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ABSTRACT

SOLAR PLASMA DISTURBANCE OBSERVED BY A
SUPRATHERMAL ION DETECTOR ON THE MOON
by
Rene Adalid Medrano-Balboa

An interplanetary plasma disturbance was observed from the
Moon by the Rice University Suprathermal Ion Detector Experi¬
ment (SIDE) on November 19, 1970 starting at 00h 16min 37Se°
U.T.. The time of observation after the start of the distur¬
bance was 130 minutes.
The energy range covered by the detector is from 10 eV
to 3500 eV in 20 steps. Major particle flux enhancements are
found to be between energies 250 eV and 1000 eV. Fluxes at
other energies are relatively unaffected. The detectors were
pointing at 26° from the Sun's radial direction, the usual
direction of the solar wind plasma flow.
The gross structure of the event consists of two major
enhancements in both the particle fluxes and velocities. The
first enhancement included the initial 78 minutes, and was
immediately followed by the second enhancement. Both enhance¬
ments may correspond to 2 solar flares from the same helio¬
graphic location.
Significant flux enhancements in the fine structure
are found to be density enhancements. These enhancements ap¬
peared many times in the first 78 minutes and less often in
the rest of the observing time. Random variations in both
flux and velocity in the last 30 minutes of the data was.
observed.

Secondary peaks appear in the differential energy
spectra, most of which are tentatively identified as a-particles. The locations of these peaks appear to correlate
with the valleys between flux enhancements of the fine struc¬
ture. Other secondary peaks at M/Z = 4 are suggested to
4 +
indicate the presence of He .
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CHAPTER I
INTRODUCTION

During the celebration of the Apollo-12-ALSEP first anni¬
versary, which took place in Washington D.C., it was first
noticed that the Sun had decided to be present at the cele¬
bration by sending one of those magnificent stellar emissar¬
ies (scientifically called interplanetary shock waves) re¬
corded by the ALSEP Suprathermal ion Detector deployed on the
lunar surface. The data was displayed in real time on the
multichannel recorder specially set up for the occasion in
order to provide information to both the distinguished at¬
tendants and the press conference about the fine job being
done by the scientific package left on the surface of the
Moon by the Apollo 12 astronauts. The present thesis studies
the information the Sun sent to us as a part of its salute.
The main purpose of this thesis is to report the ob¬
servations of suprathermal ions (10 ev <• E < 3500 ev) made by
the Rice university Suprathermal ion Detector Experiment
(SIDE) during the interplanetary disturbance of November 19,
1970. The total time of observation was a little more than
two hours after the arrival (00*1 16min 37SSC UT) of a solarflare-related interplanetary shock wave.
A great deal of this report has to do with the solar
wind plasma parameters and their interplay during disturbances
produced by active regions in the Sun. Because of this we
need to review some of the observed properties of the solar
wind and their behavior when plasma disturbances are origi¬
nated in the solar photosphere.
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1.1 SOLAR WIND PLASMA. The solar wind plasma observed at 1 Au is material of
solar origin, transported into interplanetary space by the
expansion of the solar corona, it has been well stablished
that the solar wind near Earth consists primarily of protons
and electrons with a density of 3 to 10 protons/cm that
move with a velocity of 300 to 500 km/sec nearly radially
away from the Sun. The temperature of this plasma falls
generally into the range of 10^ to 10^ °K. A magnetic field
-5
of 3 to 10 y (1 Y = 10
gauss) is embedded in it, and the
origin of this field has been traced back to the solar pho¬
tosphere. The general structure of the phctospheric field
organizes the solar wind into sectors of dominant magnetic
field direction.
Of course this summary of nearly all of our knowl¬
edge about the interplanetary plasma and fields based on
experimental results (see reviews in Dessler, 1967? Hundhausen, 1968? Hundhausen 1970a? Kavanagh et al., 1970? and
Brandt, 1970) and theoretical treatments (see reviews in
Colburn and Sonett, 1966? Parker, 1969? Scarf, 1970? and
Hundhausen, 1970a) would have been received with skepticism,
even disbelief, a decade ago when E.N. Parker in 1958 pro¬
posed his theory about the hydrodynamic expansion of the
solar corona, in 1959, 1960 and 1961 the first intermittent
measurements of solar wind particles were made on Lunik 2,
Lunik 3, Venus 3 and Explorer 10, and the first verification
of continuous solar wind flow came from the fligth of Mari¬
ner 2, in 1962 (Snyder et al., 1963). For several years
thereafter theoreticians concerned themselves primarily with
re-examinations of the fluid models.
1.1.1 FLOW SPEED.- The first accurate flow velocity observa¬
tions were made by Mariner 2 (Neugebauer and Snyder, 1966).
Three-hour averages of the magnitude of the flow velocity
(along with the proton density, to be discussed later) are
shown in Figure 1.1. These averages range from 319 to 771
km/sec. individual velocities as low as 306 and as high as
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FIGURE 1.1.- Three-hour averages of the solar wind flow
speed and proton density, as measured on Mariner 2. The
time interval has been broken into standard 27-day solar
rotation periods (Neugebauer and Snyder, 1966).

4
842 km/sec were measured. The average daily-average velocity
obtained from this set of data was 504 km/sec. The Mariner 2
observations were made during a period of high solar activity.
Later observations have yielded similar flow velocities.
The overall average is in the range 400 - 500 km/sec, while
the average for "quiet" or undisturbed periods is between 300
and 350 km/sec.
Recently Gosling et al. (1971) have investigated the
possible correlation between the solar wind speed and the
solar activity. Histograms of the frequency of occurence of
various solar wind speeds for the years 1962-1970 are shown
in Figure 1.2. Average values of the speed for each year are
indicated. The most remarkable feature of the histograms is
the relative constancy of the distribution of speeds from
year to year despite a profound change in solar conditions
associated with the solar cycle as one can see in Figure 1.3.
This is true in particular for the years 1965-1967, for which
the rise to solar maximun is most pronounced. With the ex¬
ceptions of 1962 and 1968, the average yearly speed falls in
the narrow range from 385 to 430 km/sec.
From the observational point of view it seems clear,
therefore, that during the years 1962-1970 there was no dis¬
cernible upward shift in the bulk speed distributions with
rising solar activity. The above does not imply that solar
cycle variations in the solar wind are never observed. For
example, interplanetary shock waves (simultaneous changes in
solar wind parameters and interplanetary magnetic field; to
be yet discussed) were observed much more frequently in the
rise toward solar maximun (Handhausen et al., 1970b) than
during the flight of Mariner 2 near solar minimun when only
one definite event was detected (Sonett et al., 1964).
Hundhausen et al. (1971) reported to have observed
a semiannual variation of both density and flow speed after
analizing data from vela 3 and vela 4 between July 1965 and
July 1968. Low average flow speeds prevailed during the sum¬
mer and winter of these two years, while high average flow
speeds prevailed during the spring and fall (northen and
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VELOCITY (km sec"1)

FIGURE 1.2.- Frequency distribution of observed
solar wind speeds 1962-1970. The distributions
have been normalized to that of the year 1967.
v indicates the yearly average for each histo¬
gram (Gosling et al., 1971).
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DATE

FIGURE 1.3.- Observed smoothed sunspot
from October 1962 through October 1969
(Gosling et al., 1971).
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southern extremes in the heliographic latitude position of
the Earth). These variations were interpreted in terms of a
heliographic latitude effect.
1.1.2 FLOW DIRECTION.- The lack of angular measurements on
most early space probes precluded accurate determination of
the direction of the plasma flow. The continuous observation
of an ion flux in the
6° angular aperture (about the direc¬
tion of the Sun) of the Mariner 2 detector showed that the
-

flux was never more than 10° from the Sun's radial direction.
Figure 1.4 is a histogram of the flow directions
measured by the vela 2 satellites from July 1964 to July 1965
(Hundhausen, 1968). The rms deviation in flow direction is
~ 3°; deviations from non-radial flow by more than 10° are
relatively rare. The mean flow is from ~ 1.5° East of the Sun
(here East is defined in the direction of the Sun's rotation).
This corresponds to a slight tendency of the interplanetary
plasma to corotate with the Sun, with a mean azimuthal veloc¬
ity of ~ 10 km/sec at 1 AU. This value is in good agreement
with the mean azimuthal velocity of 8 km/sec obtained from
a study of type I comet tails (Brandt, 1970).
1.1.3 DENSITY.- The proton densities observed during the 4
months of Mariner 2 data transmission are shown in Figure 1.1.
Three-hour averages of proton density varied from 0.44 to 54
cm . The proton density generally was highest on the leading
edge of a high velocity stream and low in the midst of the
stream (Neugebauer and Snyder, 1966). The density was found
to increase as Mariner 2 approached perihelion (at 0.7 AU),
o
consistent with 1/r dependence on heliocentric radius. Nor2

malized to 1 AU via the 1/r relation, the average proton den-3
sity was 5.4 cm . Similar ranges and average (or "typical")
values of the density have been reported from other observa¬
tions. However the number density of the protons is usually
-3
found to be between 1 and 10 cm
in the quiet solar wind and
as much as an order of magnitude greater during disturbed times.
A long term analysis of the number density during July
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FIGURE 1.4.- A histogram of solar wind flow direc¬
tions measured on the vela 2 spacecraft from July
1964 to July 1965. 0° indicate flow from the Sun,
negative angles indicate flow from East fo the
Sun (Hundhausen,

1968).
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1965 through July 1968 was carried out by Hundhausen et al.
(1971). These authors have found semiannual variation with
high average densities during the summer and winter and low
average densities during spring and fall. They suggest that
these variations may be directly related to the Earth's helio¬
graphic latitude excursion in its orbital motion with high
average densities near the heliographic equator.
CL

1.1.4 TEMPERATURE.- Starting at a temperature of about 2x10
°K at the corona, the solar wind gas is expected to cool as
it expands. The temperature of the solar wind is defined in
terms of the velocity dispersion in the frame of reference
moving at the bulk speed of the solar wind. The velocity dis¬
tribution in any given direction can be translated into an
equivalent temperature
k T($) = m <v2($)>
where the angle $ is measured relative to the satellite-Sun
2
line, and (v (§)> is the mean square velocity in the moving
frame of reference.
in the absence of plasma instabilities, the first
adiabatic invariant should be conserved

\i
m
|i =

v 2
—

= Constant
B
in a frame of reference moving with the solar wind. Therefore,
as the magnetic field decreases, the average velocity perpen¬
dicular to the field decreases. This process should thus pro¬
duce a substantial anisotropy in the velocity distribution of
solar wind ions (Parker, 1963).
These theoretical predictions are partially borne out.
Figure 1.5 shows a contour mapping of a typical proton dis¬
tribution function f(v^,V2) in the ^“ 2 plan®/* v^ is the com¬
v

v

ponent of velocity along the satellite-Sun line and

is the

velocity component perpendicular to both v^ and the spin axis
of the satellite. The small triangle indicates the bulk veloc¬
ity of the solar wind (Hundhausen et al., 1967b). The predic¬
ted anisotropy is indicated by the large velocity along the
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FIGURE 1.5.- A contour mapping in the v^-v2 plane
of a typical proton velocity distribution function
derived from vela 3 data. The small triangle in¬
dicates the mean velocity. Bp indicates the 5.46minute average magnetic field, projected onto the
v.-v,j plane, for the time interval centered at
04 48 UT (Hundhausen et al., 1967b).
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field line away from the Sun. The average temperature aniso¬
tropy shows T||/T^ « 2. parallel and perpendicular refer to
the direction of the magnetic field.
The observed temperature anisotropy is much smaller
than would be expected if the first adiabatic invariant were
conserved. If the solar wind were characterized by T|| = T^
at 0.6 AU and were then allowed to expand adiabatically, the
ratio T||/Tj_ would be 5 at 1 AU (Kavanagh et al., 1970). So,
it is necessary to believe that some instabilities can be
responsible for keeping the anisotropy small.
Long time averages of the mean proton temperature
indicate 4x10 4 o K during quiet solar wind (Hundhausen, 1970a).
1.1.5 HELIUM CONTENT IN THE SOLAR WIND.- Virtually our entire
quantitative knowledge of the chemical composition of the solar
wind is based on the observations of only two ions, ^H+ and
4TT +2
He .
Although the detection of 4He +2 in the solar wind
has been reported by many observers, our knowledge of the
long-term average helium abundance is based on data obtained
by only three spacecrafts (Hundhausen, 1970a): Mariner 2,
(Snyder and Neugebauer, 1964; Neugebauer and Snyder, 1966),
Vela 3 (Bame et al., 1968; Hundhausen et al., 1967; Robbins
et al., 1970) and Explorer 34 (Ogilvie and Wilkerson, 1969).
However the results from these three independent sources agree
so closely that this average abundance can be regarded as well
established and near 4.5%.
The solar helium relative abundance has been deter¬
mined using indirect methods (Morton, 1968; Lambert, 1967;
Iben, 1969). Nearly all the indirectly derived values of the
solar helium abundance (Between 0.06 and 0.09) are larger
than the 0.045 for the solar wind.
The comparison of observed interplanetary and
solar helium abundances suggests that hydrogen escapes from
the Sun in the coronal expansion more efficiently than does
helium. This is probably due basically to an interplay of the

12

charge separation field and gravity in separating ions of
differing charge-to-mass ratio (Hundhausen, 1970a). An en¬
hancement of helium (and other heavy ions) at the base of
the corona is therefore expected.
1.1.6 OTHER IONS IN THE WIND.- The presence of other ions
with mass M m^ and charge z e (where M is the mass of the
ion in units of proton mass, m^ is the proton mass, Z is the
degree of ionization,and e the electronic charge) would,
under the assumption that the flaw speed is again equal to
that of the protons,result in additional flux peaks in solar
wind spectra at M/z times the energy per charge of the primary
hydrogen peak. A spectrum of this kind is shown in Figure 1.6.
The detection of such ions is difficult because the fluxes in
the additional spectral peaks will be low due to the rarity
insolar material of all other elements and isotopes relative
to hydrogen and helium, and because the spectral peaks pro¬
duced by ions with similar values of M/z will be closer to¬
gether and can be resolved only if all such peaks are narrow.
Despite the difficulties pointed out above, measure¬
ments in the solar wind composition have shown significant
spectral peaks at places where JHe+ and °0
would appear.
The identification of the spectral peaks with the last two
ions has been made on basis of solar abundances (Bame et al.,
1968; 1970). indeed, due to the high solar abundance of oxygen
and its ionization state at coronal temperatures near 10^ °K,
3_6 +6

O
should be the third most prominent ion species. However,
the presence of and depending on the thermal
activity at the corona, might be expected as well.
If silicon is particularly abundant,

28

Si

+7

might

also produce a prominent peak. However, and for the same rea¬
sons given when discussing the presence of oxygen ions, sig23 -f 9
nificant amounts of other silicon lines, i.e.
Si
and
28

+8

Si , would also have to be present, identification of these
ions was reported by Bame et al. (1970).
28 4-7
Neverthless, the energy peak at
Si
is not unique
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+
since the same M/Z
ratio (= 4) 4
belongs to the
He . Due to
the availability of large quantities of thermal energy at the
4
+
...
base of the corona, very little
He of solar origin is ex¬
pected in the solar wind. However, the existence of this par¬
ticular ion may result from charge exchange with interplanet¬
ary neutral hydrogen (Hundhausen et al., 1968) and from pho¬
toionization of the interstellar helium atoms (Holzer and
Axford, 1970b). According to Banks (1971), hydrogen and helium
atoms can be produced in the interplanetary space by the de¬
ionizing effect of interplanetary dust on the solar wind (e.
1 + 4 +2
g. capture of H and He
by dust grains and release of
4 +
both as neutral atoms). Report on observations of He has
been made by Bame et al. (1968) and discussed by Hundhausen
(1970a). The presence of another ion at the same M/z = 4
36 +9
(namely
Ar ) is favorably discussed by Holzer and Axford
(1970). This complicates even more the problem of identifying
the ions at this spectral peak.
Other ions identified in solar plasma probes are
16 +?

16 +5

0 ,
0
56
+12
Fe
to

(Bame et al., 1968), 28Si+1°, 28Si+8, 28Si+7,
56
Fe+8 (Bame et al., 1970).
A new technique for measuring the chemical composi¬

tion of the solar wind involving trapping of incident ions
on an aluminum foil directly exposed to the solar wind and
subsequent laboratory analysis of the returned foil (Biihler
et al., 1969; Geiss et al., 1970; Geiss et al., 1971), should
soon give an independent check on the current results found
in the literature. This technique has been used on the Apollo
11, Apollo 12, Apollo 14 and also in the recent Apollo 15
lunar missions. The average absolute flux of solar wind heCL
lium was determined to be (6.2 ± 1.2)xl0 (Geiss et al., 1969),
(8.1 ± 1.0)xl06 (Geiss et al., 1970) and (4.2 ± 0.8)xl06 cm-2
sec"^ (Geiss et al., 1971) during Apollo 11, 12 and 14 mis¬
sions respectively. Although no hydrogen flux is available
to give a relative abundance, these absolute fluxes are
reasonably consistent with the current known average of
4.5% of the 4He+2/^H+ density ratio and the average solar
8
—2
—1
wind proton flux of 3x10 cm
sec
measured by Vela 3
_ 3
satellites (Hundhausen et al., 1970a). Detection of He,

15
20

Ne,

21

Ne, and

22

Ne (Geiss et al., 1970; Geiss, 1971), and
for the first time the 3 6Ar (Geiss et al., 1971) content of
the solar wind have been determined so far with the aluminum
foil experiment.
1.1.7 ELECTRICAL CONDUCTIVITY.- The electrical conductivity
in the solar wind is associated with the collision frequency
of electrons on ions. Parker (1963) pointed out that some
microscopic plasma instability must naturally develop and
the associated wave-particle scattering then produces a thermalization mechanism leading to a finite mean free path. For
the solar wind the electrical conductivity is large (a
2x
4 -1 -1
10 ohm m ), so that the plasma is conveniently regarded
as a perfect conductor (Scarf, 1970).
1.2 INTERPLANETARY MAGNETIC FIELD.The large electrical conductivity of the solar wind
plasma means that some of the solar magnetic field lines will
be frozen into this streaming plasma and stretched out radi¬
ally away from the Sun. under the combined action of the so¬
lar rotation and the radial plasma velocity, the interplane¬
tary magnetic field assumes the configuration of an Archime¬
des spiral as illustrated in Figure 1.7. The spiral configu¬
ration of the interplanetary magnetic field, on the average,
corotates with the Sun even though the solar plasma streams
radially outwards. Analogy of the plasma motion in the inter¬
planetary magnetic field with a needle on a phonograph was
made by Ahluwalia and Dessler (1962); the needle moves nearly
radially at a constant velocity while the spiral groove rotates
as a rigid body. It is important to realize, however, that
corotation does not provide a unique description of the elec¬
tromagnetic behavior of the interplanetary magnetic field
(Dessler, 1967).
Figure 1.7 also demonstrates the sector structure of
the field that was first noted by Wilcox and Ness (1965); that
is, the distinct large regions in which the interplanetary
magnetic field points predominantly toward the Sun or predom¬
inantly away. These sectors, which appear to be associated
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AVERAGE IMP 1

FIGURE 1.7.- Average sector pattern of interplanet¬
ary magnetic field (December 1963 to February 1964)
extrapolated to either side of 1 AU. Each arrow
represents an equivalent flux of magnetic field
away from the Sun, dotted lines represent fields
pointed toward the Sun (Schatten et al., 1968).
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with the large areas of directedmagnetic field on the solar
surface, rotate past the Earth with a regularity associated
with the solar rotational period. A single sector requires 6
or 7 days to pass the Earth (Kavanagh et al., 1970). The mag¬
netic field is low at the sector boundary (3 to 4 y) and peaks
during the first and last 2 days of a sector. The solar wind
density peaks just after the sector boundary has passed, and
the bulk velocity is highest when the center of the sector
passes (Wilcox and Ness, 1965). Since this observations were
made at 1 AU, these parameters do not necessarily correspond
to conditions found close to the Sun (Kavanagh et al., 1970).
Near the orbit of the Earth the average angle between
the interplanetary magnetic field and the Earth-Sun line would
be expected to be 45° (a good illustration is shown in Brandt,
1970). Wilcox and Ness (1965) working with data obtained by
IMP-1 found that the average direction of the field is indeed
close to that predicted by the Archimedes spiral model. How¬
ever, as was pointed out by Wilcox (1968), the field at any
time may be found in any direction, including the two quad¬
rants which are not allowed in the simple spiral model.
1.3 DISCONTINUITIES IN THE SOLAR WIND.Different filaments of magnetized plasma in the solar
wind cannot easily interpenetrate. As a result, sharp bounda¬
ries are expected to exist between two regions in which plasma
properties differ significantly. Also, pressure equilibrium
usually exists in the solar wind by the time it reaches the
Earth. This is true in general except for traveling shock waves
(see next section) that may be generated by solar flares. Thus,
in a frame of reference moving with the bulk velocity of the
solar wind, the sum of the particle and field pressure is in
balance across any boundary or discontinuity. Therefore, in
any kind of discontinuity (in MKS units):
2
n v T +
1.1
n1 k T. + —2 Uo
where the indices denote the plasma parameters on both sides
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of the discontinuity surface. Equation 1.1 implies that varia¬
tions of B, n and T are permitted on both sides of the discon¬
tinuity. This means that in general one would expect:

where p is the mass density.
A number of discontinuities can arise depending on which
parameters are discontinuous. However, two parameters, v and
B, are considered usually the most importants. Thus, a discon¬
tinuity generally occurs whenever there exists a change in |v|,
v,

|B|,

and

%

or any combination of them, across the surface

of discontinuity (hats denote unity vectors).
2
Changes in B , p, T, B, and v across any discontinuity
are related by the Rankine-Hugoniot conditions (sometimes
called the "jump" conditions). These conditions are represented
by a set of equations involving the conservation of mass, mo¬
mentum, and energy, plus the electromagnetic Maxwell equations.
Prom these conditions we obtain requirements for the allowed
changes in the tangential and normal components of the magnetic
field and the velocity.
Magnetohydrodynamic discontinuities are usually clas¬
sified according to whether the discontinuity is stationary
or in motion relative to the plasma medium.
1.3.1 ROTATIONAL DISCONTINUITIES.- There are two types of pro¬
pagating discontinuities, those due to shock waves, and the
rotational discontinuities (also called Alfven shocks or trans¬
verse shocks). The shock wave (or more appropriately, the shock
front) is the most important discontinuity. Due to its impor¬
tance in this thesis it will be reviewed in a separate section.
The rotational discontinuity is perhaps the most com¬
plicated discontinuity after the shock waves. It conserves the
magnitude of the field in both sides of the surface

Since Maxwell's equations require that Bn2 = Bn^ (where index
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n signifies the normal component of the field), therefore the
magnitude of the tangential component of B will also be con¬
stant. This means that the field discontinuity at the boundary
must only consist of a change in direction of the tangential
component of the field (i.e. ^ £;...).
~t2
~tl
There is another parameter which does not change
across the surface of the rotational discontinuity:
P

2 " P1
pressure balance then implies that
T2 =

Tx

From the momentum equation one gets:
2
2
V
2 “ V1
this expression is simplified by making use of the continuity
2
2
equation (vn2 = Vnl>: vt2 = v
, which then permits
A

.

V. _ ft

A

V. ,

~t2 '
~tl
In addition,as one can show by manipulation of the
Rankine-Hugoniot conditions, the magnitude of the normal com¬
ponent of the velocity (which is the same in both sides), as
well as the change in its tangential component cannot be just
arbitrary but
v

n "

Bn

±

(40 P)

and
%t2 ~
~t2 " ~tl

~tl

tw0 P)4

The configuration of these last restrictions gave origin to
the other names o£ the rotational discontinuity, namely Alfv4n
shock waves and transverse shock waves.
in summary, in a rotational discontinuity one would
expect to observe change in directions of the tangential com¬
ponents of both magnetic field and velocity of the plasma;
the discontinuity travels in a directiai perpendicular to its
surface with a speed corresponding to an Alfen velocity in a
Bn field. The change in the tangential velocity vectors (tan¬
gential components of the velocities) is equivalent to an
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Alfien velocity in a field difference of the tangential magnetic field vectors. All other parameters (p, T, B 2 , v 2 ) remain
the same across the discontinuity.
Since this discontinuity needs a non-zero normal
component of the fiels (Bn), its existence under normal con¬
ditions is more likely to be in regions well inside 1 AU
where the field is mostly radial, it is perhaps because of
this situation that rotational discontinuities appear not to
have been observed yet.
1.3.2 TANGENTIAL DISCONTINUITIES.- As suggested by its name,
this kind of discontinuity only allows changes in the tangen¬
tial components of the vector fields involved. (Here again
normal and tangential refer to the surface of discontinuity).
It differs from the rotational discontinuity in that no nor¬
mal components of either magnetic field or plasma velocity
are permitted.

These conditions are too restrictive since they
destroy completely the Rankine-Hugoniot conditions. This
means that the plasma media in both sides of the discontinurity are no longer coupled. Both media can have independent
parameters:

The only coupling parameter is the pressure. Since no
diffusion of plasma across the boundary is permitted, there
should exist the pressure balance, so
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The surface of discontinuity remains stationary respect
to the plasma. However, since the boundary must be defined by
the field lines,

it actually travels frozen into the plasma.

These discontinuities reach the Earth and interact with the
bow shock, producing hydromagnetic waves

(jaggi and Wolf,

1971). Sometimes they also produce appreciable compressions
or expansions in the magnetosphere so that their effect can
be detected on ground-based instruments.
Observational evidence for the existence of tangentialjaiscontinuities was presented by Gosling et al.,

(1967b).

Its importance has been recognized and it is object of much
experimental (Hundhausen, 1970c) and theoretical research
(Northrop and Birmingham, 1970).

1.3.3 CONTACT DISCONTINUITY.- This tiype of discontinuity is
sometimes called Contact Surface (although this name is better
applied as a generic term including both contact and tangentdel discontinuities). It also belongs to the stationary disconti¬
nuity type since:

v^ = vn^ = 0

so, the plasmas of both sides of the discontinuity, still re¬
main uncoupled. However,

further conditions

v.
B,

v,
~1

make the system completely "static". The surface of disconti¬
nuity is not subjected to any kind of shear motion. It is just
in "contact" with both sides.
From the pressure balance relation we obtain

we see that the contact discontinuity is characterized by the
differences in density and temperatures on both sides of the
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discontinuity surface. Otherwise, everything remains the same.
This discontinuity is exactly the same case as a surface se¬
parating identical gases at different temperatures and densi¬
ties but with same pressure.
As the tangential discontinuity, this type of dis¬
continuity travels with the plasma as if it were frozen in it.
1.4 INTERPLANETARY SHOCK WAVES.This is an important type of discontinuity since it
interacts with the magnetospheric cavity producing distur¬
bances in the geomagnetic field (magnetic storms) as well as
in the dynamics of particles (violation of adiabatic invari¬
ants) . In this kind of discontinuity almost everything changes
across the surface except Bn2 = Bn^ which follows from the
Maxwell's equations. However, there are a few other conditions
like
p

\
2 1 >

\
1

\vn2 ,
which distinguish them from the other type of discontinuities.
There is a distinction between past Shocks and Slow
Shocks. The difference between them, besides the obvious dif¬
ference in the propagation speed, is determined by the con¬
ditions of the plasma medium that the shock encounters when
propagating. Assume for our purposes that the velocity vectors
of the plasma in both sides of the shock plane are colinear
with the unit vector perpendicular to the shock surface n.
The additional condition, besides the Rankine-Hugoniot condi¬
tions, and since no pressure balance exists, is the evolution¬
ary conditions (Colburn and Sonett, 1966).
For fast shock waves:
and
V
1 * V1
A2 < V2 * V2
where V-'s are the magnetosonic velocities and Va the Alfven
V

velocity computed from the normal field component.
For slow shock waves:
and
v.
V
2 * V2
1 * V1 < VA

23

The interpretation of these conditions can be related
to the direction of propagation of magnetohydrodynamic waves
before and after the shock.
The velocity of propagation of a shock wave is not the
velocity of the plasma behind the shock. Which means that if
one is in the frame of reference of the down stream plasma,
one can see the shock wave moving with some velocity V - v
where v is the velocity of the shock wave,and v is the bulk
flow velocity. Upstream the situation is exactly the same.
To complete the description of a shock let us look
at the physics of its propagation and how it generates changes
in the parameters of the medium. A good description of a shock
wave in a gaseous medium is given in "Feynman Lectures on phys¬
ics" to which we now refer.
"An object moving through the air has to move the air
out of the way, so the disturbance produced in this case is
some, kind of a pressure step, with the pressure higher be¬
hind the wave-front than in the undisturbed region not yet
reached by the wave (running along at the normal speed, say).
But the air left behind, after the wave-front passes, has
been compressed adiabatically, and therefore the temperature
is increased. Now the speed of sound increases with the tem¬
perature, so the speed in the region behind the jump is fast¬
er than in the air in front. That means that any other dis¬
turbance that is made behind this step, say by a continuous
pushing of the body, or any other disturbance, will ride
faster than the front, the speed increasing with higher pres¬
sure" (Feynman et al., 1963). The analogy is very illustrative
although the process of shock formation in the interplanetary
medium is somewhat different because of the magnetohydrodyna¬
mics involved.
interplanetary shock waves are said to be originated
mainly by solar flare plasma emissions and by recurrent streams
from active regions (named by Bartels M-regions) in the Sun.
The difference cannot be fundamental since both are associated
with propagating phenomena in the solar wind; at least for
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some of the blast waves (waves formed in solar flares) the
velocities appear to be similar to the velocity required for
the shock connected with beam formation (M-regions). The basic
differences lie primarily in the differing geometries associ¬
ated with the two cases.
The shock associated with the blast wave is termed
for convenience an F-shock, in contrast to that associated
with the recurrent stream termed the M-shock. The F-shock is
the Parker (1963) blast wave where the shock is viewed as the
swept-up interplanetary gas followed by the fresh flare gas
constituting the driving piston. The interface between the
flare or "driver" gas and the swept up ambient gas is expec¬
ted to be a contact or tangential discontinuity (Colburn and
Sonett, 1966; Hundhausen, 1970b). The assumption is made for
small scale that the shock propagates rectilinearly from the
Sun and that the shock surface is planar, although the surface
must be curved on the scale of the solar system, in the geome¬
try of the M-shock the obliquity should always tip the shock
plane in such a direction that the outward pointing unit vector
has a positive component along the orbital velocity vector of
the Earth. An illustration of the geometry of both kinds of
shock waves is shown in Figure 1.8. The normals of the flare
associated shocks should cluster about the radial direction
while the normals of an M-shock should lie near 45° from the
radial (Hundhausen, 1970b).
Since the first direct observation of a shock wave
propagating in the solar wind was made (Sonett et al., 1964)
a number of more detailed observations of interplanetary
shock waves have been performed. A fairly complete summary of
all of these observations is now available (Hundhausen, 1970a;
Hundhausen, 1970b; Hundhausen et al., 1970b). Abrupt jumps in
proton temperature, density and speed in the solar wind and
in the magnetic field characterizes the passage of a shock
wave. The observed changes in these properties are generally
in agreement with the Rankine-Hugoniot relations. Observed
shock orientations of flare-associated disturbances are gener-
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FIGURE 1.8.- The geometry of a high velocity
stream continuously flowing from a region on
the rotating Sun. The stream is drawn into a
spiral-like configuration and overtakes the
ambient solar wind along the front T. A shock
S may form beyond some heliocentric distance
A, following the general shape of the stream
(Colburn and Sonett, 1966).
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ally consistent with a nearly spherical expansion from the
flare site. Several solar wind parameters and in particular
the flow speed, continue to rise after the shock passage.
An enhancement of the helium content in the wind
presumably due to M-regions (high speed streams) and flareassociated shock waves after 5 to 12 hours has been repeated¬
ly recorded in many independent observations (Snyder et al.,
1963; Taylor, 1969; Hundhausen et al., 1970b; Bame et al.,
1968; Ogilvie et al., 1968; Singer, 1970; Neugebauer and
Snyder, 1966). This is probably the experimental evidence
of the driving piston suggested by Parker. Anyway, these
observations add to the evidence already given relating high
interplanetary helium abundance to solar activity and confirm
the more specific connection with flare-associated interplanet¬
ary disturbances.
in this thesis a report on some properties of the
fine structure of a flare-associated interplanetary shock
wave is made. Measurements of ion fluxes at 20 energies be¬
tween 10 ev and 3.5 Kev show detailed structure of the event.
From these measurements we derive information about the total
particle velocity, energy, and density. Because of the
lack of information about the magnitude and direction of the
interplanetary field and/or other plasma measurements from
satellites, it was not possible to determine the direction
of propagation of the shock front nor the bulk speed and di¬
rection of the stream.
However, other interesting features like sudden en¬
hancements in the particle fluxes in the fine structure of
the event and the lack of a-particles right at and little
afte^4brupt changes in the ion fluxes were observed. Some
discussion concerning the origin of these flux changes and
the possible presence of 4He+ in this particular event is also
included.
A description of the relevant parts of the scien¬
tific instruments used in the measurements (chapter II) is

27

followed by an explanation of the steps done in the data re¬
duction ( first part of Chapter III). The details of the obser¬
vations are given in the second part of Chapter III and theo¬
retical interpretations are discussed in chapters IV and V.

CHAPTER II
PARTICLE DETECTORS (APOLLO 12 ALSEP-SIDE)
As was mentioned in the first chapter, the data used
in this thesis comes from Rice university's Suprathermal ion
Detector Experiment (SIDE) which was part of the Apollo Lunar
Surface Experiment package (ALSEP) deployed on November 19,
1969 on the lunar surface by the Apollo 12 astronauts.' The
SIDE, also called the Lunar ionosphere Detector, consists of
two highly directional positive ion detectors: the Mass Analizer (MA) and the Total ion Detector (TID) designed to mea¬
sure ions from 0.2 ev to 48.6 ev and from 10 ev to 3500 ev
respectively. Both detectors have identical configurations
except that the MA has an additional velocity filter that
allows the discrimination of the mass to charge ratio of the
incoming ions. The data analized for this thesis comes from
the TID.
2.1 DESCRIPTION.The SIDE has been repeatedly described in previous
publications (Freeman et al., 1970; Lindeman, 1971) and also
its calibration (Shane, 1969). However in order to make the
present report complete, the important characteristics of the
instrument will be described leaving the details to the refer
ences.
Figure 2.1 shows a schematic diagram of the SIDE.
Only directional ion fluxes which are within a square solid
angle of 6° on each side can be detected. These ions are
first allowed to pass through a Wien velocity filter in the
case of the MA (the TID does not have this stage) which con¬
sists of perpendicular electric and magnetic fields. The elec
trie field is generated by two plane parallel plates 0.8 cm
apart supplied by stepping voltages (stepping supply in the
figure), and the magnetic field of 850 ± 10 gauss is created
by a permanent magnet conveniently located. As a result, in
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principle an equivalent velocity of ions can be derived from
this stage.
Next the ions pass between two cylindrical parallel
plates (a curved plate analyzer) connected to another stepped
voltage supply. For the TID the cylindrical plates are 127°
17' of arc, 4.25 cm and 3.75 cm radius respectively and the
plate voltages step down from 875 V in 20 steps (or what we
call 20 SIDE frames). The corresponding energy per unit charge
discriminations are 3500, 3250, 3000, 2750, 2500, 2250, 2000,
1750, 1500, 1250, 1000, 750, 500, 250, 100, 70, 50, 30, 20,
and 10 ev/Z. The Mass Analyzer obtains a twenty-point massper-unit-charge spectrum over a range of 10 to 1000 amu at
6 energy steps between 48.6 and 0.2 ev.
Finally, ions that have survived the previous stages
are detected by a.funnel-like channel-electron multiplier.
The multiplier entrance is at -3.5 kv to assure the beginning
of the secondary electron emission multiplication that is to
be collected at the other end of the funneltron.
The calibration data reveals the following informa¬
tion. The sensitivities of the Total ion Detector and the
Mass Analyzer are approximately 3x10 17
and 17
10
counts/sec/amp
of incident ion flux respectively. The field of view of each
sensor is roughly a square solid angle, 6° on a side, for both
detectors.
The geometric factor for particles of energy E is
defined as:
G (E) = A (E) fi(E) e (E)
2.1
where: A(E).- effective area for particles of energy E
Q(E).- solid angle subtended by A for particles of
energy E.
e(E).- efficiency of the channeltron for particles
of energy E.
The geometric factor has been determined by using the
-4 2
calibration data? G = 10
cm ster
The energy pass band has also been determined in the
laboratory to be 5% on each side of the center energy.
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The number of counts per second R is related to the dif¬
ferential energy flux j by:
R =
R =

J* A (E)
J G(E)

n(E) e (E) j (E) dE
j(E) dE

2.2a

2.2b

In order to compensate for the effects of the lunar
surface potential on the detected ions, a wire screen has been
deployed on the lunar surface beneath the main body of the
SIDE(Lunar Surface Ground Plane in Figure 2.1). one terminal
of a third stepped voltage supply is connected to the wire
screen, which is assumed to be at the lunar surface potential,
and the other terminal to the internal ground of the detector.
The stepped voltage varies from 0 to 27.6 and from 0 to -27.6
V in 24 steps. Each step is advanced after 6 complete TID
cycles plus 8 frames for internal calibration, in other words
each step is advanced after a complete SIDE cycle.
One SIDE cycle is divided into 128 frames each one of
1.208 sec in duration. However, the accumulation time is only
1.13 sec; the difference is used to read out the accumulator
and to allow transients to die out. The total time taken by
a complete SIDE cycle is 2.577 min whereas the ground plane
cycle takes 1 hr 1.85 min. Therefore the complete cycle of
the system is determined by the ground plane cycle.
2.2 PRESENT STATUS.The Apollo 12 Lunar Module landed on the Northwest rim
of the 200 m diameter Surveyor Crater in the Ocean of Storms.
The landing site was at 23.4° West longitude and 3.2° South
latitude (Stephenson, 1970). The SIDE was deployed within 100
meters at the landing site. Figure 2.2 shows the SIDE deployed
on the Moon.
The detector look directions include the ecliptic
plane, and their corresponding look axes are canted 15° from
the local vertical and to the West. The average angle between
the look directions and the Earth-Moon line is 38.4°. Devia¬
tions from this angle as large as 8° are caused by the lunar
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FIGURE 2.2.- Photograph of SIDE deployed taken by the astro¬
nauts of Apollo 12. The SIDE rests on a set of tripod legs
and stands approximately 18 inches above the surface.
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librations (librations in longitude and latitude). Figure 2.3
shows the look directions of SIDE at various points in the
lunar orbit. The magnetospheric cavity is also shown as a
reference.
While writing this thesis the Total Ion Detector was
still working satisfactorily since the deployment almost two
years ago. A number of scientific reports (Freeman et al.,
1970? Freeman et al., 1971; Fenner et al., 1971; Lindeman et
al., 1971; Medrano et al., 1971; Garret et al., 1971) includ¬
ing a M.Sc. thesis (Lindeman, 1971) have been written using
the data.
The operation of the Mass Analyzer continues to be
excellent during the lunar night. However, a temperature de¬
pendent variation in the background counting rate when the
ALSEP is facing the Sun, has been observed since the first
lunation after the deployment. As a result the whole SIDE is
turned-on only for selected periods during the lunar day.
This prevents continuous data from being obtained during the
sunlit part of the lunar orbit. This malfunctioning has not
been present in the SIDE instruments of Apollo 14 and 15. The
anomalous behavior of the MA consists of large counts in every
frame including the calibration frames where no potential is
applied either to the velocity filter or to the curved plate
analyzer. A rough look at the data from December 18, 1970 to
January 21, 1971, reveals the random presence of sudden ex¬
tremely high counts per frame followed by somewhat exponential
decay with time constants ranging from less than a minute to
perhaps more than 12 minutes. No apparent periodicity has been
noted except in 4 very similar consecutive occurrences, 2 min¬
utes apart. During the event discussed in this thesis the MA
was malfunctioning in this random manner. Therefore informa¬
tion about mass spectra and ions of thermal energies (< 10 ev)
were not available for this report.
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CHAPTER III
DATA ANALYSIS AND RESULTS
This chapter describes in some detail the steps fol¬
lowed to obtain ion differential fluxes and integral (or direc
tional) fluxes starting from the actual counts per frame sup¬
plied by both detectors of SIDE. However, the principal objec¬
tive of this chapter is to display the data in several repre¬
sentations in order to visualize the multiple features of the
strong solar plasma disturbance observed by SIDE on November
19, 1970.
3.1 DATA CONVERSION. The data available, in counts per SIDE frame (SF) cor¬
responding to a channel of particle energy, is readily convert
ed into counts per second (R) by dividing it by the accumula¬
tion time (1.13 sec). The count rate is converted into unidirectional flux J (ions/sec/cm /ster) when divided by the geo2

.

.

metric factor G (cm ster) which is a characteristic of the
instrument. At this stage we still have the directional flux
representing the number of ions in the energy range between
E - AE and E + AE where E is the center energy of the channel
and AE is % of the energy pass band (± 0.05 E). Therefore, to
obtain the differential flux j (ions/cm /sec/ster/evj we have
to divide it by the energy pass band (0.1 E). Putting alto¬
gether:
J
SF
1
1
R
j =
=
=
3.1
2 AE
1.13 G 2 AE 2 AE G
Note that equation 3.1 is a simplified version of 2.2b
when the detector counts particles in the energy range between
E - AE and E + AE.
Before applying equation 3.1 we have to check each SF
for validity (because of the existence of problems like trans¬
mission parity errors, instrument voltages tolerances, etc.).
After this decision is made, then comes the evaluation of the
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background which is to be subtracted from the total counts/
frame to get the true counts of incoming particles, only after
this correction is the data point ready to be converted into
the measured flux.
in each SIDE cycle (128 frames) there exist 2 frames
to allow the direct measurement of the background, that is
to say, frames where the applied voltage to the curved plate
analyzer is zero. Therefore, it can be only estimated what
the background (BG) would be if the conditions of each frame
were the same during one SIDE cycle. This is not true in gen¬
eral since, due to the nature of the measurements, the BG at
any time can be different from the BG sometime later.

(Count¬

ing experiments are subjected to statistical fluctuations).
So, what has been done in the data reduction is to compute
the BG for each SIDE cycle by averaging the two measurements
in that cycle and in the preceding cycle.
Average of the BG for longer periods of time intro¬
duces a bit more of inaccuracy since the relative position of
the Moon in its orbit makes the rate of change of the temper¬
ature different from zero (although this rate of change is
expected to be small). Assuming the background to be temper¬
ature dependent, as it appears to be, its evaluation from
longer periods than a SIDE period would be less accurate.
On the other hand another computation of the BG would
be if we plot counts/frame versus time for each TID cycle and
decide by ourselves the background counts represented by both
tails of the spectrum. Such a spectrum is shown in Figure 3.1.
The estimated BG (arithmetic average of.both tails) for this
particular example is 32 counts/frame, whereas the computed
average using the first method is 35. The difference between
these two lumbers (less than 10%) is due to the statistical
fluctuations. Although this last method is more accurate to
determine the BG counts, if there are no particles in the tails,
its use is limited to small quantities of data since a perso¬
nal decision is needed for each individual spectrum.
A rigurous statistical determination of the BG could be

COUNTS/FRAME
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FIGURE 3.1.- Spectrum corresponding to one cycle of
the TID. The background counts in both sides of the
spectrum can be observed. The estimated background for
this particular sample is 32 counts/frame.
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done if we knew the parent distribution corresponding to the
spectrum of the measured particles. However, the knowledge
of such energy spectrum is exactly one of the purposes of our
research in progress.
Finally we consider the accuracy of the measurements.
It is clear that the total counts/sec (R^) will be given bys
RT = R + BG

Where

R.- counts/sec due to particles
BG.- background counts/sec
The distribution of the number of counts observed

per interval is likely given by the Poisson distribution
(see for example Bevington, 1969):

HX
P(x,n)

=

—

e"*1

3.2

x!
where ji.- average number of events observed in a given
time interval
x.- number of events observed in a given time interval
P.- probability of observing x events in a given
time interval.
The standard deviation is then given by
a = ±

3.3

in our case the variance of R, since R^ and BG are un¬
correlated,

is given by
CTR = ± (RT + BG)

3.4

Relation 3.4 gives the uncertainty in our measurements.
Applications of the kind of data reduction described
are shown in Figures 3.2 and 3.3 where a differential flux
versus energy has been plotted. The small circles represent
the data points. The horizontal bars indicate the uncertain¬
ties in measurements, whereas the vertical bars illustrate
the energy bandwith for each channel. The equivalent back¬
ground computed according to Figure 3.1 is represented by the
discontinuous line in Figure 3.2; arrows indicate location
of data points that are below the background, in Figure 3.3

IONS/CM /SEC/STER/EV
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FIGURE 3.2.- Differential energy spectrum with the back¬
ground not subtracted. The discontinuous line represents
the equivalent background flux of 32 counts/frame compu¬
ted according to Figure 3.1. Horizontal bars represent
error bars, vertical bars idicate the energy bandwith of
each channel.
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the background obtained by averaging the 4 background samples
has been subtracted; arrows again indicate points below the
background. The last kind of plot has been used for analysis
purpose everywhere in this thesis.
Comparison of Figures 3.2 and 3.3 shows the strong
dependence of the low energy part of the curves upon slight
changes in the background counts. This is so because the ener¬
gy bandwith of each energy channel (10%) decreases as the cen¬
ter energy decreases. Since we do not know the true background
for each energy step, the computed one accasionally may happen
to be the same as the true one. However when it is not, the
result of subtracting the estimated background from the record¬
ed counts sometimes give negative values in the energy channels
not affected by the disturbance. Whenever this happens an
arrow pointing down signifies that the data point is off scale.
3.2 RESULTS.The following is the description of the observations made
by the Total ion Detector of SIDE. For the sake of clarity the
description of the different arrangements of the data have
been divided into subsections.
Although each figure, besides its description, is
followed by a discussion, a more complete and ordered inter¬
pretation of the results will be found in the next chapters.
In order to understand the description of the obser¬
vations we recall that the detector direction was pointing at
26° from the Moon-Sun line (see Figure 2.3). Therefore, the
direction of the detected solar wind particles was rather un¬
usual, since they were far from the normal radial flow direc¬
tion.
3.2.1 TIME HISTORY OF SELECTED ENERGY CHANNELS.- A time his¬
tory of some energy channels (from 100 ev up to 1500 ev) is
shown in Figure 3.4 The rest of the channels in the low ener¬
gies (from 10 ev to 70 ev) and high energies (from 1750 ev to
3500 ev) are not displayed because they do not present sig¬
nificant variation during the event.

COUNTS/FRAME
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FIGURE 3o4.- Time history of some selected energy chan-,
nel during the interplanetary event. Shown on the verti¬
cal axes are the number of counts per accumulation time.
Discontinuous vertical lines show the most important si¬
multaneous enhancements in most of the channels. The plots
start at 00h llmin 27sec UT.
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The vertical axes display the number of counts per
accumulation time. Every histogram has the same scale, al¬
though they are conveniently separated in decreasing order
of energy to show clearly the time development of each indi¬
vidual channel.
The real time of the plots starts at 00*1 n111111
27
UT, although this has been set to zero-time only as a
reference point. Data before zero-time presents characteris¬
tics of a background. This was the reason to exclude it from
the plot.
The average number of counts per accumulation time
well before the sharp enhancement in all channels, is nearly
the same for all energies (around 32 counts/frame). This
fact permits the identification of the background counts
since no significant uniform flux of solar wind particles
is expected in all channels from directions far from the
undisturbed solar plasma flow estimated to be a few degrees
East of the Sun (Hundhausen, et al., 1970).
It can be observed that the energies most affected
by the disturbance were those above 250 ev. in particular
the energy channels mostly affected were the 500 ev and 750
ev. Above these energies the strength of the disturbance de¬
cays with the increasing energy.
The first vertical discontinuous line (at about 5
minutes) indicates the arrival of the disturbance. It can be
seen that the low energy channels were the most affected by
the front of the disturbance. This is noticeable by the sharp
increase of fluxes especially in th 100 through 500 ev chan¬
nels. In particular the fluxes in the 100 ev channel recorded
at this instant shows to be the only large perturbation in
the whole event. Indeed, a few minutes afterwards, the 100 ev
ions returned to an average level which remained constant
during the rest of the event.
A few minutes later (second discontinuous line) another
sharp increase in the flux of particles, this time in the high
energy part, is shown in Figure 3.4. This second flux enhance-
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ment is very noticeable in the 1000 ev and 1250 ev channels.
A third jump in the particle flux is shown by the
third discontinuous line at about 13 minutes. The channel
most affected by this flux enhancement is the 1500 ev.
The importance of these sharp enhancements is that
they may represent a characteristic fine structure of a shock
front. Let us anticipate, at this point, that the nature of
the disturbance we are dealing with is a shock wave as will
be seen later. The time elapsed between the first two flux
peaks is about 155 seconds. Assuming that all the ions consist
of protons, we can do a rough computation of the average pro¬
ton velocity corresponding to the differential energy spectrum
of the second flux enhancement. (Again we are making use of
results shown in a later subsection). The equivalent average
proton speed is 323 km/sec. The distance in space correspon¬
ding to a travelled distance by a proton of velocity 323 km/
4
sec during 155 seconds is 5x10 km. This length is of the same
order of magnitude as the estimated thickness of the transition
region in an interplanetary shock wave (Parker, 1963).
As the time progresses the fluxes in the 500 ev and
750 ev continue to increase until about 27 minutes (shown also
by a fourth discontinuous line). From there the fluxes in all
energy channels start to decrease, gradually reaching a minimun not attained by all channels at the same time.
At about 78 minutes there appears another important
flux enhancement. The enhancement in the fluxes is, in almost
all energies above 250 ev, at the same time. This is indicated
1

by the fifth and final discontinuous line. The sharpest flux
enhancements are now felt by the 500, 750,and 1000 ev, and
especially in these last two energy channels where the fluxes
reach their maximun in the total observing time.
After 80 minutes all energy channels start to de¬
crease. The gross structure of the fluxes in all channels,
(except in those less than 100 ev), show two major enhancements
separated by a deep valley between them. For example, the dif¬
ference between the lowest value in the valley of the 750 ev
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channel (at about 60 minutes) and the peak flux at 78 minutes,
is almost 2 orders of magnitude, it seems that the second ma¬
jor enhancement can be due to the presence of a second event
besides the arrival of the shock front. This is going to be
left to a further discussion when data in other arrangements
will be presented. For the time being let us divide the total
display shown in Figure 3.4 in two parts. Both parts are di¬
vided by the discontinuous line at 78 minutes, part I is every¬
thing to the left of the discontinuous line and the rest is
Part II.
3.2.2 DIFFERENTIAL ENERGY SPECTRUM.- Perhaps one of the most
interesting representations of the data is to plot the differen¬
tial flux (j) as a function of the energy of the particles
d2F
( j =

. Where F = n v = flux) .
an
Often the general charateristics of the energy distribu¬
tion of the observed plasma can be adequately represented by a
3E

time-averaged energy spectrum,, However, for an event with a
fine structure of fast variations (such as the one studied in
this thesis), it is useful to examine the differential energy
spectrum at every point.
A sample of such spectra has been already present¬
ed in Figure 3.3. One can observe in this figure that the error
bars are larger than the data points for energies below 100 ev.
in the general case the data points below 70 ev are not signif¬
icant aince. the count rates in these channels are nearly back¬
ground levels.
The first interesting place to look at the energy
spectra is the presumed transition region in the shock front.
That is to say, the differential energy spectra of the part
of the event between the first and second discontinuous lines
in Figure 3.4. These spectra are shown in a 3-dimensional dia¬
gram in Figure 3.5 in order to illustrate the time development
of the spectrum. The data points in each spectrum were arbi¬
trary fitted by a continuous line, one can observe that the

m

8

CM

FIGURE 3.5.- Time development of the differential energy spectrum corresponding to
the very begining of the shock wave. The data points were arbitrary fitted by a
continuous line. The time interval between successive spectrum is about 24 seconds.
The energy of the peaks are denoted by vertical dotted lines.
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maximun flux peak, which corresponds to the proton peak, shifts
from 250 ev to nearly 750 ev and then returns and stays station¬
ary at 500 ev. At the same time the flux of the peak does not
remain constant but rather it increases in the last spectra.
The first appearance of the proton peak at low energies and
then its shift to higher energies may reflect the evolution
of a mechanism of transfer of transverse momentum from the
front of the disturbance to the plasma medium. Such a transfer
effect is also another-characteristic of shock waves (Colburn
and Sonett, 1966).
Typical examples of the differential energy spectra
corresponding to the first part of the event (part I) are shown
in Figures 3.6 and 3.7. Another example which corresponds to
the second part of the event is shown in Figure 3.8.
The main peak of the energy distribution stayed
around 500 ev during the first part of the event except for
the time right after the shock front had passed (see Figure
3.5). During the second part the main peak was between 500 ev
and 750 ev although the differential fluxes corresponding to
these peaks decreased steadily as the event progressed.
Another inte^ting observation about the energy spec¬
tra is that in general they show a broad and asymmetrical dis¬
tribution of energies. The asymmetry with respect to the main
energy peak is due to the existence of a high energy tail. A
rough estimate of an "equivalent temperature" derived from
these energy spectra can be obtained by applying:
m s

where

2 j2
i
s
=
v

v

=

k T.

(v. - v)2

?ii
1

the other parameters are: m .- proton rest mass
v.- average velocity
Here again we make use of the average velocity computed in the
next subsection. The result of such a computation gives only
4 +2
orders of magnitude since the contribution of the He
pres¬
ence of this ion is discussed below) has not been subtracted
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from the proton spectrum,

on the other hand, a rigorous cal¬

culation of the temperature should involve a curve fitting to
the actual spectra with an appropriate distribution Function
(see Appendix).
Computations of

give values around 10 6

Q

K. The

particular examples shown in Figures 3.6, 3.7, and 3.8 give
1.6x10^, 1.7x10^, and 8.3x10^ °K respectively. These values
must be a little higher than the true temperatures derived
from the curve-fitting technique, in any case the average tem¬
peratures found here are higher than the usually observed tem¬
peratures in shock waves (Hundhausen, 1970b).
The measured differential flux j (ions/cm /sec/ster/
ev), is related to the velocity distribution function f by
the following relation (see Appendix).
3 = —
m

f

[ (v " V)2]

where v.- bulk flow velocity
v.- velocity of particles in a direction 0 from v.
A simple Maxwellian distribution of velocities does not
fit the spectra of our measurements due to the high energy
tail of the distribution. We know in general that the energy
distribution in the solar wind is rather non-MaxweIlian (Hund¬
hausen, 1970a). However, the high temperature found in our
rough computation means that the shock wave we are dealing
with shows either unusually high temperatures or that there
is another effect present which distorted the original energy
spectra. A similiar observation of high-energy-tail solar
wind energy distribution was made by Neugebauer and Snyder
(1964), who suggested the presence of turbulence to be re¬
sponsible for such a high energy tail.
3.2.3 SECONDARY ENERGY PEAKS.- Another interesting feature in
a considerable number of spectra of the first part is the ap¬
pearance of secondary peaks presumably corresponding to other
components of the wind besides the proton. Since our detector
has large energy bandwidths in the energetic part of the spec-
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trum and energy gaps in the low energy part of the spectrum,
we do not have a way to resolve these secondary peaks. Sec¬
ondary peaks like those in Figures 3.6 and 3.7 appeared dur¬
ing the first part of the event, whereas in the second part
no significant number of them could be found. What has been
done next is to collect all proton peaks of the same energy
and plot the energy of the secondary peaks versus their num¬
ber of occurrences. The result of this analysis is shown in
Figure 3.9 where the proton peak has been chosen at 500 ev
(proton peaks at 250 or 750 ev were very rare in the first
part, and almost no 250 ev peaks in the second part). Three
important energies are worthy of being discussed here. They
are: 1250 ev, 1500 ev, and 2500 ev. The 1250 ev is by far
the most frequently occurring.
The abundance of ^He+^ in the solar wind is a well
established fact, if the a-particles are coming with the same
speed as the protons, they should have the energy peak of
their distribution at twice the energy peak of the protons
according to the mass/charge ratio. However, the most signif¬
icant secondary peak is not at exactly twice the proton peak
(which is assumed to be at 500 ev) in our frequency-distrib¬
ution spectrum. This may be only apparent, since we do not
know if the proton peak is exactly 500 ev. We may recall here
that the neighboring energy channels (± 5% E) are 500, 750,
1000, and 1500 ev. Since the presence of a's is expected, it
seems likely that the most persistent peak at 1250 ev corre4 +2
spond to He
though we still do not know the exact location
of its energy peak. By assuming, further, that the 1250 ev
4 +2
peak is much closer to the true He
peak than the 500 ev is
to the proton peak, we may be able to identify where in the
graph one would expect to see the proton peak. This reasoning
leads to a 625 ev proton peak.
The other significant peak is at 1500 ev which may
4 +2
also belong to He
peak with a proton peak slightly shifted
to higher energies. This may in fact happen without signif¬
icant change in our spectra because the existence of a gap
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between 500 ev and 750 ev (actually the gap, taking into ac¬
count the bandwidths is between 525 ev and 712.5 ev).
It is of interest to note that the a-particles
were not detected at all times, indeed, in 174 analyzed spec¬
tra with the proton peak at 500 ev, only 72 of them show the
presence of a's. Here the non-detection means that the aparticles with fluxes below the background of the instrument
cannot be detected. This probably indicates that the 4He+2
was not uniformly distributed in the proton medium.
Finally, the secondary peak at 2500 ev results
exactly at four times the presumed proton peak at 625 ev.
The probable candidates with the same mass/charge ratio are
16

0+4, 12C+3 (Brandt, 1970), 28Si+8 (Bame, et al., 1970),
36+9
4
+
Ar
(Holzer and Axford, 1970a), He (Hundhausen, et al.,
1970; Holzer and Axford, 1970b) etc. Based on reasoning to
be discussed in the next chapter, we suggest that the most
•
+
likely
element would be4
the singly ionized helium
He .
3.2.4 DIRECTIONAL FLUXES.- From the differential flux can be
calculated the unidirectional flux (the integral particle
flux). Its relation with the normal flux (F = n v) is:

therefore we prefer the name flux in a unit solid angle, or
unidirectional or more simply directional flux. The directio¬
nal flux is related to the differential flux by:
J =

JE

] dE

[ ions/cm /sec/ster]

An approximate numerical integration of this equation
has been performed:
J = S ji AE±
where AE^ represents the energy interval between half way to
the previous energy channel (E^_^) and half way to the next
(Ei+1).
A plot of the results is shown in Figure 3.10. The zero
time is the same as that in Figure 3.4. At the top of the fig-
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ure there are two rows of vertical bars indicating the posi¬
tion of the 1250 ev and 2500 ev peaks.
This graph shows more clearly than Figure 3.4 the
two important flux enhancements in the gross structure. The
first is due to the appearance of the shock front and the
second is indicated by the discontinuous vertical line. Both
enhancements are separated by a deep valley. The change in
the fluxes from the bottom of the valley to the peak at 77
minutes is more than an order of magnitude. These observations
may indicate the presence of another interplanetary event not
necessarily related to the arrival of the shock front. Further
discussion of these two important flux enhancements will con¬
tinue later.
There are other interesting features in Figure
3.10. These are related to the fine structure of the event.
Sharp changes in the directional fluxes can be noticed es¬
pecially in the first part of the event. (The division between
the first and second parts is indicated by the discontinuous
line in Figure 3.10). Some of the important changes (most of
them enhancements) are indicated by arrows above the histo¬
gram. The significance of these flux changes is their location
4 +2
with respect to the He . Although it is not completely clear,
it seems that the a-particles have a tendency to occupy the
little valleys between successive flux changes.
The second part of the event does not show the same
configuration as the first part except for the first 20 min¬
utes after the demarcation line. The a-particles did not ap¬
pear in significant quantities. The characteristic of this
part is a somewhat random structure apparent after 100 min¬
utes. A further discussion of this part is contained in next
subsection.
The location of the peak at 2500 ev does not ap¬
pear to correlate with either the gross structure or the fine
structure of the directional flux plot.
3.2.5 AVERAGE SPEED.- From the differential energy spectra
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(like those of Figures 3.6 - 3.8) one can derive an equiva¬
lent average speed. The differential energy spectrum at a
given angle 0 of observation is presumably related to the
differential energy spectrum of the flow direction by a co¬
sine of such angle (see Appendix). Therefore, the time va¬
riations of the equivalent speed derived from the differential
energy spectra of the data will reflect the variations of the
bulk flow velocity during the event.
Average speeds have been computed using:

v

l Ji V Avi
?1

h

iv

i

where Av^ represents the velocity interval between half way
to the previous velocity channel (v^_^) and half way to the
"ext <v1+1).
Due to the existence of the secondary energy peaks
in the energy distribution, v does not represent necessarily
the proton average speed although it may not differ greatly.
Since the distribution functions corresponding to the other
components of the wind (in particular the 4 He) are not known,
it is not possible to compute the true proton speeds.
A linear plot of v as a function of time during the
time of observation is shown in Figure 3.11. The histogram
corresponding to the first 5 minutes is considered to be
meaningless since the counting rates during this time in¬
terval were only background levels.
The gross structure of the average speed plot shows
a significant depression at about 65 minutes and two other
depressions at 107 minutes and near the end of the observation
time. The last two depressions take place during large ran¬
dom fluctuations of the average speed. Except for this last
part, the gross structure is divided into two parts by the
depression at 65 minutes. After this time the average speed
starts to rise gradually toward the highest values found in
the event indicated by a discontinuous vertical line (from
less than 230 km/sec at the depression to 360 km/sec at about
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87 minutes). The depression in the speed is not accompanied
by a depression of such magnitude in the directional flux
plot (the major depression in the directional flux is at
about 37 minutes). The increase in the speed after this time
corresponds to the increase in the fluxes although the peaks
of both, speed and flux, are not reached simultaneously (the
peak of the directional flux is 10 minutes before).
Therefore, a comparison of Figures 3.10 and 3.11
shows that there exist similar major enhancements in both
directional flux and average speed in the gross structure.
However, there does not appear to be any correlation in the
fine structure. It seems interesting to note that the ran¬
dom structure of the directional flux after 100 minutes is
also found in the average speed plot but this time in a more
noticeable fashion. Neverthless, we can tentatively conclude
that the two parts of the event can actually represent two
separate interplanetary events. The first event is preceded
by a shock front starting at about 5 minutes in the data
plotted. The second event is preceded by a large ion flux
enhancement. Since this abrupt flux enhancement is not ac¬
companied by a similar change in the speed one concludes
that the flux enhancement is due to an increase of the ion
number density.
Similar conclusions can be derived for the fine
structure of the directional flux plot, when describing the
interesting features of the directional flux-time history
we called attention to a series of abrupt flux enhancements
and gradual decreases modulating the gross structure during
the first 90 minutes of the data. These flux variations do
not appear in Figure 3.11 (at least not simultaneously).
This fact leads to the identification of the directional
flux enhancements as ion number density variations. Since
the lines of force are frozen into the solar wind plasma,
i.e.
where

n
,
— = constant

n.- ion number density
B.- magnetic field
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variations of B in the same fashion as the ion number densi¬
ty variations may indicate the presence of hydromagnetic waves.
Correlation of our data with interplanetary magnetic field
data (e.g. from the Lunar Surface Magnetometer Experiment,
Explorer 35 or other satellites operating in the vicinity
at this time), is necessary to verify this possibility.
The rest of the data (the random part) after 100
minutes deserves some discussion. The variations of the aver¬
age speed are very large compared to the variations in the
directional flux for the same time interval. This implies
large variations in the ion number density like those in the
first 100 minutes just discussed. The difference is that now
these variations are much larger and in smaller intervals of
time (the scale time of these variations are equal or less
than the time required for our instrument to sweep a complete
energy cycle).
When undisturbed plasma encounters field changes
in scale lengths comparable to the characteristic lengths of
the particles, then the plasma becomes disordered, particles
may change energy and momentun direction. Let us designate
this phenomenon as "turbulence".
in an interplanetary shock wave turbulence may
occur if the plasma encounters disturbances in the magnetic
field. As a consequence one may expect random changes in both
the energy and direction of the particles. If the last part
of the data is to be interpreted in terms of this effect,
then the presence of waves with higher frequencies than the
hydromagnetic waves (like ion cyclotron waves) would be re¬
quired (Wolf, R.A., personal communication).
Another possibility is that the ion fluxes in direc¬
tions other than the maximun flux direction are more dis¬
ordered in energies than the bulk flow, unfortunately our
data from this part (the last) of the event is very limited
and no definite conclusions are yet at hand.

CHAPTER IV
INTERPRETATION OF DATA AND DISCUSSION
4.1 DIFFICULTIES IN THE DIRECT OBSERVATIONS OF THE EVENT.The interpretation of the data transmitted by the
Apollo 12 ALSEP-SIDE during the interplanetary disturbance
studied in this thesis, is limited, in different extents,
by some difficulties which may be important in the achieve¬
ment of definite conclusions.
These difficulties are: angular distribution of
the plasma fluxes, ignorance of the interplanetary magnetic
field information during the disturbance, energy resolution
in our detectors, permanent magnetic field in the vicinities
of the SIDE location, and change in the detectors look-direc¬
tion due to the lunar orbital motion.
Therefore, before discussing the observations, it is
necessary first to discuss these difficulties and to evalu¬
ate their influence upon our results.
4.1.1 ANGULAR DISTRIBUTION OF PLASMA FLUXES.- This is an
obvious difficulty since the SIDE was not designed for the
direct observation of solar wind plasma. To begin with, the
look-direction of the Apollo 12 instrument never points in
the Earth-Sun-line direction except when the Moon is well
inside the magnetospheric cavity (at or near the neutral
sheet in the magnetotail, see Figure 3.2). As a consequence,
this geometry prevents the direct observation of the undis¬
turbed solar wind. As mentioned above, the SIDE detector was
pointing 26° from the radial flow direction during the event
being described here.
Furthermore, if one wants to know the total particle
flux (F = n v) in order to calculate, say, the number density
at the point of observation, one should know necessarily the
angular distribution of the fluxes to get F starting from
the directional flux J since:
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Using the SIDE data one is limited to integrate only
over the field of view of the detector (6° on a square solid
angle) which might be only a small fraction of the total
flux at the point of observation. As one can realize, this
difficulty is not only for the present report but for every
complete report that needs knowledge of the total flux.
4.1.2 INTERPLANETARY MAGNETIC FIELD INFORMATION.- A complete
report about the dynamics of the solar wind plasma must be
accompanied by interplanetary magnetic field and/or geomag¬
netic field measurements, unfortunately, this important in¬
formation is not available at the present time from the ap¬
propriate scientific groups. However a quick look at the
Apollo 12 Lunar Surface Magnetometer Experiment (LSME) data
(which is still being processed) revealed a drastic change
in all the three axes (fluxgate sensors) of the magnetometer
at the same time when the SIDE was observing the considerable
increase of the ion fluxes (P. Dyal and C.W. Parkin, perso¬
nal communication). This is the first confirmation of the
interplanetary shock wave of November 19, 1970, made by other
experimenters working with data from different instruments
on Apollo 12.
Neverthless, detailed information about the inter¬
planetary fields and ground magnetograms is yet needed, par¬
ticularly measurements made by magnetometers on Explorer 35
(which is in lunar orbit) and in the LSME will be necessary
in order to understand better the structure of the two major
events and also the continuous flux enhancements noticed in
the fine structure of the integral flux plot as well.
4.1.3 RESOLUTION AND SEPARATION OF THE ENERGY CHANNELS.- This
represents a difficulty in a sense that it prevents the know¬
ledge of the maximun flux at the proton energy peak and also
the identification of the mass to charge ratio corresponding
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to the secondary peaks. Also, the integral flux may he in
error since the lower energy channels do not overlap.
Near the proton peak the corresponding energy chan¬
nels are 250 ± 12.5, 500± 25, 750 ± 37.5, and 1000 ± 50

ev/z.

in this part of the spectrum the problem resides in the gap
between channels especially when one hopes to identify the
energies of the secondary

peaks according to the mass-to-

charge ratio. A crude identification of the proton energy
4 +2
peak based on the identification of the He
peak has been
done in section 3.2.3. in addition, a formal identification
of the proton distribution of energies can be done by curve
fitting of the proton data points.
On the other hand,

in the energetic part of the

spectrum the problem is quite the inverse. The energy pass
band is now much wider than the separation between channels,
i.e. 2500 ± 125, 2750 ± 137.5

ev/z.

in the last part of the

spectrum the channels become overlapped (starting at 2500 +
125 and 2750 - 137.5) such that particles with energies with¬
in the overlapping zone are detected in both energy channels
without any distinction. The result of this is that from
time to time there may appear "shoulders" or "fictitious"
energy peaks at any of the neighboring channels introducing
the uncertainty as to whether the configuration of this part
of the spectrum corresponds to the real ion spectrum.
4.1.4 PERMANENT MAGNETIC FIELD AT ALSEP SITE.- Magnetic field
measurements in the vicinities of the Moon were made by ExplO'
rer 35. The conclusion of this experiment was that the Moon
would have at most a very low intrinsic magnetic field. An
upper limit of 2 y for an intrinsic lunar field at 1.5

was

set by the Ames Research Center group (Sonett et al., 1967).
Assuming the existence of a Moon's central magnetic
dipole, an upper limit of the magnetic field at its surface
is 6 y. Direct measurements of the magnetic field at the
Apollo 12 - ALSEP site indicate a rather higher value (38 y)
directed downward approximately 50° from the vertical toward
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the southeast (Dyal et al., 1970; Dyal and parkin, 1971).
This fact apparently introduces a complication regarding
the real direction of the particles flow, when one attempts
to interpret the data since the surface field may alter the
particles trajectory.
For a flux of protons, with an average energy of
500 ev flowing in a direction perpendicular to the 38 y
field, the gyroradius is 85 km. Since the gyroradius is so
large, the direction of ion fluxes observed by SIDE is not
gieatly influenced by the presence of this local magnetic
field. Therefore the 38 y field should not represent a sig¬
nificant correction to the observations by our instrument.
4.1.5 CHANGE IN THE DETECTORS LOOK-DIRECTION.- The knowledge
of this angular change is important in the interpretation of
the data since changes in the observed directional fluxes
could be attributed to the change in the direction of obser¬
vation as well.
One may recall from earlier chapters that the
look direction of the SIDE detectors was 26° west from the
Moon-Sun line (which is also the radial direction from the
Sun) at the time the SIDE instrument detected the passage
of the shock front at 00^ 16m^n 37SeCUT on November 19, 1970.
From geometrical considerations one can arrive to:
A0 =“ ^ At
K

where;

0.- angle between the detector's look direction
and the Moon-Sun line
v.- mean orbital speed of the Moon (~ 1021 m/sec)
R.- mean distance from Earth (~ 384405 km)

t.- time of observation (At =“ 130 min)
After evaluating A0 we find
'

A0 =“ 1.2°

Such a small angular change is not expected to be significant.
Therefore, we conclude that our observations were not subjec¬
ted to variations due to a changing look angle in a steady
anisotropic flow.
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4.2 ABOUT THE PLASMA FLOW DIRECTION.In the last two sub-sections it has been shown that
the direction of the flow should not be appreciably deviated
by the permanent field in the vicinities of SIDE, and also
that the direction of observation was almost the same. There¬
fore any estimation of the flow direction should not be influ¬
enced by these effects.
With only the SIDE data there is no way of deter¬
mining the exact direction of the flow. Different observations
of shock waves indicate that the usual directions of the flow
are very close to the radial direction (see summary of these
observations in Hundhausen, 1968). Neverthless, occasionally
the flow has been observed at other directions (Hundhausen,
1970b).
Computations of the average speed give reasonable
numbers (of the order of 300 km/sec as can be seen in Figure
3.11). under the assumption that the flow direction is in the
direction of observation one may expect to get number densi¬
ties of the same order of magnitude as those usually reported
in the literature (i.e. tens or perhaps hundreds of ions per
3
cm ). The number density is related to the directional flux
by:
n v

J

J dQ

0.03946 J

where 0 is the solid angle of the detector.
in order to do an estimation of the density one may
Q

choose 300 km/sec as being a representative speed, and 10
2
ions/cm /sec/ster corresponding to the highest directional
flux. With these values the number density should be of the
-3
highest measured. The result is n = 1.3 cm
which is small¬
er than the expected value by at least an order of magnitude
(Gosling et al., 1968; Bame et al., 1968b; Hundhausen, 1970b).
The vela 5 satellites measured a number density of 3.7 cm -3
at 16 00 UT (6 hours before the event). No published meas¬
urement was made around the time of the event.
This analysis is interpreted as being a direct
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indication that the plasma flow direction of this event was
not in the look direction of the detectors (26° West from
the Moon-Sun line).
Correlation of our data with other plasma experiments
operating on/or near the Moon (i.e. Explorer 35 and the ALSEP
Solar-Wind Spectrometer Experiment), will allow us to deter¬
mine the direction of the flow.
4.3 ON THE TWO MAJOR EVENTS.As was stated previously, the gross structure of the
directional ion fluxes as a function of time is roughly
characterized by two major enhancements. Furthermore, the
corresponding average speed plot shows also two major enhance¬
ments in the gross structure followed by a period (after 100
minutes) of large random variations.
in section 4.2 it has been shown that the fluxes
measured by the SIDE detectors probably do not correspond to
the fluxes in the direction of the bulk flow. Neverthless it
can be assumed that the part of the solar wind fluxes meas¬
ured by the detectors reflects the properties of the stream
(see Appendix). If this is so, then, one can form some inter¬
esting conclusions.
The second major enhancement in the integral flux
is followed by a gradual increase of the equivalent speed
from less than 250 km/sec (at about 65 minutes in the time
scale of Figure 3.11) up to more than 350 km/sec (at 85 min¬
utes) .
The time separation between the begining of the
event (abrupt change in flux and speed) and the peak average
speed of the second part of the event is 1 hour and 21 min¬
utes .
With this clue and after a careful search in the
"Solar Geophysical Data (Comprehensive reports)", (ESSA,
1971), one finds that two solar flares of type 1 B and 2 B
(or 3 B) starting at 06*1 20m^n and 07^ 44min were observed
by 14 observatories on November 15, 1970. Both flares came
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from almost the same heliographic location (16° N,ll° W).
These same events were registered in the solar radio
emission by several observatories. Starting at 06*1 20min a
46 type emission (in a 49 top scale) was observed. A second
46 type emission at 07*1 41min was also observed.
Two X-ray bursts at 06*1 20m:*‘n and 07*1 40m^n were
also recorded by Explorer 37 (SOLRAD 9 satellites).
The time differences of the two flares, solar radio
and X-ray emissions are (within a few minutes) the same as the
time difference of the two speed enhancements noticed in the
present report. These facts lead us to presume that both parts
of the event were originated by the two solar flares on Novem¬
ber 15, 1970 if the time separation between them was conserved
all along.
That the time difference (which corresponds to a se¬
paration in space) between the two large events could have
remained almost constant during the transit from the Sun re¬
sults from the fact that the corresponding average speeds are
almost the same. However, it should be noted that this inter¬
pretation is not conclusive since it is not yet known which
mechanisms decelerate the interplanetary shock waves (Hundhausen, 1970a). Nor is known the dependence of the parameters
involved (like velocity, energy and magnetic fields in the
shock) with the strength of the deceleration (vernov et al.,
1970).
If both major plasma flux enhancements indeed cor¬
respond to the two solar flares, the speed of the shock wave
was higher than 430 km/sec.

(The mean plasma shock speed is

433 km/sec; the transit time from the Sun to the Moon is
taken to be the difference between the first-flare time and
the shock observed time). The difficulty of this two-flare
interpretation is that no distinct shock front was observed
in the second part of the event, although there is a consid¬
erable increase in the speed of the plasma starting at 67
minutes (see Figure 3.11).
There may be another interpretation to explain the
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event. Assuming that the whole event corresponds to only one
solar-flare-associated shock wave, the possibility exists
that the flux enhancement at 75 minutes would correspond to
solar material ejected in one solar flare, in other words,
the second major enhancement may correspond to the driving
piston. According to current estimates the driving piston is
expected to arrive at 1 AU, from 5 to 12 hours after the
passage of the shock front according to observations made
based on the helium density enhancements (Gosling et al.,
1967; Bame et al., 1968b; Ogilvie et al., 1968).
The'time difference between the shock front
and the second major flux enhancement in our event is a lit¬
tle more than 1 hour. Where the helium enriched is suppose
to be found our data shows lack of it. Therefore, the se¬
cond part of the event does not seem to be appropriately
explained by the driving piston argument.
There is one question which should be answer¬
ed before making any definite conclusion. Does a standard
shock wave show the configuration observed in the direction¬
al fluxes during this particular event?, unfortunately there
is not much published data in terms of directional fluxes to
compare with ours. The directional flux is an intermediate
step before obtaining the classical number density, bulk
velocity and temperatures of the solar wind. However only
a few authors publish data concerning solar wind fluxes.
Therefore, as was pointed out by Gringauz et al. (1970),
information about the flux of solar wind particles still
remains unclear.
4.4 FINE STRUCTURE OF THE. EVENT.As was discussed at the end of the previous chapter,
the flux enhancements followed by gradual decreases shown in
the first 95 minutes of the data, are probably related to
ion number density enhancements.
The presence of hydromagnetic waves is expected
in interplanetary plasma disturbances. Experimentally, these
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waves can be detected by measuring the change of the field's
strength and direction, and also changes of the density of
the plasma.
At the present time we are not able to identify the
possible sources that modulate the gross structure of the di¬
rectional fluxes. Further correlation with magnetometer data
may indicate whether hydromagnetic waves are responsible for
this modulation.
The other part (after 95 minutes) is even a more
complicated structure which has been tentatively suggested
to be a turbulence in the wind. However, it is also possibly
an indication that the flow is going back to its usual narrow
distribution of fluxes around the radial direction.
The idea about the origin of such a turbulence is
based on the interaction of waves (originated at the shock
front and travelling back to the Sun) with the plasma at
and behind the second major flux enhancement. This interac¬
tion in order to produce rapid variations in the energies
and momentum directions of the particles may require waves
as fast as the ion cyclotron waves (R.A. Wolf, personal com¬
munication) . Since this is only a speculation, it is not pos¬
sible yet to state any definite explanation of the last 30
minutes of the data.
4 +2
4.5 PRESENCE OF He
IN THE EVENT.The secondary energy peaks observed in the differen¬
tial energy spectra were discussed in the previous chapter
• . . as
4 He
+2 . One cannot rule out, however, the
and identified
possibility that these energy peaks may correspond to protons
narrowly energized by field particle interactions as, for ex¬
ample, resonance effects with electromagnetic waves. Neverthe¬
less this possibility seems to be unlikely because these ef¬
fects involve wave energy transfer which usually is negligi¬
ble compared to the energy range in the wind, on the other
hand the

M/z

times

proton energy peaks are expected to show

up in the differential spectra on the basis of solar abundances.
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Since helium is the second most abundant element after hydro¬
gen, one may expect to observe approximately the same rela¬
tive abundance in the solar wind.
The relative abundance of some elements in the
•
4
+2
solar wind plasma, and
in particular
of He
with respect
to the ^H+ is usually represented by the ^He+^/ ^H+ density
ratio. One can easily show that this density relation is
equal to the ratio of the differential fluxes (ions/cm /sec/
ster/ev) of each energy peak, when the velocity of both com¬
ponents of the wind is the same, i.e.
n

He _

3

He

n

3
H
H
Even assuming that the flow direction is in the detectors

look direction (which is unlikely as was discussed) it is
not possible to obtain this ratio exactly because the 4He+2
differential energy spectrum is contaminated by the tail of
the ^H+ distribution of energies, and viceversa. The data
points in our spectra do not disclose the fine structure of
both the helium and proton energy distributions because of
the relatively wide energy resolution in the detectors.
Ratios between the differential fluxes corresponding to
the proton peak and the helium peak, as shown in the dif¬
ferential energy spectra, for the first 30 minutes of data
(see Figure 3.10) give an average value of 8.7% (extreme
values are 0.19% and 34%). Furthermore, the average 4He+2 /
^H+ flux peak ratio, (as appear in the differential energy
spectra) for the interval time between 36 minutes and 68 minnutes of the data plotted in Figure 3.10, is 7.5% (extreme
values are 2% and 17%).
As mentioned in previous sections, substantial
enhancement of the a-particle density are expected only
several hours after the passage of the shock front. This in¬
dicates that the ratios found here are somewhat higher than
the usual observations (~ 4%). Therefore, the difference is
possibly due to the contamination of the tails in the proton
and helium energy distributions assuming that all species
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were subjected to the same dynamics of protons in this plasma
disturbance.
4 +2
Again we refer to the location of He
particles
in Figure 3.10. The spaces where no vertical bars appear do
4 +2
not necessarily mean that no He
ions were present but rath¬
er that the differential flux corresponding to its energy/
charge did not show an obvious peak, or, on some occasions,
the differential flux was below the background, in either
case this is interpreted as a decrease in the relative densi¬
ty of helium respect to protons.
4.6 THE PEAK AT 2500 EV.The corresponding energy channel in the detector meas¬
ures particles of energies from 2375 ev to 2625 ev. Therefore
particles with M/z times the proton energy peak which lay in
this energy interval are counted with no distinction at all.
So, no precise M/z identification is possible in this range.
However, the relation between the proton and helium energy
peaks and the fact that the center energy (2500 ev) of this
energy channel is twice the helium energy peak leads us to
believe that the major ionic component measured by this en¬
ergy channel must not have its M/z too far from the center
energy. Since one cannot determine the nature of the observed
ions, at least one can rule out some elements which are less
probable to be found.
The region where the elements coming from the pho¬
tosphere become ionized is expected to be the base of the
corona due to the high thermal energy available (temperatures
106 - 1.5xl06 °K are estimated). Available energies are 86 129 ev. Therefore, the degree of ionization of atoms in the
solar wind will depend on the ionization potential of their
orbiting electrons. In this manner no or ^2C+^ would
be expected unless a recombination or charge exchange with
the electronic component of the wind and interplanetary neu¬
tral hydrogen respectively takes place.
^ 28_.+7 32_+8 36 +9,
The other probable elements are
Si ,
S ,
Ar
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4
+
28
and He . Of the first three the most abundant is
Si (Clay¬
ton, 1968) and therefore the more likely to be observed. This
is supported by observations of

Si ions made by Bame et al.
(1970). However, a comparatively v4ry small amount of 28Si+7
respect to ^"H+ would be expected according to the abundances
of elements in the solar system. Its energy peak may not even
show in our energy spectra.
On the other hand if charge exchange of solar wind
ions with interplanetary neutral hydrogen is significant then
the most likely element to be observed would be 4He+ because
of its higher abundance with respect to the ^o+^ and
.
.
4 He
+ from charge exchange proc¬
in addition
to the
esses in the solar wind, there is also the possibility of
producing these ions from photoionization of interplanetary
neutral helium,

(an interesting process by means of which
neutral helium is produced from solar wind 4He+2 was recently
described by Banks, [1971]). The helium ion thus produced,
feels an electric field E' = - v x B which combined with the
rsJ

rsj

^

field B quickly accelerate the ion until it reaches the final
. ~
drift
velocity v^ = v . Therefore the 4He+ from photoioniza¬
tion thus become part of the solar wind flow.
The combined effects of charge exchange and photo¬
ionization of interplanetary helium increases the abundance
4 +
of He and thus makes its detection possible.
On basis of the discussion above, it is suggested
that the peak at 2500 ev in the energy spectra corresponds
4 +
to the detection of

He .

CHAPTER V
CONCLUSIONS
From the above discussion of the experimental results
and the difficulties in interpreting the data one may state
some conclusions about the interplanetary plasma disturbance
of November 19, 1970.
The observations and theoretical interpretations
of this event can be summarized in the following items:
i) .- An interplanetary shock wave passed the Moon starting at
h
min
S6c
00 16 37
UT on November 19, 1970. preliminary in¬
formation concerning the interplanetary magnetic field
at this

time confirms the passage of the shock front.

ii)
.- Large fluxes of ions (10 ev a direction 26° from the radial Moon-Sun line, although
this is estimated not to be the plasma flow direction.
iii) .- Two major enhancements in both the particle (directionnal) flux and the computed average speed are identified
in the gross structure. These two events probably (but
not necessarily) correspond to two solar flares, the
second (2 or 3 B) bigger in importance than the first
(1 B).
iv) .- The fine structure of the particle flux plot shows a
series of enhancements all along the event which does
not correlate with the computed average speed. This cor¬
responds to enhancements in the number density of the
particles at different regions in space. Correlation

with magnetometer data is necessary to see the impor¬
tance of these density enhancements, since the possi¬
bility of being hydromagnetic waves exists.
v)
.- The last part of the second majo
ment in the particle flux and speed) shows a disordered
plasma in both particle flux and speed. This part may
be attributed to a turbulence in the wind, though no
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conclusive support exists yet.
vi)persistent secondary peaks (other than the proton peak)
in the differential energy spectra were found during the
first part of the event (before the second major enhance¬
ment) and occasionally during the second part of the
event. One of these (the most frequently recurring) is
. , ,
4 +2
identified to be He
which showed a tendency to appear
in the valleys between succesive flux enhancements. The
other important secondary peak is estimated to be at 4
times the mass to charge ratio of the proton peak. It
is suggested that this energy peak correspond to 4He+ ,
although there exist other possible candidates.
Further research on this subject must include corre¬
lation with interplanetary magnetic field measurements in order
to clarify some of the ideas discussed in this thesis including
the two flare-associated disturbances. Knowledge of the plasma
speeds and densities before and after the disturbance will
allow the computation of the velocity of the shock wave. This
can then be compared to the estimated mean speed corresponding
to the mean transit time between the pressumed flare and the
arrival of the shock front.
Angular distributions of the directional fluxes
measured during this event by other plasma experiments, near
or on the Moon, will permit evaluation of our measurements
and a calculation of the plasma densities. Autocorrelation
of the density versus time plot may verify the presence of
wave motions. The result will help to clarify the probable
presence of hydromagnetic waves and the relation of it with
the location of helium. Since the helium is 4 times more mass¬
ive than the proton, it well may be some effect such as wave
particle interaction in which the massive components of the
wind do not react as quickly as the proton, we recall, at
this point, that the helium component was generally not found
during the density enhancements. For all purposes correlation
of our data with magnetometers and other plasma probes will
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be necessary.
Another interesting subject, which has not been dis¬
cussed in this report, is the broad dispersion of the differ¬
ential energy spectra due to a high energy tail. This cannot
be explained in terms of temperature (other than the heat¬
ing to high temperature back in the Sun), so such a distri¬
bution must result from some other cause.
The knowledge of the shape of the differential
energy spectrum is important for several purposes. For exam¬
ple it will permit us to determine the location of the proton
peak which will lead to a better estimate of the location of
4+2
the He
peak. Subtraction of the proton high energy tail
from the differential flux at the helium line, will allow
us a more accurate determination of the helium abundance in
the event. Therefore, a curve fitting to our spectra, appears
to be necessary. Temperature plots will be derived from the
corresponding distribution function.
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APPENDIX
The ion flux F is related to the distribution function f by:
F = n v

=

ffv d v

where: v.- velocity of particles
n.- number density
d2v = v2 dQ dv
2 f

m

F =

dQ

m
32F
= j
BE

=

differential flux

an
j =

2 f
— E
m

f can be for example the Maxwellian distribution of velocities:
_ _ /
“ n \2

f

m
\3/2 exp r
TT k T/

L

m (y ~ V) 2~1
'2 k T*

J

where: V.- bulk flow velocity
T.- tempe ra ture
(v - V)2 = v2 + V2 - 2 v V cos9
However, our data do no fit this kind of distribution for
0 = 26° angle between the detector look-direction and the MoonSun line), due to the asymmetry of the data points with respect
to the energy peak. Therefore f must be a more complicated
distribution function, in general f can be written as:
f (E, 0) = f[(v - V)n]
and
2 E
j(E,0) = — f[(v - V) ]
m
the distribution function f might be a sum of a series of terms
with its first term (first approximation to the distribution)
being the Maxellian distribution of velocities.
Plots of j (differential flux) as a function of (energy
E for a fixed angle 0 (angle of observation) give the differ¬
ential energy spectrum for particles detected in a 0 direction.
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