wind flow patterns coro-
tate with the mean solar surface rotation, and
the solar wind flow pattern over a few days of
a solar period may indeed be birnodal. Aliasing
i given further support by the very clear
correlation of the plasma sheet encounters with
Z., which according to Meng and Mihalov
[1972a] should not exist, Aliasing is expected
o have a strong effect on the organization of
the data in 8F coordinates, owing to the close
matching of the lunar nodical period with the
salar rotation period. The problem of aliasing
does not appear in the data analysis of Meng
and Mihalov because solar wind flow patterns
change on a time scale of 4-8 months, and they
used 30 eontiguous months of data. By contrast,
the CPLEE data were obtained over a 3-month
span in early 1971 and a 5-month span in late

1972,

Although aliasing gives an odd shape to the
distribntion function in Figure 10, the average
plasma sheet configuration ean still be deter-
mined with reasonable accuracy. Pased on the
width of the peaks in the CFLEE distribution
function, the average plasma sheet thickness in
the center of the magnetotail is ~5 R, A
lawer bound ean be set by assuming that Lhe
probability for areal clements outside the cle-
ments with well-determined probabilities is 0.0
and by assuming that an ideal organization of
the data would yield a range of Z for which
the probahility is 1.0 and cutside of which it is
0.0. The lower bound is thus 3 f;. An upper
hound ean he set by assuming that the proba-
bility for areal elements in the range 6§ Ky <
Z.w| £ 12 By is a small nonzero value (c.g.,
(.2} and by assuming that an ideal organization
of the data would yicld a square distribution
with 2 maximum value of 0.8 (209} of ihe time
the plasma sheef is assumed to be very small,
owing to geomagnetic activity). The upper
bound is then 7 R, The average plasma sheet
thickness for the eenfer of the magnetotail at
lunar distance can be staled as 5 = 2 R,

The average plasma sheet thickness in the
center of the tuil determined here is consistent
with the estimales ol 7 R, given by Meng and
Mihalov [1972¢] and 6 i implicd by Nishida
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end Lyon [1972]. The thickness value of 11 R;
given by Meng and Mihalov, using Murayama
[1265] neutral sheet coordinates, is more indica-
tive of the failure of the Murayama system to
organize the data than it is deseriptive of the
plasma sheet configuration at lunar distance,
The instantaneous plasma sheet thickness may
be considerably ddifferent from the average
thickness, independent of geomagnetic activity.
Of course, geomagnetic activity may also have
an effect on the thickness. There is an anti-
correlation of the encounter probabilities with
the Kp index, This anticorrelation implies that
during geomagnetically disturbed timcs the
plasma sheet on the average is thinner and/or
has a larger domain of possible locations than
during quiet times.

SUMMARY

The CPLEE detects approximately the same
fluxes of plasma sheet particles from its loca-
tion on the Junar surface as it would if the moon
were not present. This is concluded hecause
the observed fluxes of particles eorrelate well
with periods of magnetic field decrease that are
indicative of the plasma sheet, and the conecept
of pressurc halance is wcll satisfied from the
observations. As &
shadowing of particles by the lunar surface
hecause flux tubes are frozem into the plasma
and closed to the particles near the earth by
converging field lines is not a valid model for
describing the particle dynamics in the plasma
sheet unless the flux tubes eross the lunar sur-
face with speeds generally greater than 40 km/
see, If the flux tubes are meving rapidly, the

P P WP nie fao
COlBEHuUEnts U1 this iiu:t,

motion must be changing rapidly in 2 randem
manner in order to be consistent with the
estimates of the steady state convection electric
ficld (025 mv/m). Solar wind indueed flap-
ping motion in the magnetotail may cause such
maotion, The alternative to rapid random mo-
tions for describing the data is 1o assume that
plasma sheet particles casily diffuse across field
lines to maintain a homogeneous population.

Typical plasma sheet jon and eleeiron spectra
show thiat plasma sheet parameters obtained
from the data are generally in the range 0.05—
020 em™® for », 175-325 cv for &T., and 1-5
kev for &T;. By comparipg these data with
piasma sheet data obtained near X = —20 R,
and reported by Bame et al. [1967] and Hones
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et ol. [1971a, b], the average quict time tem-
perature of the plasma at hoth locations is
found to be approxunately equivalent, and the
X component of the plasma pressure gradient
in the plasma sheet is found to be due mostly
to a gradient in tho number density. A recent
report of Vela data near the center of the
plasma sheet gives &7, =~ 6 kev and £7T, = 1
kev (8.-I. Akasofu et al., unpublished manu-
seript, 1973), which indicate that near the
center of the plagma sheet the X component of
the pressure gradient may also be affected by a
temperature gradient. The plasma sheet obser-
vations at lundr distance may be consistent with
the concept that the plasma at lunar distance
is identical with plagma several earth radii from
the center of the plasma sheet at Vela distance.
The range of temperature variations observed
during geomagnetically active times at lunar
distanee is smaller than that reported for the
plasma sheect close to the earth.

The probability of encountering the plasma
sheet in the center of the magnetotail at lunar
distance as a funetion of Z,. or Z,, has been
developed from the CPLEE data to investigate
the configuration of the plasma sheet. A system-
atic difference in the probabilities obtained
here und those reported by Meng and Mihalov
[1972a] may be due partly {o a difference in
technique and instrumentation but is probably
due partly to magnetic field disturbances in the
high-latitude tail mistaken for the plasma sheet
and to lunar shadowing of plasma flowing sun-
ward from the deep tail. The add shape of the
distribution  function obtained with CFLEE
data has been found to be due to aliasing in-
duced by solar wind patterng corotating with
the mean solar rotation period, which matehes
the lunar nodieal period and the synodic month.
This finding does not interfere with determining
the plasma sheet thickness as 5 = 2 R in the
center of the tail. The anticorrelaiion of the
encounter probabilities with the Kp index un-
plies that geomagnetic disturbances on the
average decreas: the thickness and/or that
they increase the domain of locations for lhe
center of the plasma shect.
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MEASUREMENT OF THE LUNAR PHOTOELECTRON
LAYER IN THE GEOMAGNETIC TAIL

DAVID L REASONER and WILLTIAM J. BURKE
Dept. of Space Science, Rice University, Houston, Tex. 77001, U.S. A,

Abstract. The Charged Particle Lunar Environment Experiment (CPLEE), a part of the Apollo 14
ALSEP, is an ion-¢lectron spectrometer capable of measuring ions and electrons with encrgies between
40 eV and 50 keV. The instrument, with apertures 26 cm above the surface, has detected a photo-
clectron gas layer above the sunlit lunar surface, with encrgics ranging up to 200 eV, Experimental
data for periods while the Moon was in the Earth's magnetotail for electrons with energies
40 eV < £< 200 eV follow a power law spectrum j {(E)Y = jo(EfFEn)# with 3.5 < y < 4. In the absence
of photoelectrons with E > 200¢V, we assume that the surface potential is at [east 200 V. The
modulation of this potential in the presence of intense plasma sheet fluxes has becn observed.

Mumerical solutions for the variation of electron density and potential as functions of height above
the lunar surface were obtained. The solar photon. spectrum { (Av), obtained from various experi-
mental sources, and the photoelectron vield function of the surface materials, ¥ (hv), are two para-
meters of the solution. Energy spectra at the height of the measurements for various values of ¥ (4v)
were computed until a fit to experimental data was obtained, Using a functional form ¥ (fv)=
=[Yolhv — WI)(W/2) for 6eVS < 9eV and Y (i)=Y for () >9 ¢V where W, the lunar
surface work function, was set at 6 eV, we calculated a value of ¥o=0.1 electrons photon—1. The
solution also showed that the photoelectron density falls by 5 orders of magnitude within 10 m of
the surface, but the layer actually terminates several hundred meters above this height.

1. Introduction

The general problems of photoelectron emission by an isolated body in a vacuum and
in a plasma have been the objects of several investigations. For example, Medved
(1968) has treated electron sheath formations about bodies of typical satellite dimen-
sions. Guernsey and Fu (1970) have considered the properties of an infinite, photo-
emitting plate immersed in a dilute plasma. Grobman and Blank (1969) obtained
expressions for the lunar surface potential due to photoelectron emission while the
moon is in the solar wind. Walbridge (1970) developed a set of equations for obtaining
the density of photoelectrons as well as the electrostatic potential as functions of
height above the surface of the Moon while the Moon is in the solar wind. By assuming
a simplified form of the solar pholon emission spectrum he could provide analytic
expressions for these quantities.

In this paper we report on observations of stable photoelectron fluxes, with energies
between 40 and 200 eV by the Apollo XTIV Charged Particle Lunar Environment
Experiment (CPLEE). These observations, made in the magnetotail under near
vacuum conditions, are compared with numerically calculated photoemission spectra
to determinc the approximate potential difference between ground and CPLEE’s
apertures {26 cm). Numerically calculated density and potential distributions, when
compared with our measured values, help us estimate the photoelectron yield function
of the dust layer covering the Moon.

R.JF. L. Gravd {(ed.), Photor and Particle Interactions with Surfaces in Sp&ce, 369-387. Al Rixhts Reserved
Copyright © 1973 by D, Reidel Publishing Company, Dordreche-Holland
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2. The Instrument

Complete descriptions of the CPLEE instrurient has been given by O’Brien and
Reasoner (1971) and Burke and Reasoner (1972). The instrument contains two
identical charged-particle analyzers, hercafier referred to as analyzers 4 and B.
Analyzer A looks toward the local lunar vertical, and analyzer B looks 60° from
vertical toward lupar west.

The particle analyzers contain a set of electrostatic deflection plates to separaie
particles according to energy and charge type, and an array of 6 channel electron
multipliers for particle detection. For a fixed voltage on the deflection plates, a five
band measurement of the spectrum of particles of one charge sign and a single-band
measurement of particles of the opposite charge sign are made. The deflection plate
voltage is stepped through a sequence ol 3 voltages at both polarities, plus hackground
and calibration levels with zero voliage on the plates. A complete measurementl of the
spectrum of ions and electrons with energies between 40 eV and 50 keV is made every
19.2 5. Of particular relevance to this study are the lowest electron energy passbands.
With a deflection voltage of —35 V, the instrument mcasures electrons in five ranges
centercd at 40, 50, 65, 90 and 200 eV. With +35 V¥ on the deflection plates, electrons
in a single energy range between 50 and 150 eV are measured. At the next higher
deflection voltages of + 350 V, the energy passbands given above are scaled upward by
approximately a factor of 10,

3. Observartions

In this section we present data from the February 1971 passage of the moon ihrough
the magnetotail. Becuuse these are so typical, the display of data from subsequent
months would be redundant. At approximately 0300 UT on February 8 CPLEE
passed from the dusk side magnetosheath into the tail. The five minute averaged
counting rates for analyzer A, channel 1, at — 335 V measuring 40 eV elecirons are
plotted for this day in Figure 1. Almost identical count rates are observed in analyzers
A and B during this period of observation. As CPLEE moves across the magnetopause
the counting rate drops from ~200 cycle™ to the magnetotail photoelectron back-
ground of ~35cycle ! (1 cycle=1.2s). Enhancements at ~0530 h and at ~0930 h
correspond to plasma events associated with substorms on Earth (Burke and Reasoner,
1972). There is a data gap from 1000 to 1200 h. With the exception of the short lived
(=1 h) enhancements the detector shows a stable counting rate when the Moon is in
the magnetotail.

Our contention is that these stable fluxes observed in the magnetotail during
periods of low magnetic activity are photoelectrons generated by ultraviolet radiation
from the Sun striking the surface of the Moon. In support of this thesis we have
reproduced the counting rates observed in the samc detector on February 10 when the
Moon was near the center of the tail (Figure 2). First, we note that the stable count
level is the same at the center as it was when CPLEE first entered the tail. Secondly,
from about 0500 to 1000 h the Moon was in eclipse. During this time we observe the

-t
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Fig. 1. 5-min averaged counting rates for CPLEE, analyzer A, channel ! al — 35V, measuring
40 &V electrons on February 8, 1971, After 0300 UT counting rates fell from high magnetosheath
to stable photoelectron levels.
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counting rates go to zero. As the moon emerges from the Earth’s shadow, the counting
rates return to their pre-eclipse levels. 1f the stable low energy electrons were part of
an ambient plasma, rather than photoelectrons, the counting rates would not be so
radically altered as the moon moved across the Earth’s shadow.

It could be argued that the observed counting rates were due to photons scattering
within the detectors themselves and not due to external photoelectrans, This however
is not the case. Preflight calibrations with a laboratory ultraviolet source showed
enhanced counting rates only when the angle between the ook direction of the detector
and the source was less than 10°. Given the 60° separation between the look directions
of anatyzers A and B, it would be impossible for the Sun, essentially a point source, to
produce identical counting rates in both analyzers simultancously.

A typical spectrum of photoelectrons shown in Figure 3 was observed by analyzer
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Fig. 3. Typical photoelectron spectrum observed by CPLEE at the lunar surface in the
high latitude magnetotail.
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A at ~0400 h on February 0, shortly before the Moon entered penumbral eclipse.
The dark line marks the differential flux equivalent to a background count of one per
cycle in each channel. (Channels 1-5.) For all five channels, with the deflection plates
at —~ 35 V, the differential flux is well above this background level. During geomagne-
tically quiet times no statistically significant counts are observed when the deflection
plates are at — 350 or —3500 V corresponding to efectrons with £ 500 ¢V (Burke and
Reasoner, 1972).

With the exception of periods of ultraviolet contamination in analyzer 4, we always
observe nearly the same counting rate due to photoelectrons in analyzers 4 and 8.
For all purposes, we can say that the spectrum displayed in Figure 3 is just as typical
as for analyzer B. We have found no case of anisotropy in the photoelectron fluxes.
Tn atl cases too, we found that the photoelectron spectra observed in both analyzers
were close to a power law dependence on energy. If we write the differential flux in the
form j{E )=/, (E/E,)™", i is between 3.5 and 4. In the following section the details of
this spectrum are more carefully studied.

Also in Figure 3 we display a schematic cross section of our instrument as it is
deployed on the surface of the Moon. The apertures of both analyzers are efevated
26 cm from ground. Their geometry is such that they observe only electrons with a
component of velocity in the downward direction. Since we continually observe
photoelectrons with energies up to ~200 ¢V, we must assume that the lunar surface
potential is at least 200 V during these times. This measurement will seem high to
those familiar with the waork of Walbridge (1970} and Grobman and Blank (1969},
who calculate a surface potential that is at least an order of magnitude lower, The
difference is that their models deal with photoemissions from the surface of the Moon
in the presence of the solar wind, Our measurements in the magnetotail are made
under near-vacuum conditions. After further analysis of the problem we return to
considerations of the surface potential.

To summarize; During geomagnetically quiet times, when the Moon is in the
magnetotail and not in eclipse, stable photoeleciron fluxes with energies between 40
and 200 eV are ohserved. These fluxes are isotropic and obey a power law, £7%, where
it is between 3.5 and 4. From the fact that CPLEE is observing downward moving
electrons we conclude that in the high-latitude magnetotail the lunar surface
potential 13 on the order of 200 V.

4. Numerical Analysis

4.1. GENERAL THEORY

The variations of photoelectron density and electrostatic potential above the surface
of the Moon can be calculated numerically. We approximate the lunar surface by an
infinite plane, with the x direction normal to the surface, and assume spatial variations
of phystcal quantities only with the height.

At a height x above the surface the electron density is | f (v, x) d*v. /' (v, x) is the
electron distribution function. If we assume an isotropic flux at tbe surface, the
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Liouville Theorem can be used to show that the distribution function is independent
of angles at all heights. Writing

., J2E
d*v = |25 dEdQ
1

and integrating over solid angles, the density is

n(x)=4n _[\/5_’? (E.x)dE. (1)

Since the distribution function is a constant along particle trajectories, f (£, x)=
= f{Ey, x=0), where E=£,—g{p,— ¢ (x}]. By changing the variable of integration
from E to E, Equation (1) can be expressed

o

n(x) =4n J2m(Ey = q[@g ~ @ (x)]) £ (Egs x = 0YdE,.  (2)

dleo—@(%)]

To calculate the distributien function of photoetectrons at the surface consider the
guantity

J(Eo) dE, = [ f L) Y () 0 (Eo, ) dhv] dE, 3)

the upward moving flux of photoclectrons emitted from the surface with energies
between Egand £,+dE,. F(hv) d(Av) is the flux of photons reaching the lunar surface
with energies between Av and sy +d (Bv). Y (hv), the quantum yield function, gives the
number of electrons emitted by the surface per incident photon with energy hv.
¢{E,, hv) dEy is the probability that an electron emitted from the surface, due fo a
photon with energy Av, will have a kinetic energy between £, and Ey+dE,. o (Eq, hv)
1s normalized so that

o

f g(Eq, Av}dE, = 1.

1]

The total upward moving flux at the surface is S, (x=0)= [ j(£,) d£,. But
4]

2 n/2 w

S, (x=0)=f f fvo_f'(EU, g, @, 0} vi do, sin ) dt do.
¢ 0o 0

Since vy=v,{i cos#+j sind cosp +k sin0 sing] and f1is independent of angle,

S(x:O):nj%j'(Eo,xzﬂ)dEu. (4

0
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Thus 2.
oy i (Ee) ' 5
fEe. x=0)= 2nE, (5)
and -
— E,
n(x)=2 \_/2m (EU —qfeo - (X)) ’—(—U) dE, . (6)
qloo—@ix)]

The potential as a function of height is evaluated by multiplying Poisson’s equation,
0%pjox? = —dmgn(x), by dp/8x and integrating in from x=co to get

Q

a 2
(aii) = - $mg J n(e') dg’, (7)

plx)
where we have written

[¥s] Q

N oy
jn(x)ax,dx - j n (") 4
x w(x}

A further integration out from the surface, gives us the potential at a point x.

4.2, COMPUTATIONAL METHODS AND RESULTS

To determine the upward moving differential flux at the surface, upon the knowledge
of which the distribution function, number density and potential depend, we musi
first calculate the integral in Equation (3). The solar photon differential flux at 1 AU,
1{hv), is taken from Friedman (1963) for the range 2000 to 1800 A and from Hinteregger
(1965) from the range 1775-1 A and is plotted in Figure 4. Following the suggestion of
Walbridge (1970) we have:

(1) Adopted a work function W of lunar material OF 6eV.

(2) Assumed a photoelectron yield function of the form

0 hv < 6 eV
v —6
Y(hv)=7, 6< hv<%eV (8)
Yo v =9eV,

where Y, is a free parameter of our calculation.
(3) Chosen a probability function

6E(E, — E)E, O0<ESE,
elE, i )_[ E>E,, ®
where
£ _[hv—-W v=W
o hv < W,
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In general the probability function is a complicated function depending on the
nature of the photoemission material. However, Grobman and Blank (1969) have
shown that for the purpose of calculating Equation (3} any bread function with zeros
at E=0and E=E, and a width AE~Av will suffice. A plot of ¢(E, Av) is shown in
Figure 5 for various value of E,.

% a1 I S et S s B B S B S B

sl|  SOLAR PHOTON FLUX AT 1AU |
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6 L L T S| I 1 ] | L | 1 1
O 4C 80 120 180 200 240  2BO

PHOTGON ENERGY (EV)

Fig. 4. Solar photon energy spectrum at 1 AU from 2000 to 1 A.

The upward directed differential flux in electrons em ™2 s~ ' s¢™! eV~ for the values

Yo=1, 0.1, 0.01 were numerically computed and have been plotted in Figure 6. We
have also inserted the photoelectron differential flux observed by CPLEE at 26 cm.
The Liouville theorem allows ns to set a lower bound on Y, of 0.1. That is if there were
no potential difference between the surface and 26 cm the yield function would be 0.1
electrons photon ™!, After estimating the potential difference between 26 cm and the
surface we can. also determine an upper bound on Y,,.
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Solving the integro-differential Equation (7) for ¢ (x) involves an integration from
the surface outwatd, with an assumed value of ¢,. However the expression for dip/dx
involves an integral from infinity in to x, or equivalently from ¢=0 to ¢ (x). By the
expedient of dividing the integral into pieces in E, space and using an analytic
approximation to the function j (E, ) in each of these intervals, a solution was éffected.

.07 T T T ¥ L T 3 T 1

plhv,e)

Fig. 5. Probability function that a photon of energy Av will cause the lunar surface material to emit
a photoclectron of energy £ with different values of E; = v — W,

In this way it was only necessary to know the values of p=¢(x) and ¢ =0 at the end
points of the interval, and the solution would proceed. In Figure 7 we show families of
solutions for ¢ (x) with several values of the parameter ¥,

The value of ¥, calculated by assuming no potential difference between the surface
and x=26 cm was 0.1. Figure 7 shows that for ¥,=0.1, the potential difference
@ (x=0)—P(x—-26 cm) is only 3 V. Obviously, we could now use an iterative pro-
cedure, modifying our spectral measurement at 26 ¢cm to obtain the surface spectrum
according to the Equation /' (E, x)=f (E,, 0) and hence obtain a new estimate of ¥,
However, the procedure is hardly justified considering the small potential difference
(~3 V) and the energy range of the measured photoelectrons (40-200 eV). Hence we
conclude from our measutred photoelectron fluxes and numerical analysis a lunar
surface potential of at least 200 V and a value of the average photoelectron yield of

¥,=0.1 electrons photon™"'.
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(.01 clectrons per photon. The photoelectron spectrum mcasured by CPLEE is found to fall close

to the Yo =0.1 line.

For the sake of completeness, Figure 8 shows the variation of potential and photo-
electron density and pressure with height obtained from the nemerical solution
discussed above. For this solution, a value of ¥,=0.1 and ¢,=200 V were chosen.
It may be tempting to define a Debye length for the photoelectron gas according to the

formula

(

Py

2rn

1/z
Eq—-z) =4cm at x=1cm.

NV
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However, this characteristic length is by no means the distance over which the entire
potential drop is developed. It is important to keep in mind that the photoelectron
layer is not a plasma, but rather is a one-component gas and hence the concept of a
Debye length as a potential shielding distance is not applicable.
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Fig. 7. Numerically compuied potential distribution above the lunar surface for several values of
the yield function Yo. For ¥y — 0.1 the potential difference belween ground and 26 cm is about 3 V.

5. The Lunar Surface Potential Py

The experimental measurements of photoelectrons at 200 eV but no significant fluxes
in the next highest energy channel at 500 eV lead us to conclude that the lunar surface
potential is at least 200 V. The data of Hinteregger ef al. (1965) shows significant solar
photon fluxes up to 400 eV, and presumably the lunar surface potential under vacuum
conditions could be 400 V. However, we detected no photoelectrons with £ 400 eV,
and in fact the extrapolation of our measured spectrum (Figure 3) to 400 eV is below
the instrument background. For this reason therefore we have adopted a conservative
value of 200 V as the lunar surface potential for purposes of the calculations in the
preceding and following sections.
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The tunar surface potential can be decreased however by the presence of @ hot
ambient plasma which furnishes an electron return current which partially balances the
emitted photoelectron current. In effect, the highest energy photoelectrons can escape
from the potential well, since electrons from the ambient plasma furnish the return
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Fig. 8. Numerically computed values of electron density, potential difference and pressure as
a function of distance from the lunar surface,

current to balance these escaping photoelectrons. Quantitatively, if £, is the net
negative flux to the lunar surface from the ambient plasma, and j(E,) is the emitted
photoelectron energy spectrum in units of electrons em~2 57t eV then:

£~ | 1B dE, 0
Ey > qpn

and this equation can be solved for ¢, the lunar surface potential. The results of this
calculation for 30 V<&, <200 V are shown in Figure 9. The curve was computed for

¥Y,=1.0, but can be scaled for other values of ¥,,.
Our measurements of photoelectrons were taken during periods in the magnetotail
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when all of the channels of the instrument except the fowest-energy electron channels
were at background levels. Thus we can establish an upper limit to the electron flux
from the ambient plasma for electrons with 40 eV < E <30 keV. Figure 3 shows the
‘background spectrum’, calculated by converting the background counting rate of
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Fig. 9. Computed curve, from the emitted photoelectron spectra shown in Figure 6, of the lunar
surface potential versus incident electron flux for Yo=1.0. The curve can be scaled directly for
any other value of ¥

~1 count s™! to equivalent flux in each of the energy channels. [ntegrating over this
spectrum and converting to flux over the hemisphere gives F,<3.4x 10° electrons
cm~? 5. We feel that this is a valid upper limit, as the range of measurement in
energy includes the peak energy of the plasma sheet spectrum (~1 keV).

We note that Vasylivnas (1968) obtained an upper limit to the electron concentra-
tion for locations outside of the plasma sheet based on OGO-3 data. The relation
expressed was NEq/2 <1072 em™* keV'/? where N is the electron density and Ej is the
energy at the peak of the spectrum. For an isotropic plasma where the bulk motion



382 D, L.REASONER AND W.J. BURKE

can be neglected relative to the thermal motion, the electron flux to a probe is given
by F,=Ni/2z*. Applying the appropriate conversion of factors, the expression of
Vasyliunas results in an upper limit to the electron flux of F,<5.6x 107 electrons

em~ 257t
TABLE 1

Electron flux ¥o Dy (V)
(cm—2s1)

3.4 % 108 1.0 181
3.4 % 108 0.1 114
3.4 x 108 0.01 44
5.6} 107 1.0 96
5.6 x 107 0.1 36
5.6 x 107 0.01 8

In Table I we show results of surface potential computations for the two electron
flux upper limits given above and for values of ¥, of 1.0, 0.1, and 0.01.

The lower half-height of the channel 5 energy passband is 160 eV. Hence the surface
potential could be as low as 160 V and still result in particle fluxes in channel 5.
This estimate of the potential is seen to be not inconsistent with a value of ¥,=0.1,
F,<3.4 % 10° resulting in a surface potential (Tabie 1) of 114 V.

One rather obvious prediction of our arguments about the surface potential is that
when the electron flux reaching the surface of the Moon is sufficiently high, surface
generated photoelectrons with energies in the range of cur detector should vanish.
This happens in the solar wind and magnetosheath, but it is impossible for CPLEE
to provide conclusive observational evidence in the presence of contamination by
solar wind and magnetosheath electrons that the E>40 eV photo electrons are not
returning to the surface and hence entering the detectors, Flectron densities > 1 cm™?°
and temperatures ~ 15 eV such as those commonly encountered in the solar wind and
magnetosheath provide much higher fiuxes in the 40-200 eV range than photoelectron
fluxes observed in high latitude magnetotail,

On April 9, 1971 a world-wide magnetic storm was observed by CPLEE (Burke
et al., 1972} in which the magnetosheath moved in to ¥;z=15 Rp. As the magneto-
pause moved out past the Moon, intense plasma sheet fluxes were observed. At this
time the fluxes observed in the 40, 50 and 70 eV channels felf below photoclectron
levels. In Figure 10 we show the count rates for the 40 eV and 500 eV electron channels
from 11:0010 12:00 on April 9. A heavy line has been drawn at the 40 eV photoelec-
tron level. As the 500 eV count rate rises the 40 eV count rate falls below this line.
From 11:28 to 11:35 when the 500 eV count rate dropped the 40 eV channe! returned
to the photoelectron level. In Figure 11 we have plotted the electron spectra at
11:26:40 (photoelectron) and at 11:27:19 (plasma sheet), The total incident fluxes,
calculated by subtracting the photoelectron contribution and by assuming isotropy
over the upper hemisphere are indicated for each of the two spectra. The data show that
the lunar surface photoelectran yield in the range 40 eV < £< 200 ¢V is of sufficient
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Fig. 10. Comparison of the counting rates due to 40 eV and 500 eV electrons for the period 11:00

to 12:00 on April 9, 1971. The horizontal line on the 40 eV plot is the normal phofoelectron level.

Note the anti-correlation between photoelectron flux and higher-energy electron flux, indicating
modulation of the Junar surface potential by plasma sheet electron fAuxes.
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magnitude to maintain the potential at 40 V for an incident flux of 2.5% 107 elec-
trons cm™% s™'. This can be used with the curve of surface potential vs incident
electron flux (Figure 9) to compute a value of ¥,=0.3. The discrepancy between this
value and the vatue calculated previously (¥,=0.1) is probably due to an error
associated with the assumption of isotropy of the incident flux. If the incident flux
were smaller at large zenith angles, the total flux and hence the value of ¥, computed
by this method would be correspondingly less.
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Fig. 11, Elctron spectra just prior to and after the photoelectron decrease at 11:27 shown in

Figure 10. These spectra show in detail the modulation of the lunar surface potential by an incident

electron flux impinging upon the lunar surface. The total fluxes, Fi, were calculated by first sub-

iracting the photoelectron contribution and then assuming that the higher energy electron flux was
isotropic over the upper hemisphere,

6. Discussion

Feuerbacher et al. (1972) have measured the photoelectron yield of a funar fine sample.
In the photon energy range 5< E<20 eV they found a yield function which reaches
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a maximum value of ~0.08 at 15¢eV then drops to 0.01 at 20 eV, B. Fitton (private
communication, 1971) has suggested that our value of 0.1 js more a measurement of
the CPLEE instrument case vield function than that of the lunar surface. We find it
difficult to understand how this could be the case.

First, were CPLEE an electrically isolated package then the requirement that the net
current to the instrument be zero would result in a measured yield function that is
representative of the case material. Relative to the lunar surface the case would bear
& positive potential in order to maintain an enhanced photoelectron density in its
immediate vicinity.

The fact is, however, that CPLEE is not electrically isolated. CPLEE is connected
to the central ALSEP station. Further, at any given time, only the top surfaces and
one or two sides of ALSEP packages are illuminated by the Sun, while the remaining
area is shadowed. These unilluminated surfaces provide receptor areas for return
current from the photoelectron gas. Thus no large potential difference can develop
between CPLEE and the lunar surface, and photoelectrons emitted at the lunar surface
and at the CPLEE case are indistinguishable. Geometrical considerations of electron
trajectories would lead us to expect that the bulk of the photoelectrons measured by
CPLEE were emitted at the lunar surface at least several meters from CPLEE. If the
ALSEP instrument cases had a photoelectron yield much larger or much smaller than
the yield of the lunar surface, then one would expect a perturbation of the photo-
electron flux in the vicinity of ALSEP. This perturbation would depend not only on
the ratio of photoelectron yield, but more importantly on the ratio of the area of the
ALSEP instruments to the area encompassed by the trajectories of £>40 ¢V photo-
electrons from a point source. This last area is on the order of the square of the scale
height of photoelectrons with E>40 eV (~10 m, Figure 11). Since the ALSEP area
is ~3 m?, the ratio of areas is on the order of 2%. Thus, even if the vield of the instru-
ment cases was a factor of 10 greater or smaller than the surface yield, the flux
perturbation would only be 20%.

Second, were CPLEE measuring its own photoelectrons cne would expect to
observe changes in the relative fluxes observed in the two analyzers with solar zenith
angle as the electron cloud surrounding the mstrument adjusts to changing illumina-
tion conditions. Specifically, the ratio of the flux observed analyzer B (looking 60” west
of vertical) to the flux observed in analyzer 4 (looking to the vertical) shouid be larger
after than before lunar noon. Our data shows isotropic photoelectron fluxes across the
entire magnetotail.

7. Summary and Conclusions

In this paper we have reporied the observation of stable, isotropic photoelectron
fluxes 26 cm above the lunar surface. In the energy range 40< E< 200 the flux obeys
a power law of the form j (E)=j,(E/E,) " where p is beiween 3.5 and 4. Because
these fluxes were moving down we conclude that in the near vacuum conditions of
the high latitude magnetotaii the [unar surface potential is at least 200 V. The modula-
tion of the surface potential in the presence of intense plasma sheet fluxes has also
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been observed. It was shown that these electrons can be explained in terms of the
measured solar photon spectrum producing an isotropic flux of photoelecirons at the
surface. A photoelectron yield function of ¥, =0.1 electron photon™' was calculated,
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DISCUSSION

Feuerbacher: Did you take into account the photeemission from your box?

Reasoner: The resolution of this question is a matter of the conlact befween the instrument cases
and the local surface potential, it is certainly true that if the instrument case were truly isolated,
then 45 =0 would immediately imply that the measured photaclectrons were indicative of the
instrument case yield. However, therc is more area in electrical contact with the instrument that is
not illuminated than is illuminated, and therefore these ‘cold’ arcas can act as receptor areas Lo collect
current from the photoelectron gas, and thus prevent large potential differences from developing
between the instrument and the lunar surface. Granting this to be the case, then, and recalling that
photoclectrons from both a vertical direction and a direction 60° from vertical were measured with
equal intensilies at all Sun angles, we therefore conclude that the measurement is a true representation
of the lunar surface photoelectron flux.

Walker: Let me get this clear; what is the basic discrepancy between Reasoner’s measurement
and the laboratory measurements of the ESTEC group?

Feuerbacher: I do not think that there is a basic discrepancy beiween our results and those of
Dr Reasoner. Gur surface potentials have been calculated for solar wind conditions, while the CPLEE
data refer to measurements in the high latitude magnetotail, where the imcoming plasma flux is
negligible. Our experimental data cannot possibly be extrapolated to electron energies of 200 ¢V,
since the highest photon energy used was 23 eV.

Fitton: T would like to refer to Figure 1. Could you indicate the likely effect of the cover sheet, on
the right hand side of the figure, so far as the properties of the local photoelectron sheath measured
by vour instrument is concerncd 7

-
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Reasoner: The photograph of Figure 1 shows the CPLEE, the ALSEP central station and a portion
of the thermal blanket of the passive seismic experiment (PSE). This thermal blanket is to the best of
my recoliection composed of many layers of aluminized mylar and is focated approximately 1.5 m
from CPLEE. The top surface of the blanket is, however, not in electrical contact with the ALSEP
system. Furthermore, photoelectrons emitted from this surface would produce highly anisotropic
fluxes at the instrument, and this is not observed.
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The purpose of this letter is to report the
simultaneous observations of plasma flowing
away from the carth and a southward-directed
magnetic field across the neutral sheet at lunar
distance during two weak magnetic bays. These
simultaneous observations are in aceord with
the predictions of magnetic merging models for
the generationr of magnetic substorms.

Plasma observations were made by the lunar-
based charged pariicle lunar environment ex-
periment (CPLER} [ef. (¥Brien and Reasoner,
1971; Burke ond Reasoner, 1972]. The instru-
ment contains two identical charged particle
analyzers, one looking toward the local lunar
vertical (analyzer A} and the other looking
60° from the vertical toward lunar west (ana-
lyzer B). Each analyzer measures a 15-point
spectrum for protons and electrons with ener-
gies between 40 ev and 20 kev every 19.2 sec.
At 0000 on February 10, 1971, the moon was
located at (X, Y, Z)ew = (—62.8, 2.9, 2.5) R,
approximately 5 Ry above the Russell-Brody
neutral sheet, Magnetic field data are from the
Ames Research Center magnetomcter aboard
Explorer 35 [Mikalov et al., 1968], and 81 8-sec
averages of the data are displayed in solar
magnetospheric coordinates.

Between 2200 on February ¢ and 0200 on
February 10, 1971, geomagnetic conditions were
fairly quiet (Kp = 2—, 2). Away from the
midnight scetor, auroral zone stations showed
no signs of activity. Magnetograms from Leir-
vogur and Kiruna, near local magnetic mid-
night, indicate that there were two small
substorms (Figure I}, A hint of the so-called
growth phase of the first substorm [McPherron,
19707 is contained in the Kiruna magnetogram
at 2245, The expansion phase began simultane-
ously at Leirvogur and Kiruna at 2345, reached
a maximum depression of —100 v at 2358, and

Copyright @ 1973 by the American Geophysical Union.

recovered to predisturbance eonditions hy 0020,
The second event, beginning at 0116, was ob-
served only at Leirvogur as a bay with a 100-y
depression.

Magnetic field data and the plasma anijsot-
ropy ratic observed at lunar distance during
this time are displayed in Figure 2, where B is
ihe field strength in gammas, ¢ and € are the
solar magnetospherie longitudinal and latitudi-
nal directions of the vector, and o« is the
anisetropy, defined as the ratio of the differen-
t1al fluxes measured in the 2-kev proton chan-
nelg of analyzers A and B. Values of &« > 1
indicate that plasma is flowing away from the
carth, @ < 1 indicates that there is a dawn to
dusk flow across the tail, and « = 1 is the
condition for isotropy.

Between 2200 and 2340 the moon was in the
southern lobe of the high-latitude tail (B = 10 v,
¢ = 180°). The decrease n field strength and
chango in field direetion at 2342 show that the
moon moved rapidly m relation to the plasma
sheet to the vieinity of the meutral sheet. At
2348 the component of field across the neutral
sheet B, changed from a northward to a south-
ward direction. As B; changed direction, the
plasma anisotropy ratio changed from « = 0.3
at 2345 to « = 30 at 2350. During the period
when the filld was predominantly southward
the amisotropy ratio was always greater than 5
and reached values in excess of 40 on two
oceasions. By 0020 the moon moved away from
the neutral sheet, and npormal plasma sheel fluxes
were observed again. From 0030 to 0110 the
moon was in the northern lobe of the high-
latitude tait (B = 11y, ¢ = 0°).

Correspondence hetween plasma and mag-
netic field data during the second event (0110-
0200) is ohscured by a magnetic ficld data gap
(0140-0150) and at least seven crossings of the
neutral sheet. Strong anisotropies were again
observed in the proton fluxes. However, the
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Fig. 1. Substorms observed in northward com-
ponent of magnetic field ai Kiruna aznd the
horizontal component at Leirvogur on February
9-10, 1971. The geomagnetic latitude, local time,
and universal time are indicated.

proton burst beginning at 0121 preceded the
ficld change by about 3 min, Between 0130 and
(1135, while the moon was still in the neutral
sheet, B; turned to the north, and « was mea-
sured as less than 1. The final burst at 0140
began at the samne {ime: as the field data gap.
When magnetic ficld data resumed, the moon
was away {rom the neutral sheet, in the plasma
sheet, where isotrople fluxes were pbserved.

Protons observed by CPLEE had a density
of ~0.2 em™, a temperature of ~1 kev, and a
bulk speed of 250 == 50 kin/see. The flow is
assumed to be from the look dircction of ana-
Iyzer A. This bulk speed in the prescnes of a
southward-directed field of 2 y indicates a dawn
to dusk electric field of 0.6 = 0.1 mv,/m. Qur
meagured plasma parameters are close to those
reported by Prokosk {1972]. The diserepancy
with bis caleulated electric feld of 0.12 mv/m
is due to his assumnption of |Bz| = 0.6 v. On the
other hand, our observed fluxes are between 1
and 2 orders of magnitude less than those
reported by Garrett et al. [1971]. Since their
data were ohserved during substorms with de-
pressions of 2000 y, it is quite possible that
most of the flux differences only reflect the
difference in intensily of the triggering mecha-
nism.

Our ohservations are consistent with the
predietions of magnetic merging models proposed
by 4 host of magnetospheric physicists. Plusmu
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flow away from the earth while the magnetic
field was pointing southward indicates that the
neutral point was hetween the earth and the
maon, The ecorrelation betwesn B; and « at
~0130 reflects motion by the neutral point
along the sun-earth line.

Although the Kiruna magnetogram closely
follows the McePherron [1970] substorm model
{namely, the growth, expansion, and recovery
phases), available data do not altow us to re-
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Tig. 2. The magnetic field observed by the
Ames Ressarch Center magnetometer aboard Kx-
plorer 33 and the anisotropy ratios observed by
CPLEE from 2300 to 0200 UT on February 9-10,
1971, The field directions are given in solar mag-
netospheric coordinates.
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solye controversies regarding magnetospherie
convection during the growth phase of the
substorm. Between 2245 and 2345 the moon
was in the high-latitude tail. The apparent
amsotrapy. observed near 2300 is due more to
low counting rates than to a clearly identifiable
flaw of plasma, Flow away from the earth
began at 2348 simultanecusly with the change
m By from morth to south. Whether 1hese
changes in plasma conditions reflect motion
of an already -existing neutral point from be-
vond the lynar orbit or the'creatin_n of =&
neutral point between the earth and the moon
remains an unsalved problem.
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