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PROLOGUE

On February 18th and [9th, 1988, a workshop was con-
vened to discuss the scientific goals and preliminary designs
of a potential Very Low Frequency Array (VLFA) to be con-
structed on the Lunar Far-Side. This two day meeting was
conducted in the attractive, informal atmosphere of the BDM
Corporation in Albuquerque. An attempt was made to gather
together a small but representative group of astronomers who
have participated in the construction of and observations with
low frequency radio telescopes. The primary motivation
behind the workshop was to seek guidance from our panel of
experts on how we might plan for a VLFA on the Moon. We
attempted to build upon previous foundations that were laid
at other Lunar Base conferences and in other discussions of
space-based very low frequency astronomy. We rolled our
sleeves up, and asked some tough, detailed questions about
the scientific justification for a lunar VLFA, the location and
deployment of the array in the harsh environment of the lunar
far-side, and the possible configuration of the antennas and
their electronics. This report describes the results of our
deliberations.

For the purposes of this workshop, we have defined very
low radio frequencies to be <30 MHz ( >10 meters
wavelength). This is a practical definition for astronomical
observations as discussed in this report. We do note, however,
some inconsistency with radio frequency engineering that
usually refers to very low frequencies as <1 kHz.

The specific goals of the workshop were two-fold as
follows:

(1) Define the scientific objectives of the Lunar Far-Side
VLFA. We attempted to consider potential observations of the
Sun, the magnetospheres of planets, the interstellar medium
of the Galaxy, compact stellar objects, and active galaxies and
quasars with the VLFA. Our efforts were restricted to defin-
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ing in general what types of observations one might pursue
for the purpose of guiding the design of the VLFA.

(2) Develop a preliminary design of the VLFA for fur-
ther study. Among the areas of discussion were the frequen-
cies for observation, the mode of operation (scan versus aper-
ture synthesis), receiver and dipole design, computer re-
quirements, data transmission, and antenna pattern and
deployment. We reached a general consensus on these topics
and have proposals that address these issues in this report.

We adjourned feeling satisfied that we accomplished our
primary mission which involved the first serious discussions
of a lunar VLFA. However, this workshop was only the begin-
ning of what we hope will become a permanent working
group on the VLFA. Many technical questions were posed
that will require further study. A series of recommendations
for future work are offered in the last section of this report.
As with many issues involving a manned lunar base, pursuit
of answers to these questions will require funding of the
research scientists and engineers so that adequate time can be
devoted to this work.

I would like to thank Mike Duke and Barney Roberts
from the NASA Johnson Space Center for their ongoing sup-
port of our studies of specific astronomical observations on
the Moon. A special thanks goes to Wendell Mendell for his
participation in the workshop and for providing important
motivation for a lunar base over the last five years. Finally,
I would like to acknowledge Dr. Stewart Johnson and the
BDM Corporation for providing us with marvelous facilities
that helped to make this workshop a success.

Jack O. Burns
The University of New Mexico
June, 1988
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INTRODUCTION

Jack O. Burns
The University of New Mexico

In response to the recent report by Sally Ride (1987),
NASA has begun to move aggressively into long-range plann-
ing beyond the Space Shuttle and the Space Station. A new
Office of Exploration headed by John Aaron was recently
added at NASA Headquarters to consider, among other
things, how the U.S. might establish a permanent presence on
the Moon and on Mars. With regard to a lunar base, a four-
phase scenario is being considered. This will hopefully serve
as a generic template for implementation definition and for a
schedule required for analysis. The four phases are as
follows:

Phase I — Exploration and Base Site Selection

Phase 11 — Scientific Outpost

Phase III — Permanently Inhabited Base

Phase IV — Self-Supported Base.

Some of the goals for each phase of exploration are shown
schematically in Figure 1. More detailed facilities and a

possible timeline for deployment are shown in Figure 2.
These figures are courtesy of Mike Duke and Barney Roberts.

For the purposes of this report, we note that a far-side
observatory is scheduled for Phase II, in the later half of the
first decade of the 21st century. This would presumably in-
clude 2 VLFA that would likely be deployed with a minimum
of human presence. At first glance, this timeline appears both
optimistic and also a distant prospect for the future. Why
should astronomers be concerned with such a futuristic
observatory when we have yet to see the launch of the first
of the Great Observatory Series, the Hubble Space Telescope,
and have yet to secure funding for AXAF and SIRTF? The
answer to this question lies in the long timescales required to
develop support in the astronomical community and in Con-
gress, and to develop good scientific and technical proposals
for such space-based projects. The analogy to the Space
Telescope may be particularly appropriate. Lyman Spitzer’s
first proposal for an Earth-orbiting large optical telescope ap-
peared in print in the late 1940s, nearly 40 years ago. The
first NASA-sponsored meetings began in 1962. Some 27 years
later (1989), the Hubble Space Telescope is anticipated to be
launched by the Shuttle. It is interesting to note that 27 years
from the date of this workshop is 2015. Thus, it is not too ear-
ly to begin to explore lunar observatories such as the VLFA
on the far side.

The idea of observatories on the Moon can be traced
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back to at least the mid-1960s (NASA Summer Studies on
Lunar Exploration and Science, 1965, 1967). The idea has
lain dormant since the end of the Apollo program in the early
1970s. It was revived in the early to mid-1980s as shown in
Table 1.

Table 1. Some Recent History of Lunar
Observatories Discussions

EVENT YEAR
Field Committee Report 1982
Los Alamos Workshop 1984
Lunar Bases Symposium [ 1984
Workshop on Future Astronomical Observatories
on the Moon 1986
National Commission on Space Report 1986
Ride Commission Report 1987
Lunar Bases Symposium II 1988

In the Field Committee Report on Astronomy and
Astrophysics for the 1980s, the last section discusses
astronomical observatories on the Moon. It was noted that
“The Moon offers certain decisive advantages as a base for
astronomical observations. In particular, the far side of the

Moon provides protection from radio interference from
sources on or near the Earth and therefore has great potential
value for radio astronomy.” The report went on to recom-
mend that the U.S. government “begin planning in the near
future for the establishment of lunar observatories early in the
next century.”

This recommendation was followed several years later by
a specific proposal by Douglas and Smith (1985) for the
establishment of a very low frequency radio astronomy obser-
vatory on the Moon. This paper was presented at the first
Lunar Bases and Space Activities of the 21st Century Sym-
posium held at the National Academy of Sciences in
Washington, DC. In this paper, Douglas and Smith propose
“an extremely simple, low-cost Very Low Frequency radio
telescope, consisting of a large (approximately 15 % 30 km)
array of short wires laid on the lunar surface, each equipped
with an amplifier and digitizer, and connected to a common
computer. The telescope could do simultaneous multifre-
quency observations of much of the visible sky with high
resolution in the 10- to 100-m wavelength range, and with
lower resolution in the 100 toward 1000 m range.” To a large
extent, this paper provided the motivation and beginning
design for the VLFA discussed in the present report.

The idea of a very low frequency array was further
discussed by Jim Douglas at the workshop on Future
Astronomical Observatories on the Moon held in Houston in
January, 1986 (Burns and Mendell, 1988). It became clear at



this workshop that a VLFA on the lunar far side was one of
the more interesting and important proposals for lunar
observatories.

The National Commission on Space Report and the
recently completed second Lunar Bases Symposium have fur-
ther emphasized that the Moon is possibly the best location
within the inner solar system from which to conduct
astronomy, especially meter to kilometer wavelength radio
astronomy. The Moon has several natural advantages over the
Earth for low frequency radio astronomy. These include:

() The Moon absorbs Earth radio noise for a far side obser-
vatory. The Earth’s environment is very loud at low frequen-
cies. First, man-made interference from radio, television, and
communications dominates on the surface of Earth and leaks
through the ionosphere at significant levels (Erickson, 1988).
Thus, both on Earth’s surface and in Earth orbit, one is faced
with high levels of interference. Second, Earth’s
magnetosphere is a strong source of kilometric auroral radia-
tion, especially below | MHz. This was first discovered in
the early 1970s by the Radio Astronomy Explorer (RAE)
satellite (see paper by Kaiser in Part II of this report). The
Moon is a natural filter for these interfering signals.

(2) The Moon has very little ionosphere. On Earth’s surface,
the jonosphere does not transmit radio frequency radiation
below about 5 MHz. In addition, scintillation and scattering
of radio waves by the ionosphere and troposphere limit both
position accuracy and resolution of radio observations below
about 30 MHz. The exact value of the global average electron
density in the Moon’s ionosphere is uncertain, but is believed
to be low (100 electrons/cm?3). This corresponds to a plasma
frequency of 90 kHz which would be the lower bound on
observations from the Moon. Other astronomical considera-
tions discussed in this report would likely drive the lower
bound on the frequency of the VLFA above 500 kHz.
However, Vondrak (1988) has recently pointed out that a
100-m layer of negatively charged electrons and ions may hug
the surface of the Moon on the day side. The electron levita-
tion is believed to be due to the net positive charge of the sur-
face produced by interaction with the solar wind. The density
may be as high as 10% electrons/cm3? corresponding to a
plasma frequency of 1 MHz. Clearly, this must be in-
vestigated further since it would impact on the design of the
VLFA.

(3) The Moon is a stable platform. This is an advantage over
Earth-orbiting spacecraft. On the Moon, the dipole array can
be deployed over large areas with accurate relative positions
for phase coherence. In orbit, gravitational strains constantly
move the relative positions of array components, thus varying
one’s ability to observe all sources in the same fashion (ie.,
with the same u-v coverage for aperture synthesis) or monitor
source variability.

(4) The maintenance of a lunar VLFA will be very low. Once
deployed there will be no erosion of the cables and com-

ponents by wind and rain. Although the temperature gradient
from day to night is large (280 K), this is not expected to
significantly alter the characteristics of the simple dipole
antennas.

There are, however, some concerns that one has about
placing the VLFA on the lunar far side. These include:

(1) The possible damage integrated circuitry and computer
chips in the receiver, correlator, and computers by cosmic
rays. Since the Moon has no significant magnetic field, the
surface is not shielded from the damaging cosmic radiation.
However, radiation-hardened electronics are commonly pro-
duced for spacecraft that fly above Earth’s van Allen radiation
belts.

(2) Human environmental hazards. The Moon is a very in-
hospitable place to live and work. Lack of oxygen and water,
and radiation from the Sun and the Galaxy are major con-
cerns. The deployment of the VLFA over tens of kilometers
on the far side could potentially be very time-intensive. Such
concerns would appear to demand that the array be deployed
by intelligent robots. This increases the technical complexity
of an otherwise simple instrument.

(3) Remote basing on the far side. The likely location of
lunar colonies for the first decade or two will be on the near
side. Operations on the far side must be remotely controlled
and semi-autonomous. In addition to the deployment problem
noted above, one must also deal with the operation of the
VLFA in a completely remote mode. Repair and upgrades of
components, and initial processing and transmission of data
must all be handled without human presence.

(4) Cost. Establishment of a lunar base is expensive. Sellers
and Keaton (1985) estimate the cost will be about $80 billion
in 1984 dollars. However, spread over 20 plus years, the year-
ly cost could be less than the Apollo program. Clearly,
astronomy cannot bear this burden. This must be a national
or international effort that is driven by political as well as
scientific motivations. Once a permanent manned presence is
established on the Moon, the cost of a VLFA is relatively low
because of the simplicity and low mass of the components.

Astronomy and Astrophysics for the 1980s. Report of the
Astronomy Survey Committee, Vol. 1, National
Academy Press, 1982, pp. 165 - 166.

Burns, J.O. and Mendell, WW. 1988, editors, Future
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PART I — THE ENVIRONMENT AT THE LUNAR SURFACE

THE ENVIRONMENT AT THE LUNAR SURFACE

G. Jeffrey Taylor
Department of Geology and Institute of Meteoritics
University of New Mexico, Albuquerque, NM 87131, USA

ABSTRACT

The Moon’s geologic environment features 1) a gravity
field one-sixth that of Earth; 2) a sidereal rotation period of
27.3 days; 3) a surface with greater curvature than Earth’s
surface; a chord along a 60-km bascline would have a bulge
of 260 meters; 4) a seismically and tidally stable platform on
which to build structures and transportation systems; total
seismic energy released is 10% times less than on Earth, and
most moonquakes have magnitudes of 1 to 2, within Earth’s
seismic noise; 5) a tenuous atmosphere (the total mass at
night is only 104 kg) that does not cause wind-induced
stresses and vibrations on structures; 6) a large diurnal
temperature variation (100 to 385 K in equatorial regions),
which facilities must be designed to withstand; 7) a weak
magnetic field, ranging from 3 to 330x10~% oersted com-
pared to 0.3 oersted on Earth at the Equator; 8) a surface ex-
posed to radiation, the most dangerous of which are high-
energy (1-100 Mev) particles resulting from solar flares; 9) a
high flux of micrometeorites which are not slowed down from
their cosmic velocities because of the lack of air; data indicate
that microcraters 10 m across will form at the rate of
3000/m¥yr; 10) a regolith 2 to 30 meters thick which
blankets the entire lunar surface; this layer is fine-grained
(average grain sizes range from 40 to 268 m), has a low den-
sity (0.8 to 1.0 g/cm?® in the upper few millimeters, rising to
1.5 to 1.8 g/cm? at depths of 10-20 cm), is porous (35-45%),
cohesive (0.1 to 1.0 kN/m?), and has low thermal diffusivity
(0.7 to 1.0 x 1074 cm%sec) and electrical conductivity (10~ 14
ohm~'m~1); 1I) a rubbly upper several hundred meters in
which intact bedrock is uncommon, especially in the lunar
highlands; and 12) craters with diameter-to-depth ratios of 5
if fresh and 15 km across; larger and eroded craters have
much larger diameter-to-depth ratios.

The Moon’s geologic environment is dramatically dif-
ferent from Earth’s and presents fascinating challenges to
engineers designing facilities on the lunar surface. This paper
summarizes the geologic nature of the stark lunar surface and
its tenuous atmosphere.

GENERAL CHARACTERISTICS
The strength of the Moon’s gravitational field is about

one-sixth that at Earth’s surface; the surface gravity is
162 cm/sec? and the escape velocity is 2.37 km/sec. The
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lower gravity allows use of materials of lower strength than
on Earth for structures of equivalent size. Alternatively, much
larger structures can be built on the Moon. The Moon has a
slow sidereal (the time it takes to complete one revolution)
rotation period of 27.3 Earth days, so days and nights last
almost two weeks. Consequently, solar energy systems re-
quire some way to store energy and plants will need artificial
light during the long lunar night. Finally, because of the
Moon’s smaller radius, its surface has a larger curvature than
does Earth’s surface. For example, a chord along a 10-km
baseline would have a bulge along it of 7.2 meters; a 60-km
baseline would have a bulge of 260 meters.

STABLE PLATFORM

The Moon provides a stable platform on which to build.
Seismic properties are summarized in Table 1, which is
adapted from Goins et al. (1981). There are two main
categories of lunar seismic signals, based on the depth at
which they originate. Almost all occur deep within the Moon
at depths of 700 to 1100 km; on average, about 500 deep
events were recorded during the eight years that the Apollo
seismic network operated. These deep moonquakes are
related to tidal forces inside the Moon.

Moonquakes also occur at much shallower depths
(200 km), but apparently below the crust (Nakamura et al.,
1979). They occur much less frequently than do deep moon-
quakes, only about 5/year. Shallow moonquakes do not ap-
pear to be related to tidal flexing of the Moon or to surface
features. For comparison, most earthquakes occur at depths
of 50 to 200 km.

Lunar seismic activity is drastically less than terrestrial
seismicity (Table 1). Lunar seismographs detected only 500
quakes per year. In constrast, 10,000 detectable earthquakes
occur each year on Earth. Note that the magnitudes of detec-
table quakes are different on Earth and the Moon, due mostly
to greater seismic noise on Earth. In fact, most moonquakes
are in the magnitude 1 to 2 range, which is in Earth’s seismic
background.

The total seismic energy released in the Moon is about
108 times less than in Earth. The magnitudes of the largest
events on the Moon are also much less than the largest events
on Earth (Table 1). The most energetic lunar events are the
shallow ones, the largest recorded one being only
4.8 magnitude, corresponding to an energy of 2 X 10'7 ergs.
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Table 1. Comparison of moonquake and earthquake intensities (from Goins et al., 1981)

Number of events/year
Energy release of largest event
Magnitude of largest event

Seismic energy release/year

Moon Earth
5 shallow (m  2.2)* 10* (m 4)*
500 deep (m 1.6)*
2 x 10 joule (shallow) 10" joule
1 X 10° joule (deep)
4.8 (shallow) 9
3.0 (deep)
2 x10" joule yr
(shallow) 10® joule yr?

8 x 10° joule yr' (deep)

*m = magnitude

The largest recorded earthquake measured 9.5 magnitude on
the Richter scale, corresponding to an energy of 10%¢ ergs.

Seismic waves are intensely scattered near the lunar sur-
face. This causes the energy of the waves arriving at a given
point to be spread out, so the damaging effects of a moon-
quake would be less than those of an earthquake of the same
magnitude. (In fact, values of seismic energy and magnitudes
reported for the Moon by Goins et al. (1981) are greater than
those reported by Lammlein et al. (1974) because the latter
authors had not accounted for scattering of seismic waves
near the lunar surface or for some instrument effects.) Conse-
quently, it appears that the lunar surface is far more stable
than any place on Earth.

The scattering of seismic waves in the Moon is signifi-
cant down to a depth of 25 km, but is most intense in the up-
per few hundred meters. This implies a lack of coherent
layering in this region.

Tidal forces raise and lower the lunar surfaces about as
much as on Earth, where body tides deflect the ground about
10-20 cm twice each day. Because the Moon is locked into
a synchronous orbit, the main tidal bulge on the Moon is a
permanent feature. Nevertheless, small tidal deflections stem-
ming from librations do occur, but have much longer periods
than on Earth. The tidal flexing of the lunar surface in both
horizontal and vertical directions is about 2 mm along the
Iength of a 10-km baseline (Dr. James Williams, personal
communication, 1986). The precise amount of motion
depends on position on the Moon. Tidal motions must be
taken into account when designing, for example, long
transportation systems or telescope arrays that require ac-
curate alignment.

ATMOSPHERE

The lunar atmosphere is a collisionless gas. The total
nighttime concentration is only 2x10° molecules/cm?
(Hoffman et al., 1973). Its total mass is only 10* kg, about the
mass of air in a movie theater on Farth at 1 bar. This flimsy

atmosphere will eliminate engineering problems associated
with wind (Johnson, 1986), but might add others, such as dif-
ficulty in lubricating moving parts.

The composition of the lunar atmosphere appears in
Table 2. The gases derive from the solar wind, except for
*Ar, which is produced by the decay of K inside the Moon
and then diffuses out. No daytime measurements of - gas con-
centrations were made due to instrument limitations, but
Hodges (1976) calculates that gases of carbon compounds,
specifically CO,, CO, and CH,, probably dominate. They are
absent at night because they condense out of the atmosphere
onto soil particles.

Table 2. Composition of the lunar atmosphere
at night (from Hoffman et al., 1973)

Gas Concentration (mol m™)
H, 1.1 x 107
‘He 66 x IO
PNe 1.3 x 10"
BAr 50 x 108
“Ar 12 x 0%
0, 3 x 10
CO* 5 x 10

*Carbon gases (CO,, CO, CH,) probable dominate the daytime lunar
atmosphere (Hodges, 1976).

The tenuous lunar atmosphere can be altered significant-
ly by large-scale operations on the Moon. Vondrak (1974) has
calculated that if the density of the lunar atmosphere is in-
creased, a point is reached where the rate at which gas is lost
is slowed dramatically. This could compromise a number of
scientific experiments requiring a hard vacuum, such as
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observations of the solar wind. Considering that each Apollo
mission contributed 10* kg of gas (Johnson, 1971), temporari-
ly doubling the atmosphere’s nighttime mass, it would appear
easy to contaminate the Moon’s fragile atmosphere when
regular flights to and from the lunar surface begin. The at-
mosphere must be monitored carefully when a lunar base is
established. Studying the evolution of the Moon’s atmospere
will, in fact, be an interesting research project in itself.

SURFACE TEMPERATURES

Surface temperatures change drastically from high noon
to dawn on the Moon, presenting a challenge to those design-
ing lunar structures subject to thermal expansion and contrac-
tion. At Apollo 17, for example, the temperature ranged from
384°K to 102 °K during the month-long lunar day (Keihm and
Langseth, 1973). Furthermore, the temperature decreases
rapidly as sunset approaches, falling about 5°K/hr. These
data apply to equatorial regions only. In polar regions, the
predawn temperature is about 80 °K (Mendell and Low, 1970).
The temperature in permanently-shadowed areas at the poles
could be lower. The cold nighttime temperature will permit
cooling of many systems without use of cryogenics.

The temperature variation is damped out rapidly at depth
in the lunar soil (Keihm and Langseth, 1973). At a depth of
30 cm the temperature is about 250°K and varies only 2° to
4°K from noon to dawn. This steady temperature might be
useful for some purposes, but not as a heat sink because the
lunar soil has a very sluggish thermal conductivity (see
below).

MAGNETIC FIELD

No magnetic field is now being generated inside the
Moon, although there was a source of magnetism several
billion years ago. It is not known whether this was generated
by a dynamo in a metallic core, as on Earth, or by local, tran-
sient events such as meteorite impacts. Whatever its source,
the lunar magnetic field is much weaker than is Earth’s (Dyal
etal., 1974). On the surface, the lunar magnetic field strength
ranges from 3 to 330 gamma (1 gamma = 10-5
orested=10"7% gauss). For comparison, Earth’s field at the
equator is 30,000 gamma. Also, the lunar field varies locally
on the Moon. For example, at the Apollo 16 landing site, the
field varied from 11344 to 32747 gamma.

There is also a field external to the Moon, derived from
the solar wind. This ranges from 5 gamma in the free stream-
ing solar wind to about 10 gamma in Earth’s geomagnetic tail,
in which the Moon resides 4 days during each lunation.

RADIATION ENVIRONMENT

Because of the Moon’s small magnetic field and nearly
absent atmospher¢, solar and galactic nuclear particles hit its
surface unimpeded. There are three sources of radiation with

different energies and fluxes; see Taylor (1975) for a sum-
mary. The energy sources are 1) high energy (I-10
GeV/nucleon) galactic cosmic rays, with fluxes of about
l/cm?sec and penetration depths of up to a few meters;
2) solar flare particles with energies of 1-100 MéV/nucleon,
fluxes up to 100/cm?sec, and penetration depths up to 1 cm;
and 3) solar wind particles, which have much lower energies
of about 1000 ev, tiny penetration depths (10~8 cm), but high
fluxes (10%/cm?sec). These penetration depths refer to the
primary particles only. Reactions between them and lunar
material cause a cascade of radiation that penetrates much
deeper (Silberberg et al., 1985), up to several meters. The
combination of high flux and energy make solar flare par-
ticles the most dangerous to people working on the lunar sur-
face and to electronic devices deployed directly on the
surface.

MICROMETEORITE FLUX

The lack of a significant atmosphere on the Moon allows
even the tiniest particles to impact with their full cosmic
velocities, ten to several tens of km/sec. This rain of minute
impactors could damage some structures and instruments on
the lunar surface. Almost all lunar rock samples contain
numerous microcraters, commonly called zap pits, on sur-
faces that were exposed to space while on the lunar surface.
Studies of lunar rocks (Fechtig et al., 1974) have revealed the
average flux of projectiles over the past several hundred
million years. However, data from the Surveyor 3 TV camera
shroud returned by the Apollo 12 mission and study of Apollo
windows (Cour-Palais, 1974) indicate that the present flux of
particles smaller than 10~7g, which are capable of making
craters up to 10 microns across, is about ten times greater
than that measured on lunar rocks. Study of louver material
from the Solar Max satellite (Barrett et al., 1988) confirm
that fluxes are greater now than the average of the past several
hundred million years. Combining the fluxes of particles <
10~7g measured on spacecraft with those >10~7 measured
in Apollo rocks, one arrives at the flux estimate in Table 3.

Table 3. Micrometeorite fluxes on the moon,
calculated from data given by Fechtig
et al., (1974)

Crater diameter (um) Craters m™2yr-!

0.1 30000
Lo 1,200
10 300
100 0.6
1000 0.001
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REGOLITH

The lunar regolith, also called the lunar soil, is a global
veneer of debris generated from underlying bedrock by
meteorite impacts. It contains rock and mineral fragments
and glasses formed by melting of soil, rock and minerals. It
also contains highly porous particles called agglutinates,
which are glass-bonded aggregates of rock and mineral
fragments. Agglutinates are produced by micrometeorite im-
pacts into the lunar regolith.

Regolith depth ranges from 2 to 30 meters, with most
areas in the range 5 to 10 meters. Impacts by micrometeorites
have reduced much of the regolith material to a powder. Its
grain size ranges from 40 to 268 m and varies in a highly
complex fashion with depth (Heiken, 1975). The chemical
composition of the regolith reflects the composition of the
underlying bedrock, modified by admixture of material ex-
cavated from beneath or thrown in by distant impacts.

The mechanical properties of lunar regolith samples
were measued by Mitchell et al. (1972). The bulk density of
the regolith is very low, 0.8 to 1.0 g/cm’ in the upper few
millimeters, but increases to 1.5 to 1.8 g/cm? at depths of 10
to 20 cm. Its porosity is 35 to 45% in the upper 15 cm, ac-
counting in part for the low density. Except for the uppermost
few millimeters, the lunar regolith is more cohesive, 0.1 to 1.0
kN/m2, than most terrestrial soils and has an angle of internal
friction of 30 to 50° Agglutinates and shock-damaged rock
fragments are weak and break under loads, leading to an in-
crease in soil density (Carrier et al., 1973).

The lunar regolith is an excellent insulator. Its thermal
diffusivity at depths of 30 c¢m is 0.7 to 1.0 X 107* cm?sec
and its thermal conductivity is 0.9 to 1.3 X 107% W/em K
(Langseth et al., 1976). This is not surprising considering the
high porosity and lack of air. At depths of 30 cm, the thermal
diffusivity is somewhat lower.

The lunar regolith is also an excellent electrical insulator.
The dielectric properties of the regolith have been summariz-
ed by Olhoeft and Strangeway (1975) and by Olhoeft (1988).
For soils, conductivities are about 10~!4 (ohm-m)~% Lunar
soils have dielectric constants ranging from 1.5 to 4, with a
systematic variation with density: k = (1.9310.17)p where k
is the dielectric constant and p is the density (g/cm?®). This
relation holds for rocks as well. There is no systematic varia-
tion with soil composition (Olhoeft and Strangeway, 1975),
almost no dependence on temperature, and no dependence on
frequency above 1 MHz. Loss tangents have also been
measured on lunar materials. This quantity is strongly depen-
dent on density and on composition, and somewhat depen-
dent on temperature and frequency. The loss tanget is given
by:

log loss tangent = (0.38(% TiO, + %FeO)
+ 0.312p —3.260)
where p is the density.

A small amount of lunar dust might be transported by
charge differences built up by photoconductivity effects.
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Criswell (1972) described a bright glow photographed by
Surveyor 7 and explained the phenomenon as levitation of
dust grains about 6 m in radius. The grains were lifted only
3 to 30 cm above the local horizon, and had a column density
of 5 grains/cm This does not appear to be a significant
transport mechanism on the lunar surface.

UPPER FEW HUNDRED METERS

The upper few hundred meters of the Moon have been in-
tensely fragmented by meteorite impacts. In the heavily
cratered highlands and regions underlying mare basalt flows,
the fragmental region extends for at least a few kilometers.
Consequently, it might be difficult to find extensive areas of
intact bedrock.

Active seismic experiments (Cooper et al., 1974) indicate
that the velocity of compressional waves is about 100 m/sec
at depths of less than 10 meters, which is in the regolith, and
about 300 m/sec at depths between 10 and 300 meters. These
velocities are too slow to correspond to coherent rock, imply-
ing that the upper few hundred meters of the lunar surface is
rubble (Cooper et al., 1974). Rocks returned from the
highlands confirm the fragmental nature of the upper lunar
crust. Most are complicated mixtures of other rocks, and
many are weakly consolidated. Furthermore, the rims of all
craters are by their nature weakly consolidated or uncon-
solidated materials and, therefore, not able to withstand ten-
sional stresses.

A few localities might have intact bedrock, however.
Many mare basalt flows, for example, form visible layers in
crater walls or, as at the Apollo 15 landing site, in the walls
of sinuous rilles. Also, extensive sheets of impact-generated
melt rocks occur on the floors of many large craters, such as
Copernicus, which is 95 km in diameter.

CRATER MORPHOLOGIES

Fresh lunar craters up to 15 km in diameter have a consis-
tent diameter/depth ratio of 5 (Pike, 1974). More specifically,
craters 15 km across follow the relation R; = 0.196 D90,
craters 15 km follow the relation R; = 1.044 D,**% where R;
is the crater depth and D, is the diameter as measured from
rim crest to rim crest (Pike, 1974). Large craters are much
shallower for their diameters than are smaller ones. Crater
morphology changes as a crater is eroded by meteorite bom-
bardment, during which a crater becomes wider and
shallower, thereby increasing the diameter-to-depth ratio.
Thus, even the smoothest areas on the lunar surface are un-
dulating plains, so building horizontal transportations
systems might require cut and fill operations. Finally, as
noted above, rim materials consist of weak, unconsolidated
rock. This could present problems for construction if certain
facilities had to be built on crater rims.
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PART II — PREVIOUS AND PROPOSED LOW-FREQUENCY OBSERVATORIES

THE CLARK LAKE TELESCOPE

WC. Erickson!
Department of Physics and Astronomy
University of Maryland
College Park, MD 20742

INTRODUCTION

Most radio astronomical observations below 100 MHz
have been the result of considerable effort on the part of a
relatively small number of astronomers and engineers. The
size required for the instruments has precluded the construc-
tion of more than a few in the world and, until recently,
technology has not allowed the design of a large decametric
array which would operate over more than a limited frequen-
cy range and be steerable in two coordinates with reasonable
speed. Consequently, this part of the radio spectrum has at-
tracted very few astronomers even though much information
about the physics of celestial objects may be found from the
study of radiation from the cosmos at these low frequencies.

Advances in the technology of decade bandwidth antennas
[Rumsey, 1966], and low cost, reliable, wideband, solid state
devices have made large fully-stecerable decametric systems
practical. Around these developments, the design of the Clark
Lake telescope evolved during the 1970s. It was operable
anywhere between 10 and 125 MHz with nearly instantaneous
frequency and beam positioning capability. Unfortunately, re-
cent cuts in Federal funding have forced us to discontinue
operation of the system and it has now been dismantled.

OUTLINE OF THE ARRAY AND ELECTRONICS

The array was a 30 X 1.8 km “T”" with the direction of
its legs being approximately east, west, and south. The array
was laid out in the plane of the Clark’s dry lake which is not
exactly tangential to the geoid. The south arm, which was
perpendicular to the E-W arms, was laid out 18 arcsec from
the plane containing the Earth’s axis and the center of the ar-
ray. The EW arm contained 32 banks, each with 15 individual
elements; the N-S arm contained 16 similar banks. The
signals from each of the EW banks were cross-correlated
with those from the N-S banks to determine the two-
dimensional visibility function of the area of sky under obser-
vation. This visibility function was then Fourier transformed
to produce a map of the field-of-view. The beam shape of the
three-armed “T” is equivalent to that obtained with a full
cross but the collecting area of the fourth arm is lost. Phase

tolerances between the orthogonal arms are more critical in
the “T” array than in a full cross [Christiansen and Hogbom,
19691, but these phases were easily adjusted in software after
calibration by the observation of strong, small angular
diameter sources.

Each log spiral element (teepee, hence the nickname
“TPT”") had a collecting area of about (wavelength)?/3, and
was designed to operate between 20 and 125 MHz. The low
frequency limit was extended to =10 MHz at reduced effi-
ciency by terminating the base of each spiral with resistors.
The teepees were at 6.25 meter intervals in the E-W arm and
7.5 meter intervals in the south arm. This spacing gives rise
to grating responses above 50 MHz. The response due to
these grating lobes was reduced by adjusting real-time delays
to make the radiation coherent only for the desired lobe.
Since the elements were all fixed in the vertical direction,
beam positioning was accomplished purely through adjust-
ment of the phase gradient across each arm. The gain of the
system was modulated by the response pattern of the in-
dividual elements. For good zenith distance coverage, the
response pattern must be wide (=90° in this case), and the
gain of each element was correspondingly low.

As shown in Figures | and 2, phasing of the array was
accomplished in two stages. The elements were divided into
48 banks of 15, and the signals from the 15 antennas in each
bank were combined, then preamplified and sent to the cen-
tral building on separate coaxial feed lines. Phasing within a
bank was accomplished by electronically “rotating’ each
conical spiral antenna with a diode switch controlled from the
central building. Phasing between the banks was adjusted in
software before the map of the field of view was formed by
Fourier transformation.

SINGLE ELEMENT CONSTRUCTION
AND OPERATION

The basic building block of the array was the conical log
spiral antenna. Ideally this antenna would consist of two con-
ducting sheets wound on the surface of a cone but, in this
case, these sheets were approximated by sets of wires. The
antenna was self-conjugate with a characteristic impedance of
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Figure 1. The layout of the array. Signals from each bank of
elements were amplified and transmitted to th observatory by

separate coaxial cables.
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Figure 2. One barnk of 15 conical spiral antennas.

1899 and it was a backward-wave antenna fed by a balanced
transmission line at its apex.. . .

The electrical and radiative properties of thlS antenna
were as follows: The antenna radiates primarily from the
region where the circumference of the spiral is approximately
equal to the wavelength, thus low frequencies are radiated
from near the base of the element and high frequencies are
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radiated from its top. The low-frequency limit of the antenna
is determined by the size of the base of the spiral (cir-
cumference = wave-length) and the high frequency limit is
set by the point at which the top of the spiral is truncated.
This low frequency limit was extended by terminating the
base of the spiral with a resistive load. Power that would or-
dinarily be reflected from the base of the antenna was
dissipated in the load, and a constant antenna impedance was
maintained to very low frequencies. At low frequencies,
however, power is absorbed in the terminating resistors rather
than being launched into space and the antenna efficiency
decreases. Therefore the low frequency limit on the operating
frequency was set by the loss of efficiency that one could
tolerate rather than by impedance mismatches. Since the
galactic background is intense at low frequencies, the
background noise dominated receiver noise to below 10 MHz
and the systemn could be operated down to about that frequen-
cy. The radiation pattern and the circularity of the polariza-
tion remained the same at these frequencies below the
nominal cut-off of the antenna.

The radiation is unidirectional toward the apex and the
polarization is in the opposite sense from the opening direc-
tion of the spiral, i.e., a right-hand (clockwise opening) spiral
as viewed from the top radiates predominately a left circular
wave. The far field radiation pattern is determined by the apex
angle of the cone and the pitch angle of the conductors. More
details may be obtained from other sources [Rumsey, 1966;
Dyson, 1965; Yeh and Mei, 1967, 1968].

In actual practice the use of conducting sheets is very dif-
ficult because of cost and wind resistance for large antennas.
A good approximation to a conducting sheet can be made by
using three wires, one at the location of each edge of the con-
ductor and one in the center. Thus the elements in this array
used six coaxially wound spiral wires, three connected to
each side of the transmission line.

Each element in the array was phased by electrically
rotating it in 45° increments. Antenna rotation was a practical
phasing scheme in this array because the polarization remain-
ed nearly circular in all directions observed. The conical
spiral antennas have this property between the half-power
points of their radiation patterns (+45°). Antenna rotation
was accomplished by winding the spirals with eight instead
of six wires and a diode switch was devised to select six of
the wires at any given time. With the simplicity of this phas-
ing scheme comes the disadvantage of not having continuous
rotation. The phase error of any element can be as much as
22.5° due to incremental phasing. However, these phase er-
rors caused only rather minor suiclobes (Enckson and Fisher,
1974) B

Although the antenna was designed to operate only to
zenith distances of 45° it was found in practice to operate
quite well to considerably larger angles. In fact, several
objects were well-observed only 15° above the southern
horizon.
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ELEMENT GROUPING AND PHASING SCHEME

The phasing within each bank is accomplished by
rotating each element, so there is no real time delay added to
the signals from individual elements. All time delays are
added to the 48 signal paths in the central building.

The use of simple phasing as opposed to delays in the
15-element banks limits the size of banks due to coherence
loss with wide receiver bandwidths. Each bank was approx-
imately 100 meters in length. This resulted in a coherence
loss of 9% with a bandwidth of 3 MHz at a zenith distance
of 45° The loss was normally much less with smaller band-
widths and zenith distances.

TP IMPEDANCE CHARACTERISTICS

Because the conical spiral elements in this array incor-
porated several features which have not been tried before, it
was imperative that impedance and radiation characteristics
be investigated before building 720 units. For practical
reasons the antenna impedance could not be measured direct-
ly. There was a length of cable, a transformer, and the phase
switch between the impedence bridge and the antenna ter-
minals. Since we were interested in the operation of the total
system, the standing wave ratio (VSWR) and impedance
measured through these components are perfectly valid pro-
vided the power loss in the individual components is not more
than about 20%.

Significant stray reactances in the feed system arise due

Figure 3. A photograph of the N-§ arm of the array.
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to the physical layout of the diode switch inside the central
support pipe. These reactances were measured and compen-
sated with small inductors incorporated in the switch. The
combination of stray and lumped reactances forms a nearly
symmetrical low pass filter with a cutoff frequency of about
250 MHz in series with each antenna wire. Impedance
measurements were made at the base of the TP and corrected
for delay feeder cable. The maximum VSWR was 1.4:],
which corresponds to a reflected power loss of 4%. Ohmic
losses in the transformer and switch were less than 1 db
(20%) and the loss in the feeder cable was 0.4 db (8%) at 110
MHz. The characteristic impedance of the antenna was close
to 189%, the theoretical value for a self-conjugate antenna.

The eight wires were wound around a support system that
consists of eight parallel filament, dacron ropes. The ropes
were protected by polyethylene jackets. The N-S arm of the
array is shown in Figure 3.

ELECTRONICS SYSTEM

A separate receiver channel was attached to the output of
each of the 48 banks. Each channel employed an up conver-
sion from the frequency being observed to 170 MHz. This
conversion places all image frequencies well above the fre-
quency range of observation. After some amplification, the
signals were converted to 10 MHz where the principle
amplification occurred. Four IF bandwidths, ranging from 3
to 0.15 MHz, were selectable. A diagram of these channels is
shown in Figure 4.
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Figure 4. Block diagram of one of the 48 channels in which
signals from the 15-element banks were processed.

The 10 MHz output of each receiver channel was sam-
pled at a frequency of 12 MHz, digitally delayed, and then
cross-correlated. The correlator outputs from the 512
simultaneous interferometers were preintegrated for periods
from 10 millisec to 10 sec — periods short enough that the
phase rotation for a source moving at a sidereal rate is
negligible on any of the interferometer baselines — and after
each preintegration period, the digital data were written on
magnetic tape. Later, an off-line processor was used to
remove the phase rotation and to integrate the signals for
periods of up to 5 minutes. A Fourier transform then pro-
duced a map of the area of sky under observation. These
maps may be averaged to effectively integrate the signals for
periods of hours. A detailed description of the electronics
system is to be found in von Arx, Caflisch, and Erickson
(1978). The specifications of the system are summarized in
Table 1.

Table 1. TPT Specifications
PARAMETER VALUE
Frequency Tange .« rvevvcrrsorcnoeevons 10-125 MHz
Instantaneous bandwidths ................ 0.15-3 MHz
Total collecting area .................... 250
Resolution
20MHZ . conviiiiiiiiiiie e 17’
HO MHZ ...iovvvviinin e 3’
Steering and frequency changing time ...... 1 millisec
SKy COVETAZE .....ovveveeresss S ~=45° zenith distance
Sensitivity (and confusion limit) ........... 1 Jy at all frequencies
Polarization ......coceviiviiiiiiiins left circular
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DATA PROCESSING

The TPT was different from most other synthesis-type
radio telescopes in that all the Fourier components from a
minimum spacing of about one wavelength to the maximum
aperture of the systems were available simultaneously. Also,
the telescope operated in a frequency range where terrestrial
interference is very common. It appeared to be neccesary to
develop procedures to reject low level interference after for-
mation of the maps, as well as to reject obvious interference
in the visibility-plane data. Therefore, rather than averaging
the visibility-plane data for hours, then gridding them and
transforming them, we transformed the data frequently and
averaged the selected maps [Erickson, Mahoney, and Erb,
1982]. Since maps were formed frequently, this processing
scheme is also more appropriate for observation of rapidly
varying solar emission regions.

The length of time over which we could integrate the
visibility-plane data before Fourier transformation was
limited to =5 minutes; longer integration would begin to
smear the visibility data because of the rotation and fore-
shortening of the arrays caused by Earth rotation. The
T-shaped antenna provides data automatically in a 32x32
grid; we do not project them onto the (u-v)-plan or regrid
them before transformation. In practice, a transformation was
performed and a new integration was begun whenever the
phase gradients across the banks of elements were updated to
follow the source under observation. Maps were generally
produced at intervals of 1 second to 5 minutes. Use of longer
intervals facilitates the processing speed but requires that
more data be discarded when interference occurs.

OPERATION

The system operated very well. All of the design specifica-
tions listed in Table 1 were met or exceeded in practice. Only
one area of problems turned out to be somewhat more
troublesome than anticipated. We encountered nearly cons-
tant, low-level interference which appeared to come from a
variety of sources. Much of this interference was apparently
man-made radio noise reflected at a glancing incidence by the
ionospere or diffracted over the mountains surrounding the
telescope site. Interference from the extremely strong natural
‘sources, Cas-A and Cyg-A, also prevented sensitive observa-
tions in their vicinity, i.e. within about 10°%f their positions.
Solar radio bursts could interfere with daytime observations.
Strong interference was easily recognized and rejected from
the raw data. However, much effort was expended in develop-
ing sophisticated algorithms to recognize and excise low-level
_interference that could not be found until the signals from the

banks were cross-correlated and time integrated. In practice
this meant that we were unable to reach the confusion limit
of the system as quickly as we anticipated in its design. It
should have been possible to reach the confusion limit (=1
Jy) with only a few minutes of integration; because it was
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neccesary to excise much of the data and to average over in-
terfering sources, about 30 minutes integration was required
to reach the confusion limit.

The confusion limit depended upon the direction of
observation. In simple regions near the Galactic poles we
were able to reliably observe sources down to a flux density
of 0.5 to 0.7 Jy, in complex regions along the Galactic plane
we could only work down to about 2 Jy. In any event, the
system was 10 to 50 times more sensitive than any other ex-
isting or planned telescope in this frequency range. For a
variety of reasons (Erickson and Fisher, 1974), the confusion
and sensitivity limits of the system were fairly independent of
frequency.

The system was used as a multifrequency
radioheliograph for solar studies and as a synthesis telescope
for sidereal studies. As a radioheliograph it was used to deter-
mine the radio signatures of coronal mass ejection events, t0
show that Type III emiting electron streams propagated in
dense coronal streamers, to discover meter-decameter
microbursts, to determine the three-dimensional structure of
coronal streamers, to measure coronal electron densities on
a routine basis, and to determine the spectrum and brightness
distribution of the quiet Sun. In the field of sidereal
astronomy Clark Lake observations lead to the discovery of
the first millisecond pulsar and to the discovery of the millise-
cond pulsar in M28, many supernova remnants were mapped,
HII absorbtion was studied to determine the synchrotron
emissivity of the Galaxy, a steep-spectrum radio lobe near the
Galactic center was discovered and the Galactic plane was
mapped. About one-third of the sky was surveyed with un-
precedented sensitivity and resolution before we were forced
to discontinue operation. These survey data are now being
analyzed.
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THE BOULDER-AMES DECAMETER WAVELENGTH VLBI EXPERIMENT

John P. Basart
Department of Electrical and Computer Engineering
Towa State University
Ames, Towa 50011

ABSTRACT

This paper reviews the VLBI experiments at 26.3 MHz
conducted in the early 1970s between Boulder and Haswell,
Colorado, and between Boulder, and Ames, Towa. The
longest baseline was 83,000 wavelength. While it was possi-
ble to get fringes on this baseline, the reliability of the data
was very poor because of the extreme amount of ionospheric-
induced phase and amplitude fluctuations. Clearly, in order
to obtain reliable data, very-long-baseline interferometers
operating at frequencies of 26 MHz and lower must be placed
above the ionosphere.

INTRODUCTION

The objective of the VLBI experiments at a decameter
wavelength was to determine source structure in order to
identify radio sources of small angular extent to be used in
future interplanetary scintillation experiments at low frequen-
cies. The observing source list consisted of point-like
sources, or sources with point-like components, with
measured or extrapolated flux densities greater than 20
Janskys at 26 MHz. Additionally, their declinations were be-
tween —2° and 68° Sources with right ascensions in the
range 8" to 14" were omitted because of competing solar
noise and interplanetary scintillation effects. The observing
list consisted mostly of extragalactic sources in the 3c catalog
plus a few supernova remnants, pulsars, the sun, Jupiter, and
Saturn (Shawhan et al., 1973). Sources with similar right
ascensions, but quite different declinations, were divided into
two observing schedules to accomodate constraints on
manually phasing the antennas. Each schedule consisted of an
18-hour program starting at about 6:00 p.m. local time and
stopping at noon with the last runs on the Sun. Each day
3C48 and 3Cl144 were observed as calibrators.

INTERFEROMETER DESCRIPTION

Two different interferometer baselines were used in three
series of experiments. In November 1970 and July 1971,
telescopes in Boulder and Haswell, Colorado, were used. The
baseline length was 22,000\ at a position angle of 135° The
fringe width was 9 arc seconds and the 3¢ detection limit was
about 20 Jy. In August 1971 the Boulder and Ames, Iowa,
telescopes were used. This interferometer had a baseline of
83,000\ at a position of 76° The fringe width was 2.5 arc
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seconds with about the same detection limit as the Boulder-
Haswell baseline.

The antennas in all three telescopes consisted of 160 pairs
of crossed full-wave dipoles in rectangular arrays. However,
the Ames configuration was different than that of the other
two antennas. The Ames rectangular array gecometry was 10
dipole pairs east-west by 16 dipole pairs north-south. The
Boulder and Haswell arrays were 20 dipole pairs east-west by
8 dipole pairs north-south. The reason for the difference in
geometry was that the Boulder array was phased along its
local meridian while the Ames array was phased to the west.
Moving the array beam off center broadened it, hence, the
shorter east-west array dimension made the Ames beam more
similar to the Boulder beam.

Crossed dipoles were used in the array to avoid Faraday
fading problems in the ionosphere. The orthogonal antennas
were connected together to be receptive to left-elliptical
polarization. (The choice of LEP was arbitrary.) Most of the
observations were made in a southerly direction so we
oriented the dipoles in a way to keep the signal level high.
The crossed dipole pairs were aligned in the northeast-
southwest and southeast-northwest directions rather than
north-south and east-west. This eliminated a possible low-
amplitude response by observing “off the end” of a north-
south dipole.

The interconnections of antenna elements in a large array
are always a problem. The method used here was to connect
all antennas in one E-W row to one transmission line. This
was repeated for each E'W row. There were two complete and
identical configurations for each polarization of the crossed
dipoles so only one polarization will be explained. In the
Ames array, there were 16 rows of EW transmission lines for
each dipole polarizaton. Ten dipoles of the same polarization
were connected to each E-W transmission line. The Colorado
arrays had 8 rows for each polarization with 20 dipoles per
row. There was no impedance matching of each antenna to its
transmission line. The input impedance of full-wave-length
dipoles is relatively high compared to the transmission line.
Hence, the antenna-to-line coupling is low. This reduces the
amount of signal transferred to the line, which is a negative
factor, but it also loads the line very little, which is a strong
positive factor. We can get by with small coupling between
the antenna and the transmission line at these low frequencies
because the signal level is high.

The interconnection of the EW rows was done with a
branch (corporate) feed. The first step in the interconnection
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was to connect each two adjacent E‘W rows together with an
impedance-matched network. This resulted in eight con-
nected pairs. Then, each of these two adjacent pairs were
connected by an impedance-matched network. This pairs-of-
pairs connecting scheme was repeated until there was just one
transmission line containing the output of the entire array.
The final transmission lines from each polarization were con-
nected together with an extra quarter-wavelength section of
cable to form a left-elliptically polarized signal which then
went to the receiver.

During the observing runs, all antennas were operated in
transit mode by manually phasing the branch feed networks
in the north-south direction before each observation and then
letting the source drift through the beams. The phased posi-
tion of the beams was determined by the equations.

sin £ = cos § sin H

sin 7 = sin ¢ cos & cos H — cos ¢ sin &

where £ is the angle from the zenith to the west, 7 is the angle
from the zenith to the south, and ¢, 8, and H are the latitude,
declination, and hour angle, respectively.

The receivers were conventional radio-telescope type
superheterodynce receivers with extra radio-frequency filter-
ing to reduce out-of-band interference. The bandwidths were
500 kHz and noise figures were approximately 2 dB. The
recording terminals used at each site were standard Mark I
terminals (Moran, 1976) borrowed from the National Radio
Astronomy Observatory.

DATA ANALYSIS

As much as possible, the data analysis proceeded along
the standard path for VLBI analysis in that era. Additional
difficulties were encountered because of the very high phase
noise, and the uncertainty about the detection of fringes. The
signal-to-noise ratio of the fringes was always low. The often
desirable 5S¢ threshold criterion was reduced to 3¢. To in-
crease the reliability of the detection, three more criteria were
used. One criterion was to put +5, and then -3§,
microseconds delay offsets about the presumably correct
delay and let the correlation program search for fringes once
more for each offset. If a detection had been originally
hypothesized and the residual delay after these two additional
offset searches was consistent with the original residual delay,
the criterion was satisfied. The second criterion was to com-
pare two or more detections from different days. The result
of this test was not always positive because the ionosphere
varied so much from day to day. However, if the day-to-day
results were consistent, the test was considered to be
satisfied. The third criterion was to have a residual fringe rate
near zero. Since the source positions were well known by
high-frequency measurements, the fringe frequency was
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predictable. If the residual fringe frequency was near zero,
this criterion was satisfied.

The resulting correlated fluxes for any particular source
were scattered from day to day because of variations in the
ionosphere over the two antenna locations. All multiply
observed sources for all observing runs were placed on one
calibration grid of normalized flux density versus time. Each
flux density was normalized by the mean observed flux densi-
ty for that particular source. This plot showed systematic
changes in flux with time which were contributed to
ionospheric variations. Correction factors were obtained
from the systematic changes in the grid of sources and applied
to the individual measurements. Rates of change of trends in
the observed fringe amplitude due to the ionosphere ranged
from zero up to 16% per day. If amplitude changes were large
and abrupt, the data were likely not to be used at all because
of extreme uncertainties in how to correct them (or because
they may not have been real). After applying corrections to
the grid of sources, the rms scatter about the normalized
means was 8%.

Flux calibration was difficult because no source initially
appeared to be unequivocably unresolved. The initial pro-
cedure was to estimate the apparent observed size of the Crab
Nebula pulsar using the VLBI measurement of Mutel et al.
(1974). To estimate the scattered size in the interplanetary
region, we used the formula of Erickson (1964)

f; = 0649 P~2 + \~2 arc second

where P is the closest distance the radio wave passes by the
Sun in astronomical units and A is the wavelength in meters
(11.4 in our case). For an average solar elongation angle of
65°, 6,=1.77 arc sec. This was combined in quadrature with
the interstellar scattering size of 1.30 arc sec. (Mutel et al.,
1974) 10 give an estimated apparent size of the Crab pulsar of
2.20 arc secs. Assuming a total flux density of 800 Jy for the
Crab pulsar at 26.3 MHz gave a visibility of 0.064 for a Gaus-
sian model. After adjusting the Boulder-Ames data to comply
with this visibility, a check was made with 3C48. The
estimated observed size of 3C48 using the Boulder-Ames data
was 060 arc sec. (Gaussian model). With this size, the
predicted Boulder-Haswell visibility was 0.98 which was in
reasonable agreement with the measured visibility as
calibrated by the Crab pulsar. With consideration of the data
on the Crab pulsar and 3C48, plus some consistency checks
with 3C43, we set the flux calibration using the apparent size
of 3C48 as 0.60 arc sec. with a circular Gaussian brightness
distribution. The total flux density was set equal to 37 Jy as
given by Viner and Erickson (1975).

RESULTS

As an illustration of the results, Tables 1, 2, and 3 are
presented. These data should not be taken as definitive. The
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Table 1. Sources Detected on Three Experiments
BH November 1970 BH August 1971 BA August 1971
Assumed Solar Solar Solar
26 MHz Total Elongation No. of Elongation No. of Elongation No. of
Source Flux, Janskys Vis Angle,® Obs. Vis Angle,” Obs. Vis Angle,® Obs.
3C48 37 0.98 152 2 0.98 107 4 0.81 112 3
3C66 149 0.30 152 2 0.16 88 2 0.12 99 2
3C123 828 0.048 160 2 0.027 64 2 0.030 78 2
3C144 800 0.86 149 7 U.D. 52 2 0.064 65 8
{compact
component)
3C456 92 0.76 119 1 0.79 141 1 0.40 152 2
3C459 90 0.52 118 2 0.69 144 1 0.47 158 3
U.D. means Unreliable Data.
Table 2. Sources Detected on B-A and One B-H Experiment
BH BA August 1971
Assumed Solar Solar
26 MHz Total Elongation No. of Elongation No. of
Source Flux, Janskys Vis Angle,® Obs. Date Vis Angle,® Obs.
4C13.01 28* 0.88 123 I August 71 1.05 137 i
3C9 91 0.77 125 2 August 71 0.33 137 3
3C71 73 0.72 159 1 November 70 0.65 122 3
3C196 218 0.52 115 1 November 70 0.080 43 3
3C295 72 No Det 67 1 August 71 0.25 63 i
3C345 34 No Det 95 3 August 71 0.73 89 3
1645+17 U.D.** 106 2 August 71 54.3Jy 95 3
*Determined by extrapolation.
*+J.D. means Unreliable Data.
S

extreme noisiness caused by ionosphere permeated the analysis
so thoroughly that it was impossible to calculate reliable error
bars. Most of the total flux densities were from Viner and
Erickson (1975). The uncertainties in these fluxes range from
5% to 18%. Errors in the visibilities contain the errors in the
total flux densitities plus, say, 25% more error due to
ionospheric variations in visibility measurements.

Table 1 contains sources detected on all three experimental
runs between Boulder and Haswell, and Boulder and Ames.
Table 2 contains sources detected on the Boulder-Ames
baseline and one Boulder-Haswell run. Finally, Table 3
contains sources detected on the Boulder-Haswell baseline
only. Dashes in this table indicate that these sources were not
scheduled for observation. The consistency of the results is
remarkably good considering the noisiness of the data. For the
Boulder-Haswell 1971 results, the average rms variation of
multiple observations of the same source was 3% and for BA
it was 8%. A comparison of the eight sources in common on
the two Boulder-Haswell runs shows deviations varying from
0% to 47% between the two epochs.

21

Interpretation of the data was very limited in the early
1970s. At the most we had two points in the uv plane (other
than the origin) from our data. High-resolution mapping at
centimetric wavelengths was only beginning so we had little
knowledge of the source structure at any wavelength. We used
available information from scintillations, occultations, and
interferometry at all radio wavelengths. We essentially were
constrained to testing the agreement between our data and the
published parameters of single and double-component sources.
The agreement was tested by using our uv values in models
reported in the literature and then comparing the predicted
visibility with our measured visibility.

DISCUSSION

We detected 36 out of a possible 49 radio sources on one or
both of the baselines. From a simple comparison of our
measured visibilities with the predicted visibilities using
models determined from higher-frequency data, we found that
in a large majority of cases, for which comparisons could be



Table 3. Boulder-Haswell Sources
November 1970 August 1971
Assumed Solar Solar
26 MHz Total Elongation No. of Elongation No. of
Source Flux, Janskys Vis Angle, ® Obs. Vis Angle, ® Obs.
3C2 56 0.80 160 2 U.D.*+
3C16 65 0.26 140 1 0.19 124 1
3C23 56 0.86 144 1 0.85 117 2
3C33 222 0.19 118 3
3C43 46 0.70 153 2 0.70 107 2
3Css 88 0.26 158 1
w3 31y 81 2
3C147 39 0.64 138 2 — — —
3C153 42 0.63 135 2 — — —
3C154 119 0.28 140 2 — — —
3C157 132 0.20 124 1 — — —
3C181 57 0.42 121 1 —_ - —
3C186 54 0.70 120 1 — — —
3C190 64 1.22 113 2 — — —
3Ci91 46 0.97 112 1 — — —
3C196.1 167 0.62 105 2 — — —
3C208 83 0.34 101 2 — — —
3C336 64 — — — 0.42 101 1
3C380 . 271 — — — 0.076 105 1
- PSR1919 — — — 35Jy 133 I
3C409 381 — — — 0.12 138 2
3C432 59 — — — 0.61 147 1
3C446 55 — — — 1.0 141 1
A dash means no scheduled observation.
**U.D. means Unreliable Data.
made, our data were consistent with those models. Wilkinson ACKNOWLEDGMENTS

et al. (1974) had discussed the consistency of some sizes over
a frequency range from 408 to 2695 or 5000 MHz. Our results
suggested that this consistency extended down to 26 MHz, an
overall factor of 100 or more in frequency. Within the accuracy
of our consistency checks, we found no straight-spectrum
source with a component that was optically thick at 26 MHz,

Our experiments showed that it is possible to find cor-
relations in 26 MHz data collected over an 83,000 baseline.
But considering the overall effort of erecting and maintaining
the telescopes, collecting the data, and calibrating and inter-
preting the data, very little hard information came from a large
amount of work. The cause of the minimal amount of infor-
mation deduced from the data was the ionospheric variation.
At times, the ionosphere caused the signals to completely
disappear. At all other times, the signals were severely disturb-
ed in amplitude and phase. Another contributing factor to
significant loss of data was lightning. Lightning located many
miles away disrupted the correlations. During the summer
season, lightning often occurs, with or without an accompa-
nying storm. It is very clear, that to make regular quantitative
high-resolution observations at frequencies of 26 MHz and
lower, the antennas must be above the ionosphere.
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Other principal investigators in this project were Stanley
Shawhan, Thomas Clark, and William Erickson,
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THE RADIO ASTRONOMY EXPLORER PROGRAM

VALUABLE LESSONS FOR FUTURE LOW FREQUENCY

RADIO ASTRONOMY FROM SPACE

Michael L. Kaiser
Laboratory for Extraterrestrial Physics
Goddard Space Flight Center
Greenbelt, MD 20771

The Radio Astronomy Explorer (RAE) program of the
late 1960s and early 1970s represents mankind’s first attempt
to perform low frequency radio astronomy measurements
from above the Earth’s ionosphere with a dedicated set of in-
struments. A review of the results of this program have been
given recently by Kaiser [in Radio Astronomy From Space,
NRAO, 1986], so only those lessons learned that have direct
application to a possible lunar low frequency radio obser-
vatory will be presented here.

Figure 1 is a drawing of RAE-2, which was placed in cir-
cular orbit around the Moon in 1972. RAE-, launched into
a 6000 km altitude orbit around the Earth, was very similar.
The spacecraft was gravity gradient stabilized and an active
libration damper was used to try to remove excess yaw due
to deviations from a perfectly spherical orbit. Both spacecraft
were equipped with two sets of 229-meter long Vee con-
figuration antennas oppositely oriented, one set pointing
radially upward and one set pointed toward the center of
gravity, namely, the Earth or the Moon. A third antenna
system, a short dipole, bisected the two Vees.

229-m UPPER ¥V

—_—
LIBRATION DAMPER VECTOR
128-m

T0 MDONW
£ AXIS

183-m LOWER V

Figure 1
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Connected to these antenna systems were two basic types
of radio receivers, Ryle-Vonberg and total power(burst), both
operating in the 25 kHz to 13 MHz range. The basic dif-
ference between these two types of receivers from a practical
point of view was the way in which their preamplifier sections
operated. The total power receivers were driven by a wide
bandwidth preamplifier section covering essentially the entire
operating frequency range, and with significant gain even out-
side of the nominal range. The Ryle-Vonberg receivers, on the
other hand, were made up of relatively narrow band pre-amp
sections, one for each operating frequency. A lesson learned
very early in the life of the RAE program was that the
receivers using wide bandwidth preamplifiers, although
easier and cheaper to build, suffered severely from distortion
due to strong signals anywhere in their passband, even at fre-
quencies not directly sampled by the receiver. More on this
will be mentioned later in connection with the terrestrial
emissions observed by the RAE spacecraft. The resulting
power pattern of the receiving system was not good by ter-
restrial standards. At frequencies of a few MHz, typical beam
widths were of the order of a steradian with significant side
and back lobes.

The major scientific achievements of the two RAE
spacecraft fell into several categories including solar physics,
planetary non-thermal emissions concentrating primarily on
the Earth’s auroral kilometric emission (AKR), in situ plasma
physics, and cosmic background mapping and spectra. In
fact, the study of solar type II and III radio bursts and the
study of AKR were extremely successful, accounting for
more than half of all the ~60 scientific papers published
from the RAE program. However, the galactic background
studies were, at best, only marginally successful due to a
combination of the poor angular resolution and strong in-
teference from AKR and other signals of terrestrial origin
(e.g., thunderstorm sferics and manmade).

The effects of the terrestrial noise spectrum were
alleviated for RAE-2 because of its distance (60 Rg) from
the source. However, even this large attenuation was not
enough as can been seen in Figure 2 where four months of
data from RAE-2 in lunar orbit are shown. At the two lower
channels shown, 40 kHz and 290 kHz, AKR dominates the
emission spectrum, at times reaching saturation levels and
frequently causing receiver intermodulation products
throughout the entire operating frequency range stemming
from the wide band pre-amp mentioned above. The AKR
maximizes at full Moon, which corresponds to RAE being



above the midnight sector of the Earth, directly in the main
beam of AKR. Even at frequencies of 1.27 and 3.93 MHz,
well above the natural band of AKR (50 kHz to 750 kHz), ter-
restrial effects are important, especially over the night
hemisphere. This higher frequency noise is a combination of
thunderstorm sferics from the whole “visible” hemisphere,
manmade broadcast stations and intermodulation from the
AKR.

Perhaps an even better appreciation of the dominance of
AKR can be obtained from Figure 3, again observed by
RAE-2 in lunar orbit. In the top panel is a dynamic spectra
showing received power as a function of frequency and time.
The black band in the middle (near 400 kHz) is AKR and the
dark strips near the top are other terrestrial signals. Just
before 15:00, the AKR and terrestrial signals are abruptly cut
off and do not reappear until about 15:30. This interval

corresponded to the time when RAE-2 was above the back
side of the Moon so that the Earth was occulted by the lunar
disk. In the bottom panels are individual frequency channels
where one can see that this occultation effect is extremely
dramatic. This single figure represents probably the strongest
reason for placing a lunar low frequency observatory on the
far, well away from the terminator.

In summary, the RAE program gave us two very valuable
lessons for use in any future low frequency observatories.
First, do not use wide bandwidth preamplifiers or receivers.
Specifically, avoid the AKR frequency range. Second, avoid
direct view of the Earth itself, because AKR and other ter-
restrial noise, all of which is many orders of magnitude above
cosmic background, will greatly hinder observations of in-
trinsically weak radio sources.
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THE 75 MHz VLA SYSTEM

WC. Erickson!
Department of Physics and Astronomy
University of Maryland
College Park, MD 20742

R.A. Perley
National Radio Astronomy Observatory
Very Large Array
Socorro, NM 87801

INTRODUCTION

The diffraction-limited resolution of radio astronomical
instruments has encouraged the development of in-
terferometric techniques. The technique known as ‘Earth-
rotation synthesis’ has been utilized by numerous instruments
(notably the VLA), and has proved immensely successful in
providing full-field mapping of celestial radio emission with
resolutions orders of magnitude better than that provided by
the largest single antenna.

However, the use of Earth-rotation synthesis has been
almost wholly limited to centimeter wavelengths. At longer
wavelengths, ( >>1 meter), the only instruments which
utilize the technique (the University of Maryland’s TPT, and
Cambridge’s 151 MHz array) operate over limited (5 km)
baselines. There are two reasons why high resolution, low
frequency interferometry has remained undeveloped. First,
the very long baselines required to obtain useful resolution
imply a prohibitive cost in transmission of the data to a cor-
relator. Second, and more importantly, the disruptive effects
of the ionosphere make calibration of the data very difficult
on baselines longer than 5 km. Recent hardware and software
developments now enable serious consideration of a high
resolution, low frequency instrument. The completed VLA
waveguide system contains ample unused bandwidth _for
transportation of low-frequency astronomical signals over
useful baselines, and new software techniques developed to
improve the dynamic range of VLA data should enable
calibration of low-frequency data taken from long baselines.
These considerations lead to the development of a meter-
wavelength synthesis instrument at the VLA.

THE PROPOSED SYSTEM

In 1984 we proposed a low-frequency synthesis array that
would utilize facilities already existing at the VLA site and
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would be operated in conjunction with the VLA [Perley and
Erickson, 1984]. A useful array could be constructed for
about one million dollars, and would represent an excellent
investment with regard to the science that would be returned.
The array design and construction present no technological
problems. We believe that data calibration can be accomplish-
ed using recently developed algorithms combined with a
priori information on the sources in the field of view obtained
at higher frequencies.

In examining various design options, we adopted the
following constraints:

(1) Operation of the low-frequency array should not
displace or inconvenience the current VLA.

(2) Maximum use should be made of the currently ex-
isting hardware and software at the VLA site, without
violating the first constraint.

(3) The total cost should be kept within reasonable ex-
pectations of what the NRAO RE (Research Equipment)
budget can provide.

The proposed instrument would be a powerful tool for
work on a broad range of astrophysical problems. The design
beamwidth of 10%-20" at 75 MHz will resolve thousands of
objects whose structures have never been studied at frequen-
cies below 100 MHz.

Since the ionosphere is a turbulent and highly refractive
medium, it strongly affects the propagation of low-frequency
radio waves. We have considered the expected effects on the
data and have outlined a method of calibration. In addition,
the problem of non-coplanar baselines was considered. These
topics were discussed in some detail by Perley and Erickson
[1984]. We showed that a general solution to the calibration
problem should exist, based upon the fact that the system
noise is entirely determined by galactic emission in the field
of view and not by the receivers. We showed that for maps
larger than 1° in extent, there should exist sufficient flux den-
sity from background sources to allow calibration of the data,
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assuming that an appropriate initial model of the stronger
sources is provided.

We emphasized that these conclusions were based on cer-
tain ideas concerning the typical behavior of the ionosphere.
Tests are needed to confirm that the proposed method of
calibration is actually practical. These tests can be made with
elements of the 327 MHz system in the ‘A’ configuration or
with the existing 25-meter VLA dishes instrumented for 75
MHz. The tests would be completed before any major expen-
ditures are scheduled to occur. If the calibration is as simple
as we anticipate (for a reasonable fraction of the total observ-
ing time), only modest computing facilities will be required.
We expect that the calibration will be simple when the
ionosphere is quiet, and difficult or impossible when the
ionosphere is disturbed. What we have not been able to estimate
accurately is what fraction of the time each of these condi-
tions are to be expected.

The proposed design can be summarized as follows:

1. Continuum capability at or near 75 MHz. Moderately
wide-band antennas are recommended for frequency flexibili-
ty, both in order to avoid terrestrial interference and to allow
bandwidth synthesis. Dual polarization is strongly preferred.

2. A maximum bandwidth of 4 MHz (probably limited
by interference), with two narrower bandwidths available. At-
tention should be paid to bandpass shaping to minimize con-
fusion from sources outside the field-of-view.

3. An array consisting of at least 27 banks of antennas
which will be permanently located near ‘A’ array stations. In
addition, we propose to place banks with those VLBA stations
within 400 km of the VLA. The proposed array will operate
only when the ‘A" array stations are occupied by existing
25-meter antennas. The effective collecting area of each bank
should be between 100 and 200 square meters. The banks
should be equatorially mounted, and fully steerable. It is highly
desireable to build more than 27 banks, since this will con-
siderably reduce the severe aliasing problems that are expected.

4. Preamplifiers will be located at each bank so the
signals can be conducted to the nearest VLA antenna with no
significant loss in signal-to-noise. Further amplification plus
frequency and bandwidth selection will be done at the VLA
antenna. The signals will then be injected into the existing
electronics for transmission to the control building.

5. At the control building, the signals will be extracted
and recorded with a VLBA (or similar) recording system.
These signals will then be played back into a special,
dedicated correlator, A modest, dual-channel, narrow-
bandwidth correlator is proposed. Multiple fields of view can
be mapped by repeated passes of the data through the
correlator.

6. Calibration and mapping will be done using currently
existing self-calibration algorithms.

7. Presuming 27 banks with 2 MHz bandwidth and 8
hour integration with dual polarization, the expected rms
noise at 75 MHz will be about 3 mJy, two orders of magnitude
lower than any other system at-this frequency.
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This would provide an array which would operate when
the current VLA is in the ‘A’ configuration—approximately 3
to 4 months per year. We estimate the cost of this system to
be about one million dollars. A full-time array would cost ap-
proximately three times more.

AN ALTERNATIVE SYSTEM

After we made this proposal in 1984 it became obvious
that, in spite of strong support from potential users, funding
at the million dollar magnitude would not be available in the
reasonably near future. We therefore considered a lower cost
alternative that would take us at least part way towards our
goal of the system outlined above. This alternative was to in-
strument the existing 25-meter VLA dishes at 75 MHz. A
system was developed in which 75 MHz crossed dipoles (con-
sisting of thin wires) are stretched between the feed support
legs of the dishes. These dipoles, with the subreflector acting
as a crude backplane, feed the dishes from their prime foci.
With this crude feed system an aperture efficiency of about
20% and a collecting area of ~100 m? per dish is achieved.
This collecting area is marginal for calibration except when
the ionosphere is quiet. However, the system should permit
many of the investigations that were originally proposed. It
does not satisfy constraint (1) as given above, i.e., use of this
alternative 75 MHz system will require that the dishes be
pointed at the object being observed and will thus strongly af-
fect the simultaneous use of the VLA at other frequencies.
Since many 75 MHz observations will be destroyed by
ionospheric scintillations and will need to be repeated several
times, this is not an efficient use of the VLA system.

The 75 MHz dipoles are in the shadow of the feed sup-
port legs and their presence does not affect the other VLA
frequencies. Instrumentation at 75 MHz consists of only the
dipoles and simple transistor preamplifiers; the preamplifier
outputs are connected directly to an alternate input port on the
327 MHz modules. The principal problem with the system is
caused by interference radiated by the digital equipment in the
telescope. We have developed effective shielding for this
interference.

Four VLA dishes are now instrumented at 75 MHz and
operate satisfactorily. These have allowed us to demonstrate
that strong, stable interference fringes can be obtained when
the ionosphere is quiet. However, four elements do not yield
enough baseline combinations for us to test mapping
algorithms or to do useful science at this frequency. More
dishes will be instrumented when resources permit. Once we
have demonstrated that valid maps can be obtained and that
useful scientific results can be produced with this alternative
system, we hope to construct the full, stand-alone system that
we originally proposed.

“A Proposal for a Large, Low Frequency Array Located at
the VLA Site,” R.A., Perley and W.C. Erickson, 1984,
VLA Scientific Memorandum #146.
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PART IIT — SCIENCE WITH A LUNAR VLFA

SCIENCE AT VERY LOW RADIO FREQUENCIES

N. Duric
University of New Mexico

ABSTRACT

The broad scientific goals of a lunar based Very Low
Frequency Array are presented. The frequency range of 1 -
30 MHz is defined to be the operative VLF window. The low
frequency end of this window is useful for studies of the in-
terstellar medium since the large scale distributions of ther-
mal and relativistic gas are traceable at these frequencies.
Studies of discrete objects, both galactic and extragalactic,
are possible at the higher frequency end of the window. The
VLF window is ideally suited for studies of phenomena not
manifested in any other spectral band. These include studies
of low energy cosmic ray particles, thermal environments of
discrete radio sources and coherent radiation arising from
collective plasma processes.

INTRODUCTION

Very low frequency radio astronomy is bounded by two
major constraints. The first is the Earth’s ionosphere. It has
a characteristic and variable plasma frequency of = 10 MHz.
Combined with radio interference, both man-made and
geomagnetic, routine observations are limited to >30 MHz.
Reliable, straightforward observations at lower frequencies
can only be made outside the ionosphere and a handful of
satellite-borne antennas have been used to do this (Kaiser, this
workshop). A more fundamental limit to VLF observations
is set by the interstellar medium (ISM). Although its plasma
frequency is relatively low (= 30 kHz), the ISM absorbs and
suppresses radio emission, in a number of ways, at frequen-
cies substantially greater than the plasma frequency. The
Razin-Tsytovich effect, free-free absorption and synchrotron
self-absorption are examples of mechanisms that inhibit radio
emission near, and sometimes above 1 MHz. These
mechanisms limit observations of discrete galactic and ex-
tragalactic objects but afford a better opportunity to probe the
properties of the ISM. In fact, the VLF window defined by
the 1 — 30 MHz range spans a wide enough frequency range
to allow both studies of the ISM and studies of discrete ob-
jects, relatively immune from foreground plasma effects.

Density fluctuations in the interstellar plasma lead to
another effect, namely interstellar scintillation. Refraction by
the inhomogeneities distorts the incoming wavefront, thereby
blurring the observed image. This interstellar “seeing” sets
a fundamental limit to the achievable resolution in direct VLF
observations. At | MHz, this limit is = 0.5 degrees, whereas
at 30 MHz it falls to = 2" As discussed by Dennison (this
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workshop) some resolution can be recovered, under certain
conditions.

The inhomogeneous nature of the ISM all but eliminates
the possibility of polarization studies at these frequencies.
Within the effective beam of the VLF array, the ISM presents
many such inhomogeneities with differing densities and
magnetic field strengths. This leads to differential Faraday
rotation which acts to depolarize the observed source.
Polarization measurements will therefore only be possible for
the closest sources. This does not present a great setback
because polarization measurements can be obtained at higher
frequencies with Earth-based telescopes.

The presence of a strong nonthermal background, which
has a mean flux density of = 1 Jy/(arcminute)? at 1 MHz
(Cane, 1979), also limits VLF observations. The observed
noise level depends on the system temperature

AT, p™ Tgy® Ta+ Ty,

where 74 and T, are the antenna and receiver temperatures,
respectively. For normal cm-wave observations T, <Tg and
the system temperature is dominated by the receiver noise.
However, for strong sources at low frequencies the condition
T, »Tg can be met. In those cases the signal-to-noise ratio
becomes independent of the receiver noise and therefore in-
dependent of integration time since,

AT, Tx = 30S(Jy)/Q(Sr)

at 1 MHz. The measured flux density is S and the angular
size of the beam is Q. In the case of the galactic background
T, = 2x107K, much greater than the receiver noise
temperature (Erickson, 1988; Douglas, this workshop). Fur-
thermore, local enhancements in the background augment
this effect. The extra sources of noise will limit the dynamic
range of the observations and therefore limit the possible
science.

Finally, the ISM is a source of coherent plasma processes
which are manifested at very low frequencies. Such processes
have been observed in solar radio bursts and in the
magnetospheres of Jupiter, Saturn, Uranus, and the Earth.
Coherent effects are expected to be important near 1 MHz.
The reduction and analysis of such observations is not
straightforward as described later in the paper.

VLF radio astronomy is, today, in an analogous position
to where X-ray astronomy was in the late 1960s. The Sun and
a few strong galactic sources dominate the known sources in



the VLF sky, as observed from the Earth. Unlike X-ray
astronomy though, balloon-borne VLF astronomy is not
possible since it is necessary to climb above the ionosphere.
Only direct satellite observations can be made and these have
been few with rudimentary antennas. An array could be con-
structed in space but this would not obviate the problems
associated with the emissions from the Earth’s
magnetosphere (Kaiser, this chapter). VLF astronomy is
therefore in the untenable position of being bounded by the
presence of the Earth itself. It is these disadvantages which
have slowed the development of VLF radio astronomy
relative to X-ray and even vy-ray astronomy. An important
lesson to be learned from X-ray precursor missions is that not
all the science can be predicted and quantified. The precursor
missions themselves provided much of the guidance in defin-
ing the scientific goals of more advanced missions such as the
Einstein X-ray telescope. It is therefore desirable that the
VLF lunar base mission be preceded by precursor projects
aimed at mapping out the sky with an IRAS-style all sky
survey. The scientific goals currently envisioned are sum-
marized below, keeping in mind that better focus and even
some redirection will be dictated by the proposed precursor
missions.

SOURCE SPECTRA

The synchrotron spectrum of a radio source is determin-
ed by the shape of the energy spectrum of the radiating elec-
trons. The slope and the energy cut-offs of the energy spec-
trum have a one-to-one correspondence with the radio spec-
trum. The emissivity of the source depends on the strength
of the ambient magnetic field and the density of relativistic
electrons so that:

Su“ N BU-v2 ) —(y—-1)72 (l)

between the 2 energy cutoffs, where S, is the synchrotron
emissivity (incoherent radiation) at the observing frequency
v and +y is the index of the power law energy spectrum
(N(E) o< E-m).

Observations of synchrotron sources reveal surprisingly
similar energy spectra having implied slopes close to the
universal value of 2.5. High frequency cutoffs can generally
be observed (although they don’t always fall into the radio
window). The low energy cutoffs, on the other hand, have
rarely been observed because they fall below 30 MHz. The
same holds true for direct detections of Earth-bound galactic
cosmic rays for which the high energy end has been studied
through air-shower experiments but the lower energy end
(below = 0.1 - 1 GeV) is inaccessible because of solar
modulation. Interestingly enough, the particle detector ex-
periments and radio observations, both fail as probes of
energetic particles in the same energy range. It is true to say
that almost nothing is known about the spectra of relativistic
particles at energies corresponding to the VLF window.
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The calculation of radio source luminosities is directly
dependent on the spectral cutoffs according to:

Lee ploa — ploa )
where L is the luminosity and the frequency cutoffs are label-
ed as max and min. The lower cutoff is important for steep
spectrum source having « close to greater than 1. This is of
direct consequence to equipartition calculations of the
energetics of radio sources since these are dependent on the
source luminosities. The knowledge of the lower frequency
cutoffs will improve calculations of the magnetic fields
strengths and the energy contents of relativistic particles in
steep spectrum sources such as pulsars and the lobes of radio
galaxies. Better equipartition calculations, combined with
observations of absorption effects and polarization studies at
higher frequencies, will shed more light on the energetics and
environments of radio sources.

A relativistic electron radiates at a characteristic fre-
quency given by

vyn = 10'8 B, E°Hz. 3)

An electron with an initial energy E,, will lose half its energy
in

-2 =1
1, =8x10° ( :z; ) ( GEV) yrSs. 4

Energy losses of relativistic electrons quickly steepen an in-
jected spectrum at the high frequency end. The longer the
source ages without further particle injection, the lower the
frequency, »,, at which the spectrum begins to steepen.
Combining equations 3 and 4, it is possible to relate the turn-
over frequency v, to t, the age of the source. This frequency
is given by: '

ve = 34xI08B-31-2 Hy )

where ¢ is in years. For y, = 1 MHz and B = 3x10-5G,
t = 3x10'° years. Thus, once accelerated, the lower energy
electrons remain for a long time and may represent the
original injection spectrum. VLF radio observations can
therefore trace low energy electrons and, in a 'sense, probe the
fossil records of radio sources. . '

The shape of the low frequency end of the radio spectra’
(free of absorption effects) will also provide a useful con-
straint on theories of particle acceleration which are relevant
to the more general problem of the origin of cosmic rays.
Perhaps the most widely proposed acceleration mechanism is
the diffusive shock acceleration process which is a first-order
Fermi process by which particles are accelerated across
shock fronts. Direct observational evidence for such a
mechanism has come from in situ observations in the in-
terplanetary medium, with particles up to a few MeV in
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range, observed. In astrophysical settings, such as SNRs,
radio observations indicate the presence of particles having
energies of a few GeV to hundreds of GeV. The overlap bet-
ween the lower energy particles produced in the Solar System
and the higher energy particles at astrophysical sites has not
been observed because of the dearth of observations at the ap-
propriate energies. Such an overlap is needed in order to test
the applicability of the observationally verified acceleration
processes in the Solar System to the more extreme
astrophysical environments. Most theories of particle ac-
celeration predict approximate energy cutoffs for the energiz-
ed particles (e.g., Volk, 1988; Blandford, 1988). Observa-
tions of the low energy end of the particle distribution func-
tion will strongly constrain these theories.

VLF RADIO SPECTRA

The spectra of radio sources below 30 MHz have never
been reliably measured with Earth-based observations. Fur-
thermore, poor angular resolution has prevented detailed
mapping of sources even at frequencies as high as 300 MHz.
The mechanisms that modify the spectra at low frequencies
through extrinsic (environmental) and intrinsic effects are
described below.

The Razin-Tsytovich Effect

According to Tsytovich (1951), Eidman (1958), and Razin
(1960), relativistic electrons embedded in a thermal plasma
have their synchrotron radiation suppressed below the critical
frequency given by:

N,
B,

vg = 20 Hz. (6)

The spectrum steepens in shape from

§,0cp ~(rmnf2 v > vy

to (Lang, 1980)

SV o< p 3/2—7 e—3.7m/v v < vg

For typical interstellar gas densities of 0.1 cm~? and B =
10-% G, vg = 10° Hz, well below 1 MHz. However, if the
environments in which the particles are radiating have locally
higher electron densities and/or lower B fields this effect
could easily manifest itself in the VLF window defined
above. The effect could be searched for in galactic objects
such as SNRs and pulsars and in extragalactic objects such as
active galactic nuclei (AGNs) and lobes of radio galaxies.
Recognition of the unique spectral shape predicted by the
Razin-Tsytovich effect is the primary means by which this
mechanism would be identified in radio sources. The en-
vironment of such a source can be probed since the vy
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depends only on N, and B . An independent means of
calculating one of the 2 parameters would immediately yield
the second. For example, equipartition calculations of B
and the observed value of v, yield the thermal gas density
according to equation 6. Comparison of such calculations
with Faraday rotation measurements made at higher frequen-
cies would provide a consistency check and a direct test of the
validity of equipartition calculations. Such a test would be of
profound significance in understanding the physics of the in-
teraction between magnetic fields and relativistic particles in
radio sources.

Free-free (Thermal) Absorption

Plasma between the observer and the source can absorb
radiation through the free-free transitions of ions. The optical
depth of such a plasma to radio frequency radiation is given
by

e T135y=21 [ N2dl @
which is unity at a frequency given by:
yp = 0.37068 NI GHz )]

where [ is the path length in parsecs. Taking 7, = 10°K and
N, = 0.1 cm~? the turnover frequency is a function only of /.
Looking through the galactic plane, the turnover frequency is
~ 1 MHz. Perpendicular to the plane, vy = 0.2 MHz. Ex-
tragalactic sources and distant galactic sources will therefore
be strongly attenuated looking through the galactic plane and
marginally attenuated otherwise. A statistical study of ex-
tragalactic sources could therefore be used to map out the
distribution of thermal, ionized gas in the galaxy. Such a
study can be combined with statistical studies of the Faraday
rotation (e.g., Simard-Normandin, Kronberg and Button,
1980) to determine length averaged B fields through the
galaxy. This would impact significantly on our very limited
knowledge of the structure and strength of the global in-
terstellar magnetic fields. Similar studies of discrete sources
can be used to probe their local environments. A good exam-
ple is the thermal environment thought to exist around ex-
tragalactic jets and lobes. If the thermal gas is mixed in with
the radiating particles, the spectrum assumes a flatter shape
given by:

5, o< p21-(—12 < v,
If the absorbing gas is between the source and the observer
then:

S, o< e !

In either case, the absorbed spectrum has a recognizable
shape.



Synchrotron Self-Absorption

A source is opaque to its own synchrotron radiation
when:
b~ 34 ( Si, >B”5 MH; ©)
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where B is in Gauss and 6 is the angular size of the source
in seconds of arc and S is in Janskys. Normally a radio source
is self-absorbed under the most extreme conditions such as
the cores of radio galaxies. However, for very low frequency
these conditions can be less extreme. Conséquemly, the fre-
quency turnovers of many more sources will be uncovered. A
self-absorbed spectrum has a theoretical shape, below ,
given by (S, o< 625). In practice, the observed slope does not
reach such high values because different parts of the source
reach self-absorption at different frequencies. This dilution is
minimized at very low frequencies because the absorption
can occur over greater angular scales. Nevertheless, this im-
portant lesson from high frequency radio observations needs
to be considered when interpreting the observations. The
magnetic field of a self absorbed source can be derived very
accurately because of its strong dependence on v. In order
to disentangle synchrotron self-absorption from other absorp-
tion effects, these searches should best be carried out at the
higher frequency end of the VLF window (= 10 MHz). Once
the self-absorbed sources are identified, their angular sizes
can be determined from GHz observations, leaving the
magnetic field as the only remaining variable. The determina-
tion of B for a large sample of radio sources is important in
understanding their internal energetics and the lifetimes and
replenishment of relativistic particles.

Coherent Plasma Processes

When the particles that make up a plasma are separated
by scale lengths comparable to the wavelength of the EM
radiation, collective effects can and do become important. If
a population inversion of emitting particles exist (5 >0) this
leads to stimulated emission which is a coherent process.
This presents both an opportunity and a problem. The oppor-
tunity lies in the possibility of studying a new and interesting
phenomenon as has been done in the solar system with solar
radio bursts, and the magnetospheres of Jupiter, Saturn,
Uranus and the Earth (Kaiser; Desch, this chapter). The
parameters under which this process operates suggest that it
may be observable in other stellar systems and in many radio
sources where modestly high gas densities (I10° - 105 cm—3)
and B fields (001 — 1G) exist. (Stone and Erickson, 1976).
The problem lies not in the science but in the manner in
which the data are analysed. Most interferometric techniques
assume that source radiation is spatially uncorrelated.
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Coherent radiation processes may, however, correlate over
large spatial scales and the assumption is therefore invalid.
The VLF array is sensitive to:

V,(ry,ry) :<E,(r,)E:(r2)> 77
where V, is the measured correlation and E is the electric
field at the two source locations, ry,rz. The normal simplify-
ing assumption for incoherent radiation is that, at the source
positions (Ry,R;), <E,(R,)E(R,>=0 for R, #R;. In the
case of coherent radiation that assumption cannot be made.
Spatially correlated radio emission can be mapped in the
usual way but the interference pattern is a function of not only
the relative antenna positions but also the absolute antenna
positions. The data reduction techniques are therefore not as
straightforward (Anantharamaiah, 1988),

In the case of interstellar scintillation the emission is
coherent over short time scales (fractions of seconds). Ex-
tremely short snapshots can be used to record the instan-
taneous coherence pattern which can then be analysed using
techniques analogous to speckle imaging (Dennison, this
workshop). ) T
~ Solar and planetary observations will make up a major
fraction of the research effort of the array, particularly if fre-
quencies below 1 MHz are used. Absorption effects are not
important at the relatively short distances involved and obser-
vations in the kHz bands are possible. Such observations will
allow better studies of the coherent processes that take place
in the solar system. With the right combination of frequencies
and angular resolution, it may be possible to spatially resolve
the regions of coherent emission in the magnetospheres of the
giant planets. The data reduction, in such cases, has the same
complications discussed above.

Interstellar Scintillation 7

An EM wave travelling through an inhomogeneous
plasma will have its phase altered in response to changes in
the refraction index along its path. This leads to a bending of
the propagating ray in a manner analogous to a random walk.
The average angular deviation from a straight line-of-sight
path determines the apparent angular size of the source. As
discussed by Dennis on (this chapter) this leads to an effective
lower limit on the angular size of any radio source, which at
I MHz is = 0.5 degrees. Since the effect is o v~ the limit
approaches 1” at 30 MHz. Although this limits the resolution
of the VLF array it also acts as a well defined constraint on
its design. Under some conditions extra resolution may be
achievable through deconvolution techniques and this may
need to be taken into account when designing the array.

By inverting the problem, interstellar scintillation can be
used to probe the nature of the scatters in the ISM. Compar-
ing VLF and higher frequency measurements of the angular
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sizes of a large number of extragalactic sources, statistical
studies can be made to map out scintillation effects as a func-
tion of galactic longitude and latitude to gain insight into the
global distribution of the scatters in the galaxy. The same
technique can be used to study the properties of the IPM.

SUMMARY

The major research effort of the lunar based VLF array can
be divided into 4 broad categories:

(a) Solar, planetary studies (<1 MHz)

The low frequency end of the VLF window is ideally suited
for solar and planetary work because of its sensitivity to
coherent effects. Absorption effects are avoided since the
sources are relatively nearby. The bulk of this research will
be aimed at monitoring transient phenomena and resolution
is therefore not an important issue. Nevertheless, the design
of the array will allow for good directionality to avoid
sidelobe interference, particularly from the Sun and Earth’s
magnetotail.

(b) Studies of the ISM (absorption effects,
=~ 1 MHz)

scintillation;

Observations at frequencies near 1 MHz will be used to probe
the ISM and the environments of radio sources. The Razin-
Tsytovich effect, combined with high frequency Faraday rota-
tion measurements can be used to estimate N, and B in the
local environments of radio sources. Thermal absorption of
extragalactic sources can be used to measure the distribution
of HII in the galaxy. These measurements can then be com-
bined with pulsar dispersion measurements, and observations
of foreground Faraday rotation to more accurately determine
the column densities of HII, as a function of both latitude and
longitude. Measurements of radio disks caused by scintilla-
tion can be used to probe the second moment of the density
distribution ( <ANZ>).

(c) Discrete radio sources (galactic and extragalactic
sources; 10 - 30 MHz)

Observations of synchrotron self-absorption allow the deter-
mination of intrinsic source magnetic fields. Consequently,
energetics of radio sources can be better understood and the
validity of equipartition assumptions can be directly tested.

The medium to high frequency portions of the VLF window
provide observations of synchrotron spectra relatively free of
absorption effects. Locating intrinsic low energy cutoffs will
allow more accurate determinations of radio source
luminosities which in turn improve calculations of source
energetics. Studies of the long lived electrons that radiate at
these frequencies will provide useful insights into source
histories. The shape of the spectrum at low frequencies, and
the locations of the low energy cutoffs are important
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constraints of particle acceleration theories since these 2

parameters are model dependent.
(d) High resolution, all-sky survey (1 - 30 MHz)

History is the best judge of the importance of all-sky surveys.
The precursor mission will provide initial low resolution
maps of the sky. The lunar base array will produce high
resolution, sensitive maps of the sky and generate a data base
for detailed statistical studies and follow-up studies of in-
dividual sources. Most important, the survey will set the
foundation for long term planning and optimal use of the
array.

The VLF window is not just another portion of the radio
spectrum. It is an unexplored spectral region which offers in-
sights into phenomena impossible to study from the Earth or
even in Earth orbit. It promises insights into the ISM and
gaseous environments of radio sources. A window will
literally be opened onto the uncharted fields of plasma effects
and coherent processes. Serendipity is a factor whenever a
new field is opened to exploration and we expect discoveries
to shape much of the future research the VLF array will
generate.
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VOYAGER RADIO ASTRONOMY AND
THE LOW FREQUENCY NEAR-EARTH RADIO ENVIRONMENT

M.D. Desch
Laboratory for Extraterrestrial Physics
Goddard Space Flight Center
Greenbelt, MD 20771

ABSTRACT

I review the major features of the radio astronomy €x-
periment onboard the two Voyager spacecraft. In addition,
the major sources of noise in the near-Earth environment are
identified. They are: (a) terrestrial atmospherics, (b) ter-
restrial kilometric radiation, and (c) solar Type 111 bursts. In-
terference from all but the last is eliminated by observing
from the lunar far-side. Based on experience with numerous
classes of spaced-based radio astronomy experiments, the use
of relatively simple antennas with a sophisticated observing
scheme seems not only expedient but most likely to operate
effectively on the Moon. Finally, a science rationale for
lunar-based planetary observations is presented.

1. Planetary Radio Astronomy on Voyager

The Planetary Radio Astronomy (PRA) receiver shares
space on Voyager with 9 other instruments (Figure 1). The
198-channel swept-frequency receiver is driven by two
10-meter orthogonal monopoles. The input is alternately swit-
ched through a quarter-wave hybrid to sense right-hand and
left-hand circular polarization. The PRA receiver covers the
frequency range from 1 kHz to 40 MHz in 198 steps. Figure
2 shows how this band covers the well-known Earth-based
transmitter frequencies and the natural planetary radio
sources now recognized in the solar system.

Both Voyagers were launched in 1977. As illustrated in
Figure 3, encounters with Jupiter occurred in 1979, with
Saturn in 1980 and 1981, and with Uranus (Voyager 2) in
1986. Voyager 2 will encounter Neptune in August 1989. Thus
far, every encounter has resulted in the discovery of new radio
phenomena. '

Figure 4 shows a 24-hour radio spectrogram. The fre-
quency band ranges from 1 kHz at the top of each panel to
1320 kHz at the bottom of each panel in 70 equal steps. Both
solar type III bursts and Saturn kilometric radiation (SKR)
are clearly visible. Some Jovian emission (HOM) is visible
near 1 MHz, especially from about 7 to 8 hours in panel 2.
At the time this spectrogram was made, Voyager 1 was about
07 AU from Saturn and about 4 AU from Jupiter.

The spectrogram in Figure 5 illustrates a type of emis-
sion, namely SED, never before seen by Voyager. The SED,
or Saturn Electrostatic Discharges, are visible as the short
vertical streaks, extending from 40 MHz to 100 kHz.

Because of the way our receiver samples, we know that
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the SED are actually very broadband (probably at least many
hundreds of MHz) and of short duration (50 - 100 msec).
They have been shown to originate in Saturn’s atmosphere,
near its equatorial region, and are very likely due to
lightning-like emissions. By observing the low-frequency
cutoff of these atmospheric emissions, we were able to
generate a global model of Saturn’s equatorial ionosphere

density.

2. RF Environment Near 1 AU

Observations from Voyager and from other spacecraft
carrying radio instruments have helped us assess the radio
noise environment in the vicinity of 1 AU. Figure 6 shows a

IMAGING, NA
IMAGING, WA )
A LT
PLASMA i \s’{'\
23‘51 ‘r‘]‘
A
Wy '
COSMIC RAY\\ \\'?o
-
HIGH-GAIN ;\\, <

ANTENNA
{3.7-m DIA} \‘

SUN
SENSOR

LOW-FIELD
== MAGNETOMETER
A5 121

-

MISSION MODULE (Shown Without
Thermat Blankats For Clarity}

ULTRAVIOLET
SPECTROMETER

PHOTOPOLARIMETER

LOW-ENERGY
CHARGED PARTICLE

MICROMETEORITE
N \(—smnn s}

I " I

HIGH-FIELD AP ‘§
MAGNETOMETER ;,:3. e
&5 s‘
5 J

INFRARED
SPECTROMETER
AND AADIOMETER

HYDRAZINE AC/TCM
THRUSTERS {16}

OPTICAL
CALIBRATION
TARGET

CANOPUS

STAR TRACKER
{NOT VISIBLE IN
THIS VIEW (2)

PLANETARY RADIO
ASTRONOMY AND
PLASMA WAVE
ANTENNA {2}

RADIOISOTOPE
THERMOELECTRIC
GENERATOR (3)
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radio spectrogram of Voyager data when it was near Earth,
shorthly after launch. The spectrogram is dominated by the
Earth’s natural auroral radio noise (AKR). AKR is observed
in the frequency band from about 50 kHz to 750 kHz. Also
seen in this spectrogram is a type of noise generated at the
antennas, due to coupling with the antennas to the solar wind.
It is always observed when the solar wind plasma density is
unusually large, say, greater than a few tens of particles per
cubic centimeter. In the spectrogram, this antenna coupling
noise (or thermal noise) occurs over the band from a few kHz
to about 200 kHz. A solar type III burst can be seen in the
first few hours of the spectrum. The top panel in this spec-
trogram illustrates the polarization signature of these emis-
sions. Black represents LH circular polarization. The AKR
appears LH polarized, while the Type I burst and the anten-
na coupling noise are unpolarized because they do not show a
consistent polarization signature.

Figure 2. Frequency coverage of the radio astronomy instru-
ment on Voyager. The radio emissions from Saturn, Uranus
and the low frequency portion of the Jovian emission were
unknown before Voyager.
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Figure 3. Trajectory of the rwo Voyagers. Voyager 2 encounters Neptune in August, 1989,
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Figure 4. Radio spectrogram showing 24 hours of data from
Voyager 1. In each frame, 1 kHz is at the top and 1320 kHz
is at the bottom. Several solar Type III bursts and several
episodes of Saturn kilometric radiation (SKR) are visible.
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Figure 5. (top) Radio spectrogram taken near Saturn show-

ing 20 minutes of activity during an intense period of SED
(Saturn electrostatic discharge) activity. (bottom) Periodic
nature of the SED ‘storms’ over a 7.day span from which it
was deduced that the SED were coming from an equatorial
storm system in the atmosphere of the planet.
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Figure 6 does not give a good indication of the potential
level of noise from solar Type TII bursts. Figure 7, however,
shows how the Type III bursts can completely dominate the
noise background at times. The top panel cartoon is useful in S
helping to identify the Type IIT bursts and the AKR. '
At somewhat higher frequencies, typically above | MHz,
man-made noise and lightning rf contribute significantly to

T the general level of noise observable at 1 AU. Figure 8, from :
N RAE (Radio Astronomy Explorer) satellite observations near :
:z: 9 MHz, shows antenna temperature contour levels in dB
a above 300°K. The observations were made from an altitude =
:c:t' of about 6000 km. Given the proper ionospheric conditions, -
almost any location on Earth can produce easily detectable
R/Re 43 80 0.7 130 14.9 165 noise in the terrestrial vicinity. s
MLAT 56 44 38 33 27 "9 Figure 9 compares quantitatively some of the noise =
MLT 15.0 16,7 17.4 7.t 7.2 172 . PO s
sources discussed above. The observations were made from =
ISEE-1 3-4 yuLy 1979 » the ISEE spacecraft from out near the Earth-Sun libration H
Figure 7. Radio spectrogram from ISEE-1 showing the inten- p(.)mt,' several hundred R, frO{n Eartl}. Lacking is ﬂ.le con- =
sity of solar Type 1T bursts [from Farrell and Gurnent]. tribution due to man-made noise, which would dominate at =

1 I I B a— I | B

L

i

1

o o o
90 180 90 0
Figure 8  Isocontours of antenna temperature JSrom RAE-1 observations at an altitude of 6000 km. Noise is due to the combina-
tion of lightning activity and man-made transmissions at 9 MHz.
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Figure 9. Flux spectrum showing typical noise levels of the most important
noise sources at 1 AU. Included are AKR (lower limit), solar Type I emis-
sion (IP), and antenna thermal noise due to coupling with the solar wind.

frequencies above 1000 kHz. Man-made noise would cer-
tainly be comparable to the IP storm level above 1 MHz,
however. Two spectra are shown for the AKR; the lower one
(dashed) illustrates the intensity level of AKR when observed
over the dayside of Earth, the higher one (solid) shows the
level observed over the nightside. IP storm is the radio noise
due to a succession of Type III solar bursts observed during
an interplanetary (IP) ‘‘storm.”’

Table 1 provides a summary of the recognized low-
frequency noise sources near 1 AU. They are tabulated in ap-
proximate order of importance. Items with an *“‘X’’ in col-
umn 1 would be detectable on the lunar far-side. Others
should be undetectable due either to the shielding provided
by the Moon, or because, as with Uranus, the emission is too
weak.

Table 2 provides a rough comparison of spacecraft
antenna systems with which the author has had personal ex-
perience. A scorecard is included to evaluate the relative suc-
cesses of each. It is clear, of course, that for planetary obser-
vations, ‘going there’ is the best bet. Hence Voyager, with
only a 10-meter dipole, has detected the most planets. If con-
fined to the near-Earth vicinity, then residing in an rf quiet
neighborhood is the next-best thing. Hence ISEE, fixed at the
Earth-Sun libration point on the Earth’s dayside has done ex-
tremely well. If ISEE had to make observations above 9
MHz (the dayside critical frequency), however, it would not
do very well owing to likely interference from terrestrial at-
mospherics. RAE, surprisingly, has not done that well

Table 1. Low-Frequency Noise Sources at 1AU

Source Frequency Pol Level Spacecraft
Terrestrial I MHz - Day yes v. strong
Atmospherics
x Type HI 20 kHz - Day no strong
Bursts
AKR 20 - 750 kHz yes strong
AKR’ 20 - 100 kHz ? moderate ISEE
Antenna dc - 200 kHz no strong
Coupling
x Jupiter 20 kHz - 40 MHz yes moderate V1, V2, ISEE, RAE
x Saturn 20 kHz - 1 MHz yes moderate ISEE
Uranus 20 kHz - 850 kHz yes v. weak IMP-6 (7)
Neptune ?

represent an important science objective of the array.

« Note that two of the major sources, namely, terrestrial atmospherics and AKR do not present a noise problem on the far side.

s Type III bursts would be detectable over approximately 1/2 of each lunation.

o AKR’ (AKR prime) is a recently discovered low-frequency component of the AKR that is of moderate intensity, but very infrequently observed.
It may originate on field lines far down the Earth's tail and would therefore be observable over half a lunation. This particular component may

« Antenna coupling noise would be detectable during times when the array is immersed in the solar wind {approximately half a lunation) provided

the solar wind density is extremely high (a few hours each month).
Finally, the planetary sources Jupiter and Saturn should be relatively easy to detect and would represent important science objectives of the array.
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considering the size of its antenna system. This is particularly
true below 1 MHz. I believe this fact underscores the impor-
tance of the observing mode in helping to properly identify
the myriad of signals incident on space-based receiver
systems. ISEE, with a small antenna systems maintains a very
good identification record due to the spinning platform from
which the observations were made. Harmonic phase fits to
the intensity modulations from various sources helped con-
siderably in identifying sig.

Table 2. Spacecraft Antenna Systems: Comparison

Spacecraft Antenna Scorecard
physical electrical observation
length type mode
RAE 460 m travelling  transit T (not easily)
wave V
IMP-6 90 m  electrically spinming T (easily), U(?)
short
ISEE 90 m electrically  spinning I, S (both easily)
short
Voyager 10m  electrically encounter J, S, U
short
J=Jupiter
S=Saturn
U=Uranus

Summarizing, in low-frequency radio astronomy a quiet
environment and a clever observing scheme are far more im-
portant than massive antenna structures. This general
‘philosophy of low frequency radio astronomy’ argues
strongly for individual array elements that are very simple in
design, such as simple short dipoles, rather than individual
clements that are complex, such as log spirals or large Vee
structures. This simplicity is more than made up for by the
use of aperture synthesis, which is in a sense the modern-day
equivalent of the spinning platform used on ISEE to identify
the direction of arrival of incoming signals.

3. Science Rationale from a Planetary Perspective

As is apparent from Figure 10, most of the interesting
work that can be done in planetary radio astronomy is below
1 MHz. The spectral peaks of the emissions discovered by
the PRA experiment onboard Voyager are all in the
neighborhood of 100 - 1000 kHz. These are radio com-
ponents that cannot be observed from the ground, and can
only be detected from space in quiet rf environments.

Planet by planet, the emission components of imediate
interest and whose study would most likely have far-reaching
implications for solar-system research are as follows:
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Figure 10. Median flux densities of the known planetary
sources normalized to a standard distance of 1 AU. The
dashed portion of the Jupiter curve is what was known before
Voyager.

Earth  Although the primary component of the terrestrial
emission, AKR, is invisible from the lunar far side,
of potentially great interest is the recently
discovered (what I have called here) AKR’ emis-
sion. It occurs only infrequently, but may be very
important in mapping the plasma dynamics of the
Earth’s magnetic tail regions during disturbed,
auroral-related, conditions. Very little is known
about this emission at present, but if its importance
to tail dynamics holds up, then a lunar menitoring
platform would be ideal for its study.

Jupiter The kilometer-wavelength components of Jupiter’s
emission (labelled KOM in Figure 10) are impor-
tant in understanding the dynamics of the Io plasma
torus. Presently, and for the forseeable future, To
and its related plasma torus, play an extremely im-
portant role in understanding the physics of the Jo-

vian system. Study of the KOM provides one of the
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Saturn

few ways, along with spectroscopy, in which the Io
system can be monitored remotely.

The Saturn kilometric radiation (SKR) is fairly well
understood, although futher monitoring would
almost surely turn up additional surprises. An im-
portant advantage in monitoring the SKR, however,
is the fact that the SKR is strongly solar wind con-
trolled. Therefore, a record of the intensity level of
the SKR is also a highly reliable record of solar
wind conditions, in particular the solar wind densi-
ty, at a distance of 10 AU. This record may be of
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importance in deconvolving the low-frequency syn-
thesis maps from the effects of interplanetary
scintillations.

In addition to the SKR, the Saturn Electrostatic
Discharges, or SED, have provided extremely im-
portant information on Saturn’s jonospheres,
besides being an interesting phenomenon to study
in their own right. Observations of SED near 35
MHz yield information on variations in the
ionospheric density; there is no other remote sens-
ing technique capable of doing this.






THE EFFECTS OF SCATTERING AND SCINTILLATION IN THE
INTERSTELLAR AND INTERPLANETARY MEDIUMS

Brian Dennison
Department of Physics
Virginia Polytechnic Institute and State University
Blacksburg, VA 24061

ABSTRACT

Radio waves are scattered in propagating through the in-
terstellar and interplanetary mediums. This effect sets limits
to the effective resolution that can be achieved with a low-
frequency array. Here, we review the “‘standard model” for
scattering, and we use it to estimate the limitations relevant
to a lunar low-frequency array. At a frequency of 1 MHz, the
maximum useful baseline several tens of kilometers. At
higher frequencies the scattering is smaller, and therefore
longer baselines can be used to achieve greater resolution.
Within these limitations a wide range of forefront scientific
investigations would be possible. Regarding propagation
phenomena, lunar array has the distinct advantage of being
outside the Earth’s magnetopoause in which significant
refraction and birefringence occur at low frequencies.

INTRODUCTION

Density irregularities in the interstellar medium (ISM)
and the interplanetary medium (IPM) are known to scatter
radio waves; and in some cases cause fluctuations (scintilla-
tion) in the received amplitude, phase, and intensity. Because
these effects occur in an ionized gas, they are stronger at
lower frequencies. Not surprisingly, scattering phenomena
result in fundamental limitations relevant to any low-
frequency array.

In what follows, a simplified, heuristic presentation of
the “standard model” for interstellar and interplanetary scat-
tering is discussed, drawn mainly from Cohen and Cronyn
(1974), and Dennison (1987, 1988). The reader should consult
Rickett (1977) and Cordes et al. (1985) for greater detail. Us-
ing this model and extrapolating existing data, the limitations
relevant to a lunar low-frequency array (LLFA) are then
determined.

THE “STANDARD MODEL”
FOR INTERSTELLAR AND INTERPLANETARY
SCATTERING

It is well known that inhomogenities on a range of spatial

scales contribute to scattering. The power spectrum of elec-
tron density fluctuations can be adequately represented by
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where q is the spatial wavenumber, and the coefficient, C,?
quantifies the “strength of turbulence” at any particular loca-
tion within the medium. The power law index, @ , is in most
cases thought to be in the range 3.5 <a < 4.5, with the
Kolmogoroff value, i.e. a = 11/3, frequently invoked. The
power law dependence is generally valid over a range of
spatial wavenumbers, given by @i < q < 92> Where q, and
q, are referred to as the outer and inner scales, respectively.

A common situation is depicted in Figure L. Because of
the density irregularities (and the consequent irregularities in

z

Y \
- | | il
Figure 1. Weak scattering. Initially plane waves emerge

from the screen corrugated, having phase conherence length
L,. The rms deflection is 8,. The dominant contribution to
the diffraction integral for the complex voltage at an array
element comes from a region of scale size F = Az, the
Fresnel scale. For weak scattering z0s <<F<< L.
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refractive index), a wavefront emergent from the medium is
corrugated, whereas it was previously plane, or more
generally spherical. The phase fluctuation in the emergent
wave decorrelates on transverse scale, L,. For o = 1113,

Ly o< y8/s [fC,,z(Z) dZJ -0.6

where the integral is taken along a ray path through the
medium. A direct consequence of the corrugated structure of
the emergent wavefront is that ray trajectories are no longer
parallel (for an initially plane wave). Hence, the rays are scar-
tered through various angles. The width of this distribution is
characterized by the scattering angle, 6, which is given ap-
proximately by

BS = X/L¢,
where A is the wavelength of the radiation.
Weak Scattering

In Figure 1, the observer is located sufficiently close to
the scattering screen that the ray displacements in the
observer’s plane due to scattering are much smaller than the
phase fluctuation scale, L,. That is

ZGS << L¢

where z is the distance to the scattering screen. (Many of the
features of an extended medium may be approximately
understood using this picture by setting z equal to the distance
to the midpoint in the medium.) This condition is known as
weak scattering. According to Fermat’s principle, the com-
plex voltage at each array element in the observer’s plane is
obtained by integrating the contributions from all parts of the
wavefront, each of which is to be regarded as a radiation
source. The dominant contribution comes from a region of
scale size /Az at the screen, the Fresnel scale. Since this
scale is just the geometric mean of zf, and L, we have

20, <</ Az << L,

for weak scattering.

Since the wavefront phase does not fluctuate significantly
over the Fresnel scale, the phase at an array element is well
determined from the optical path length of the ray reaching
that element. Each array element then suffers some *“pro-
pagation phase.” The resultant shift in fringe phase on some
baseline is just the difference in propagation phases for the
two elements. Baselines much shorter than L, would have
negligible corruption in the fringe phase (8¢, << 1 ra-
dian). On baselines much longer than Ly, the fringe phase
would be essentially random, fluctuating on timescale

7 = L, /v, where v is the transverse velocity of the medium,
relative to the line of sight. Note that no degradation of the
instantaneous visibility amplitudes occurs. The amplitudes
do, however, fluctuate slightly due to diffraction; for the limit
discussed here, the corresponding intensity scintillation index
is much less than 1.

These effects can also be readily understood as apparent
images wander over angular scales = 4,, occuring on
timescale, 7. Clearly, the fringe amplitude on baselines > L;
is severely diminished if integration times > 7 are used.

With a sufficiently short integration time ( >>7), the

propagation-induced distortions of the fringe phase can be
removed, if three or more array elements are used. This is
possible because (N2 — N)/2_ independent fringe phase
measurements are made per integration period. (N is the
number of array elements.) Various well-known analysis
techniques such as self-calibration and global fringe fitting
have been developed to handle this problem. Therefore,
recovery of much, if not most, of the source structure infor-
mation is possible. - oo ’

- Scattering in the interplanetary medium is weak at fre-
quencies 2300 MHz, at solar elongations X 15° and in the
interstellar medium at frequencies > 7 GHz, at galactic
latitudes above 20° An LLFA, however, can be expected
to operate in domains in which these conditions do not
obtain. Hence, it is necessary to consider strong scattering as
well.

Strong Scattering

Figure 2 depicts a situation in which the observer is suf-
ficiently far from the screen that

z0, VAz >>L,.

This is the condition for strong scattering. Note that since L,
o< vt and 6, o v~22 this condition occurs in any case at
a sufficiently low frequency. An observer receives an angular
spectrum of rays of approximate. width 6. If the instrumental
bandwidth is sufficiently small ( < 2¢/(z6,2)), then in-
terference among the received rays results in significant inten-
sity fluctuations (strong scintillation, with index = ). Also,
the phase in the observer’s plane fluctuates randomly, decor-
relating on spatial scales =~ L,. Therefore, the fringe phase
on baselines longer than L, is random, and it fluctuates on
timescales = Ly/v.

For a point source of radiation, the fringes could, in princi-
ple at least, be recovered using techniques similar to those
discussed in the context of weak scattering. Because both
amplitude and phase scintillation are present, each element is
corrupted by a complex factor, which varies on timescale, 7.
With four or more elements, this corruption can be removed
using phase and amplitude closure. The result, however,
would be uninteresting unit visibility fringes! To be
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Figure 2. Strong scattering. In this case the ray displace-
ments exceed the phase coherence scale, and an observer
receives an angular distribution of rays of width, 0. Inter-
ference among the received rays results in intensity scintilla-
tions if a point source is observed with short time resolution,
and if the bandwidth is sufficiently narrow that approximate
coherence is maintained over the extra path length (z6,2)/2.
The fluctuating intensity is shown schematically. In virtually
all cases of interest, the scaitering angle is a firm lower limit
to the achievable angular resolution.

interesting, a source should have structure on angular scales
resolvable by the array. If By, is the longest baseline in the
array, then to be at least partly resolved, the source should
have structure on scales > 8 NM/Byax. It is important to com-
pare this angular scale to the critical angle, 8., approximate-
Iy defined as the angles subtended by the phase coherence
length at the screen, ie. 6. = Ly/z. If § > 6, then the
source can no longer be considered a point source, different
parts of the source suffer uncorrelated phase corruptions, and
the true source structure cannot be reconstructed. Conditions
in the ISM result in a very small value for 6, much smaller
than most sources of interest. For ultracompact
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sources, such as pulsars, the baselines required to resolve
angular scales comparable to 6, or smaller, are > zf,. In
most situations, this implies exceedingly long baselines of
astronomical unit dimensions at GHz frequencies, given the
constraints set by the ISM.

We find, therefore, that the structures examined with an
LLFA would be considerably larger than 8. In this case, in-
trinsic structure is irretrievably smoothed by an angular
distribution of width, 6, if the scatteringis strong. This sets
a firm limit to the achievable resolution. Baselines longer
than M6, = L,, would show diminished visibility due to scat-
tering. Hence, the longest useful baselines would be several
times L.

CONSTRAINTS ON THE LLFA
The Interstellar Medium

Interstellar scattering is typically strong forv 7 GHz,
along lines of sight to extragalactic sources at moderate to
high latitudes (> 20 degrees) (Cordes et al. 1984). At lower
galactic latitudes, the transition frequency (separating strong
and weak scattering) is even higher. Clearly, we are well
within the limit of strong scattering as far as the LLFA is con-
cerned. Extrapolating from measurements made at GHz fre-
quencies (Cordes et al. 1984), we have for the critical and
scattering angles

U

0.
b, =

[10-10 — 1079 arcsec] vy'?
[20 — 120 arcmin) v u~%?

for |b| 20 degrees. vy is the frequency in MHz. The ex-
trapolation is somewhat uncertain as the most appropriate
value of the power law index is unknown. Also, there is con-
siderable variation in the scattering magnitude from one line
of sight to the next. Therefore, these magnitudes must be
regarded as typical. Since the effective resolution cannot
usefully be much better than ,, we find that we ar¢ limited
to baselines

B < 50 km uptz

It is also noted in passing that below about 1 MHz, the galaxy
is at least partially opaque due to free-free absorption. Hence,
this frequency is probably close to a lower limit for ex-
tragalactic, and many galactic, observations.

The Interplanetary Medium

Recently, Dennison et al. (1988) reported interferometric
measurements of interplanetary phase scintillations at 327
MHz. Extrapolating their results to lower frequencies yields
Ly, = 5to 15 km at 1 MHz and a solar elongation of 75
degrees. The corresponding scattering angles are 2 to 3.5



degrees. Since under these conditions the scattering is strong,
these scattering angles represent resolution limits. Of course,
the scattering angles will be somewhat smaller at larger
elongation angles. At | MHz, then, the maximum useful
baselines will be limited to several tens of kilometers. At
somewhat higher frequencies, the limitations will much less
severe, since 6 °¢ y~=22 These results are approximately
consistent with Erickson’s (1964) formula for 6, which
predicts 6, =~ 1.25 degrees at an clongation angle of 75
degrees and v = 1 MHz. The minor difference betweeen the
two predictions may be attributable to the phases in the solar
cycle when the respective data sets were taken.
In general, the limit set by interplanetary scattering is
B £30 km vy,!2 (for strong scattering)
As indicated above, interplanetary scattering is strong in vir-
tually all directions at | MHz. The transition to weak scatter-
ing occurs around 40 MHz at an elongation of 75 degrees,
and varies with elongation angle. At the higher frequencies,
at which the scattering is weak, the above limitation need not
apply, provided sufficiently short integration times are used.

DISCUSSION AND CONCLUSIONS

The resolution limits set by interstellar and interplanetary
scattering are comparable at very low frequencies. The max-
imum useful baseline is of order tens of kilometers at | MHz,
and increases in rough proportion to frequency. Within these
resolution limits, a wide range of forefront scientific in-
vestigations will be possible, including mapping of the galac-
tic nonthermal emission, galactic thermal absorption studies,
spectral observations of pulsars, supernova remnants, and ex-
tragalactic sources, and detailed studies of planetary emis-
sions (Dennison et al. 1986). Indeed, an array of 10 km
dimensions may well be quite appropriate for an initial
deployment. Later stages could conceivably involve longer
baselines which could be used profitably for detailed mapping
of individual sources at frequencies ~ 10 MHz.

Although scattering imposes limitations upon an LLFA,
it is also an important object of investigation (Dennison et al.
1986). In this regard, as in other cases, an LLFA would be
a unique instrument. By having baselines several times the
phase coherence length, the apparent scattering disks of in-
dividual sources could be accurately mapped, and properties
such as diameter and eccentricity determined. Interplanetary
and interstellar scattering could be separated using the
dependence of the former on solar elongation, as well as the
fact that interplanetary scattering becomes weak at frequen-
cies of tens of MHz. Since a scattering size measurements
would effectively be made for every source observed, it
would be possible to map the galactic distribution of in-
terstellar scattering. This has not been possible, since at
higher frequencies intrinsic source sizes dominate over scat-
tering. The combination of scattering size measurements and
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low-frequency absorption measurements would facilitate a
determination of the fractional modulation of the ionized gas
density. Eccentricity in the scattering disks would indicate the
presence of an anisotropy in the turbulence. By combining
scattering measurements at very low frequencies with those
at higher frequencies, it will be possible to accurately deter-
mine the power law index, and to search for the effects of an
inner scale in the wavenumber spectrum. Finally, refractive
scattering, if present, would produce noticeable distortions
such as image doubling. It is widely suspected that refractive
scattering occurs in the ISM, in addition to the diffractive
scattering discussed above (Rickett et al. 1984; Simonetti et
al. 1985).

Another medium which should be mentioned briefly is
the Earth’s magnetosphere. Close to the Earth significant
refraction and birefringence are known to occur at low fre-
quencies. In addition, intense auroral kilometric radiation
(AKR) is generated at high magnetic latitudes. The lunar far
side has the significant advantage of being well beyond the
Earth’s magnetopause, and therefore outside the region in
which significant refraction and birefringence occur, even at
I MHz. This site, of course, has the tremendous advantage
of being shielded from the interfering effects of the AKR (as
well as man-made terrestrial interference).

REFERENCES

Cohen, M. H., and Cronyn, W. M. 1974, Astrophys. J., 192,
193.

Cordes, J. M. Ananthakrishnan, S., and Dennison, B. 1984,
Nature, 309, 689.

Cordes, J. M., Weisberg, J. M., and Boriakoff, V. 1985,
Astrophys. J., 288, 221.

Dennison, B. 1987, in Radio Astronomy from Space, ed.
K. W. Weiler (National Radio Astronomy Obs.: Green
Bank, WV), p. 137.

Dennison, B. 1988, in Future Astronomical Observatories on
the Moon, NASA Conference Publication 2489, eds. J.
O. Burns and W. W. Mendell, p. 105.

Dennison, B., Weiler, K. W., Johnston, K. I, Simon, R. S,
Spencer, J. H., Hammarstrom, L., Wilheim, P. G.,
Erickson, W. C., Kaiser, M. L., Desch, M. D.,
Fainberg, J., Brown, L. W., and Stone, R. G. 1986,
Naval Research Laboratory Memorandum Report
Number 5905.

Dennison,. B., Simmon, R. S., Ananthakrishnan, S., and
Fiedler, R. L. 1988, in Interstellar Scattering and Scin-
tillation, eds. J. M. Cordes and D. C. Backer, in press.

Erickson, W. C. 1964, Astrophys. J., 139, 1290.

Rickett, B. J. 1977, Ann. Rev. Astron. Astrophys. , 15, 479.

Rickett, B. J., Coles, W. A., and Bourgois, G. 1984, Astron.
and Astrophys, 134, 390.

Simonetti, J. H., Cordes, J. M., and Heeschen, D. S. 1985,
Astrophys. I., 296, 46.

i



PART IV — DESIGN CONSIDERATIONS FOR A LUNAR VLFA

ENGINEERING FOR

A LUNAR FAR-SIDE VERY LOW FREQUENCY ARRAY

Stewart W. Johnson
The BDM Corporation

June 1988

PRELIMINARY CONSIDERATIONS

The design drivers for a lunar far-side very low frequen-
cy array (VLFA) for astronomical observations from the
lunar surface are listed in Table 1. The VLFA must be
designed to gather data at frequencies of interest. It must
achieve the desired sensitivity to small changes in brightness
and also capability to respond to wide ranges of brightness.
It must achieve spatial and temporal resolution to meet the
needs of the community. A reasonable field of view of an ap-
propriate part of the sky must be achieved. The operational
mode must be selected whether it be scanning or aperture
synthesis.

Options discussed at the workshop included having a
large area sparsely populated with dipoles, a small area
densely populated, a small area densely populated with
outriggers, and finally a large area densely populated with
dipoles.

The individual units of the array were discussed with the
outcome being a conclusion that the individual units should
be kept simple. Two options were dipoles and three-axis
dipoles. Cross-links between the individual units and group-
ings of units are required and can take several forms in-
cluding wires between units, radio links, fiber optic links,
and some hybrid mix of linkages.

A computer capability is required for the VLFA. The
questions discussed related the computer being in situ at the
VLFA on the lunar far-side or in lunar orbit or elsewhere.
Other questions discussed related to the time-phasing of the
establishment of the VLFA and the prospects for enhancing
its capability over time (Table 2). A phased development is
desirable commencing with precursor missions to the Moon
and evolving to an initial capability which can subsequently
be enhanced.

Table 1. VLFA Design Drivers and Issues

Drivers for Design

Design Results

* Frequency
s Bandwidth on Frequency
e Numbers of Frequencies
e Range of Brightness
very dim to very bright
* Brightness Sensitivity
distinguish narrow ranges
of brightness
e Polarization
e Spatial Resolution
(angular)
Temporal Resolution
(time)
* Field of View
s Operational Mode

LARGE AREA
sparse

SMALL AREA
dense

DENSE
with outriggers

LARGE AREA
densely populated

Individual Units
monopoles
dipoles

three axis dipoles

Long vs. Short

Crosslinks
wires, fiber optics,
radio, mix

Computational Algorithm

Computer Capability
® in situ
® orbit
o other locations

Time to Build

Enhancing Capability
Over Time
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Table 2. Phased Development

Precursor
Rudimentary Capability
What Frequencies and Mode of Operation. . .and Why?
Area/Volume/Mass/Power/Data
Data Processing
What do we need to learn early?

Initial
Areal Extent, Numbers and Locations and Sizing of Dipoles
Frequencies and Modes of Operations
Features for Growth
Constraints

Initial plus Enhancements
Fill in and extend area?
More frequencies of interest and why?
Mass and volume of components
Constraints

Initial Design

During workshop discussion it was decided that a
strawman preliminary layout would involve 300 dipoles sited
ina 17 km circle on the lunar far side. The suggested location
is in the crater Tsiolkovsky which has some relatively flat
mare-like surfaces and is at reasonable latitude for viewing
and longitude to escape Earth-originating interference. The
operating frequencies range from 1 to 30 MHz and the mode
of operation is as an interferometer rather than a phased ar-
ray. The resolution achievable at 1 MHz is to be 1° A power
law distribution of dipoles within the 17 km diameter circle
is desirable. The properties of the lunar array suggested are
as in Basart and Burns Table 2 in this volume with incremen-
tal dipoles each one meter long, observing frequencies of 1,
3, 10, and 30 MHz; bandwidths such as 20 kHz at 1 MHz;
and beamwidths ranging from 1° at | MHz to 2’ at 30 MHz.
The engineering challenge is to design and deploy this array
at the preferred site on the far side of the Moon.

Engineering for the VLFA

The need for the VLFA is to engineer the installation with
the technologies that make it possible for the VLFA to per-
form well for long periods of time with minimal intervention
by humans or robots. Contamination and interference can best
be limited by reducing the need for nearby operations which
produce rocket plumes, space suit effluents, other gases, par-
ticulates, ground shock, and extraneous radio frequency signals.
Technology needs for the VLFA are listed in Table 3 and the
engineering challenges are enumerated in Table 4.
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Table 3. Technology Needs for the VLFA

¢ Deployment Capability (Vehicle with Robot)
® Delivery to Site ® Variable Terrain Accommodation
* Surface Transport * Positioning Capability
* Dipoles
® Solar cell
® Battery
® Radiation-hardened chip
receiver
transmitter
¢ Communication links between dipoles and central station
® Broad bandwidth with high radio band (GHz)
® Receiver Chips with Very-Large-Scale Integrated Circuitry
(VLSIC)
¢ Central Station
¢ Computer
* Shielding (from cosmic rays, UV, infrared, meteoroids, etc.)
* Power
* Transmitter/Receiver
® Thermal Control
¢ Solar Flare Shelter for Human Visitors
® Vehicular servicing/control station
¢ Computer Algorithms
¢ Avoidance of Radio Interference
¢ Internal versus other VLFA components
® External operations not associated with VLFA

Table 4. Engineering Challenges for the Array

¢ Deployment in a Dusty Environment on Cratered, Unprepared
surface; crater depth to diameter ratio 1 to 5; many
blocks/boulders even on mare surfaces.

* Performance in Vacuum/Vacuum Outgassing

® Maintaining Calibration in Thermal Environment
* temperature range 384 K to 102 K.
* temperature change 5 K degrees per hour at sunset

* Designing Parts/Components for Temperature Extremes and
Thermal Gradients
Note: Number of cycles about one per month compared tc LEQ

with about 480 per month.

* Radiation Hardening/Radiation Shielding for Cosmic and Solar
Radiation Particularly for Electronics and Software

¢ Environmental Degradation (e.g., from Ultraviolet Radiation
Induced Degradation of Thermal Control Coatings)

® Micrometeoroid Impact/Damage and Debris

A transportation system is needed to deliver the observatory
components (the 300 dipoles and the central station) to the site
in the crater Tsiolkovsky on the far-side of the Moon. Surface
transportation is needed to deploy the 300 dipoles in the desired
power law distribution within a 17 kilometer diameter circle.
Navigation options for the vehicle are noted in Table 5. Con-
struction capability is needed to set up and shield the central
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station with is computer, transmitter/receiver, power supply,
batteries, and thermal control capability.

Table 5. Deployment Vehicle

OPTIONS:
e Inertial Navigation Units
* External Beacon
satellite
¢ Dead Reckoning
steering angle and wheel rotation and slippage estimator
e Human operator (direct or telepresence)
e Hybrid-combination of capability

The surface mobility units first used for deployment should subse-
quently be useful in maintenance and repair of the array.

VLFA COMPONENTS AND DESIGN

Table 6 presents some design considerations for the com-
ponents of the VLFA. Dipoles offer opportunities for in-
novative design. Each of 300 dipoles involves wires one
meter in length, solar cells and batteries for power, a receiver
and transmitter requiring radiation-hardened chips, and ther-
mal control which may be either passive or active to assure
that high and low temperature bounds are not violated.

Table 6. Design Considerations for VLFA
Components

o Electronics Packages — Sizes, Power, Reliability, Redundancy,
Repair, Aspects of Radiation Hardened Electronics—How Hard?
Shielding required vs. hardness aspects; temperature range for
operation vs. thermal control; heterodyne receiver?

¢ Recording of Data — how much, what type

e Data Processing — computational capability on the Moon

Data Transmission

Frequencies

Bandwidths
Compatibility with Science

Uplinks .
. separation
Downlinks
Compatibility with Satellites for Communication
e Power sources
RTG (Radioisotope Thermal Generator)
batteries DIPS (Dynamic Isotope Power System)

solar

e Lifetime of system and how to plan for life (degradation, upgrade

capability, etc.)
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The communications links between dipoles and the cen-
tral station offer opportunities for technological innovation
and creative engineering. Each of the 300 or more dipoles
must have its own radio frequency probably in the GHz range.
Very-large-scale integrated circuitry is rapidly advancing (ac-
cording to Basart) and may lead to a compact lightweight
solution to the communications links problem.

Table 7. Options for VLFA Observatory Operation
(The Human Interface)

e Never visited by humans—completely automated (completely
remote operation)
 Human presence on site at time of need
¢ Initial setup
e Maintenance and troubleshooting
o Upgrading of capabilities
« Human presence via telepresence and telerobotics

L

The design of the VLFA must involve a human interface
aspect that is presented in Table 7. If the site is to never be
visited by humans, there is called for a high level of
sophistication in automation and robotics which may not be
attained in a reasonable time frame. The options for involving
humans in VLFA on-site development and upgrades need fur-
ther trade-off studies before decisions are made as to which
option or combinations of options are feasible. Human
presence via telepresence and robotics is hampered by the
long delay times if the communications are to a far-side site
from a near-side lunar base or an Earth-based monitor.
Human presence at the VLFA, even periodically, will require
furnishing adequate shelter to protect people in the event of
a solar flare. From 2 meters up to 3-1/2 meters of compacted
lunar soil may be required according to Silberberg and
coworkers (1985).

INFRASTRUCTURE FOR VLFA

A transportation system, communications, data process-
ing/data reduction/interpretation, and Earth-based VLFA
science center are essential. The maintenance/
resupply network and the upgrading planning/implementation
activity are also essential if the long-term mission of the far-
side VLFA is to be completed over a 10-year lifetime. Life-
cycle costing of the VLFA cannot avoid any of these five ma-
jor categories of support listed in Table 8.



Table 8. Infrastructure for Far-Side VLFA

® Transportation System
® VLFA delivery capability (to far side)
* Surface transportation within an on-site 17 km diameter circle
¢ Access from lunar orbiting station — periodic
® Communications System
¢ Data relay satellite in lunar orbit
¢ Data relay satellite in earth orbit
¢ Earth orbiting space station monitor
® Maintenance/Resupply Network
* Robotics
¢ Telepresence
* Human EVA intervention capability
* Upgrading Planning/Implementation Activity
¢ Relates to Earth-based VLFA science center
® Monitor health/status of system
® Programs/executes modifications and upgrades

Table 8 highlights the support the VLFA on the far side
of the Moon will probably require at various locations to
function successfully.

Table 9. Mass To Be Delivered to Far-Side Site*

(Offered to Stimulate Discussion)

* Central station (could be reduced)
Note: The ALSEP mass was about 136
kilograms including power/com-
munication, and science packages
according to the ALSEP Review
by Bendix Corporation of August
1972 (NASA CR 128597).
¢ Dipoles
One dipole with solar power, battery,
receiver, transmitter, thermal control,
shielding — 2 to 5 kilograms (could be
much less) For 300 dipoles
* Vehicle with associated robotics, sen-
sors, power, guidance, communications,
construction options
Note: (fully loaded with two astronauts,
suits, and supplies, the Apollo
LRV was 708 kilograms)
* Backup equipment/redundancy kit
(optional)

800 kilograms

600 to 1500 kilograms

2000 kilograms

500 kilograms

3900 to 4800 kilograms

*(Rough Estimates)

MASS TO BE DELIVERED TO VLFA SITE

Table 9 presents rough estimates of the mass of the VLFA
to be delivered to the far-side site. The VLFA may require
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more than 4000 to 5000 kilograms delivered to the far side.
Shielding of the central station will be with compacted lunar
regolith to a depth of two meters to protect the computer and
software from upsets caused by cosmic rays and solar flare
radiation. The compacted lunar regolith is a poor conductor
so waste heat rejection from the central station may require
use of heat pipes. Heat pipe technology is available for such
applications.

POWER NEEDS

The most significant uncertainties in masses associated
with the dipoles and central station are in the power supplies,
batteries, and thermal control systems. The day-night cycle on
the Moon requires long-life batteries which are probably
unavailable at this time if solar power is to be used. Batteries
are likely to drive up the masses associated with power and
thermal control systems. Fortunately, the power needs (Table
10) of the system are relatively modest and battery develop-
ment is being pursued for other applications.

Table 10. Power Needs for VLFA*

Rough estimates for discussion purposes

Central Station
Each Dipole

500 to 1000 watts (upper bounds)
I watt* (upper bound)

*Basart suggests power needs at each dipole may be in the milliwatt
range

The central station is a candidate for an RTG and DIPS power system.
The Apollo Lunar Surface Experimental Package or ALSEP was
powered with a SNAP27 radioisotope thermoelectric generator (RTG)
which furnished about 20 watts. The Dynamic Isotope Power System
(DIPS) requires future development but is being considered for some
systems.

THE DEPLOYMENT VEHICLE

Energy requirements for the vehicle to deploy the dipoles
will probably be greater than noted for the Apollo LRV. On
Apollo 17 LRV energy consumption (Carrier, 1988) was 1440
watt-hours for a distance traversed of nearly 36 kilometers in
three EVAs. Vehicle energy consumption in deploying the
dipoles will be a function of vehicle parameters and the length
of the traverses, the amount of soil compaction as the wheels
interact with the soil, the surface roughness, and the elevation
change. Soil compaction is a factor here because more com-
paction leads to greater rolling resistance which leads to
greater energy consumption. The cratered, unprepared sur-
face and the low lunar gravity restricted Apollo LRV max-
imum cruise speed to 6 to 7 km/hr. This LRV could not climb
slopes greater than 19°-23° The nature of the site
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determines the vehicle energy consumption. Is the floor of
the crater Tsiolkovsky comparable in trafficability to the sites
encountered by Apollo 15, 16, and 17 LRV? It may be. That
hypothesis of comparable trafficability should be verified
before a vehicle and its power supply are decided upon to
serve the VLFA. Carrier (1988) points that a wheeled vehicle
will perform satisfactorily if ground contact pressure is no
greater than 7 to 10 kPa. We lack experience with more
massive vehicles on the Moon. The fact that the Apollo LRV
was successful cannot lead to the conclusion that a vehicle
twice as massive would respond satisfactorily in the same
mission. Ground contact pressure and other factors must be
taken into account. It is possible to become stuck with wheels
spinning on the lunar surface as did happen with the Apollo
LRV. The resolution of this problem was for the astronaut
operators to lift the vehicle and move it to better ground. Such
an option will not exist for an unmanned or much more
massive vehicle.

ENVIRONMENTAL EFFECTS ON
VLFA COMPONENTS

Surveyor 111 components including a television camera,
a soil mechanics scoop, and sections of tubing, some polished
and some painted, were returned to Earth by Apolio 12
astronauts after 31 months on the Moon. Tests after recovery
verified the integrity of most parts even after the extended ex-
posure to the lunar environment. There were some failures
which related to thermal cycling (e.g., a tantalum capacitor
and some glass envelopes).

Thermal control coatings were noted to have degraded
because of exposure to the environment on the Moon. In-
organic coatings originally white became tan in appearance
because of solar radiation, adhering lunar dust, and effects of
outgassing from spacecraft parts. As the appearance of the
coatings was altered, the solar absorptance, which was
originally 0.2, more than doubled. Lunar soil particles
adhered to all surfaces and were noted to significantly alter
the properties of thermal coatings. A small amount of adher-
ing lunar soil could increase absorbed solar thermal energy
by a factor of 2 or 3. The Lunar Module (LM) engine was a
significant source of dust found on Surveyor IIT components.
Apparently the descent engine accelerated dust to velocities
in excess of 100 meters per second so that the effect was to
literally sandblast Surveyor III's painted surfaces, even
though the LM landing was 155 meters from Surveyor III.
Landings near a VLFA will have to be planned to avoid com-
parable sandblasting and dust contamination by accelerated
dust particles. Keep-out distances required may be as great as
300 to 400 meters. Counts of hypervelocity impact pits on
Surveyor IIT parts place bounds on this meteoroid threat to
VLFA parts. Solar wind sputtering was noted to have had lit-
tle effect on the returned tubing after 31 months of exposure.

Several points which apply to the VLFA are apparent
from a review of Surveyor III and other data:
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e Protection of thermal control surfaces is essential
(degradation with time must be a design factor).

e Shielding of sensitive components
micrometeoroid impact may be necessary.

from

e Laboratory investigations of degradation of opera-
tional integrity are necessary during development.

Components of the VLFA should be designed to survive
in the lunar environment and then be subjected to extensive
tests to assure that degradation will be not excessive over the
lifetime of the system. For example, thermal-vacuum tests
will be essential in development and preflight preparations of
components. These tests are necessary (o show that com-
ponents can operate under cold and hot conditions and sur-
vive large thermal gradients. Connections involving
dissimilar metals which result in thermal stress should be of
particular concern in the design and testing phases of VLFA
development.

PRECURSOR MISSIONS

Enhanced understanding of degradation processes and
their rates is a reasonable goal for precursor missions to the
Moon. We have a limited knowledge of lunar surface
degradation of proposed VLFA components. Our knowledge
can be enhanced by revisiting selected Apollo sites and
recovering components for study. Also, an effort is needed to
quantify the amount of disturbance and dust contamination
occurring when an EVA astronaut does maintenance on the
VLFA Central Station. Table 11 lists questions to be address-
ed on early missions to the Moon.

Table 11. Engineering Questions for Precursor
Missions

Position locations on far side need improvement (=10 km now in
some areas) and better knowledge will help deployment operations.
o Sites-details of topography needed for deployment robot and/or final
site selection. Contour maps needed.

Verify trafficability parameters for specific competing sites for vehi-
cle power/energy needs. Reduce ranges of uncertainty.

e Obtain information for terrestrial engineering tests of deployment
vehicle system and risk analyses/trade studies of alternative deploy-
ment systems.

Instrumental long-term degradation on Moon (needed to quantify
design margins and reduce risk).

e Lunar ionosphere uncertainties

s Diurnal variation?

Simplified VLFA with dipoles deployed by inexpensive means on
Moon

¢ Impactors

o Terrestrial precursor of lunar VLFA

¢ Dipole arrangement

» Computational algorithms

e Answer what-if questions
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THE INITIAL ENGINEERING EFFORT

The VLFA that is finally deployed on the lunar surface
should be the result of a phased development that involves
careful design and test of each component and includes not
only hardware but also software. A terrestrial prototype
should be built and tested. It could be operated at somewhat
higher frequencies to show the visibility of the system and the
readiness of components. The terrestrial prototype and
associated hardware and software could be applied to the task
of reaching a near optimal layout and helping improve
algorithms and data interpretation capabilities. The initial ter-
restrial prototype could be a very simplified version of the
proposed lunar VLFA.
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ABSTRACT

We suggest an initial general design for a low-frequency
array for the lunar surface. Deployment would occur over
several phases. In the first phase, incremental dipoles would
be placed in a semiregular pattern over a region 17 km in
diameter. This would provide a resolution of 1° at the lowest
operating frequency of 1 MHz. Operating frequencies for the
array would range from 1 to 30 MHz. The array would
operate in an interferometric mode rather than as a phased ar-
ray. During subsequent deployment phases, additional anten-
nas would extend the array to a larger size.

INTRODUCTION

It is appropriate to initiate the design of a low-frequency
radio telescope array at this time, even though a possible
Jlaunch date for such an instrument is many years away,
because the large expense of deployment demands that many
stages of planning and rethinking of the entire design be ex-
ecuted before any Earth-based hardware construction is in-
itiated. In this paper we discuss the principal attributes of a
lunar array, and suggest a base plan from which future plans
can evolve.

The justification for installing a radio telescope on the
Moon is to avoid the effects of the Earth’s environment. It
follows that the telescope would be placed on the lunar far
side in order to shield the telescope from radio radiation from
the Earth. The spectral region for which it is impossible to
do radio astronomy from the Earth is the low-frequency
region below the plasma frequency of the Earth's ionosphere.
In this region the ionosphere totally blocks all celestial
signals. In the range from the plasma frequency to several
times the plasma frequency, the jonosphere corrupts the
signals so badly that it is nearly impossible to collect reliable
high-resolution data. To maximize the amount of information
collected versus the cost of implementation, it is appropriate
to consider collecting data over as much of the low-frequency
range as possible. A suitable frequency range for initiating
discussion is from 1 to 30 MHz.
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ARRAY SIZE

With the frequency range roughly specified as above, the
next consideration is the physical size of the array. This
depends upon the frequency of operation and the resolution
desired. In the very low frequency part of the spectrum, the
resolution limit will be determined by wave scattering in the
interstellar medium. A suitable formula for the calculating
this is

8,=1.1° vydss (sin [b) >

where 7y, is the observing frequency in MHz and b is the
galactic latitude. If we choose a latitude of 90°, which is the
best case, the scattered size of a point source is 1° While a
telescope of 1° resolution seems rather crude, it would be
vastly superior to anything available at | MHz at this time.
The length of an array operating at 1 MHz and 1° resolution
is 17 km. This length could be assumed as a lower limit on
the array diameter.

The upper limit on array size is determined by the
desired resolution at the upper end of the frequency band
which produces smaller scattered size. At 30 MHz the scat-
tering size is roughly 2 arc seconds. The array size for this
resolution is approximately 1000 km. This is an appreciable
fraction of the lunar circumference and may be totally inap-
propriate to consider. In practice, the upper limit would be set
by cost and deployment problems. We suggest a multi-stage
deployment program with 17 km being the diameter of the
antenna array at the first stage. Subsequent stages would
gradually increase the array size, considering both resolution
and beam shape, until the maximum resolution at 30 MHz
would be obtained.

Array expansion can be divided into two broad
categories. The first method is to simply expand the array in
all dimensions with the same mathematical law for the anten-
na element separation as the initial array. The second method
of expansion is to place the new elements at a significant
distance beyond the initial array. This would increase the



resolution more quickly. The trade-off is that large sidelobes
are created.

SCANNING VS. APERTURE SYNTHESIS

The two principal modes of operation for an array of
antennas are scanning a beam in real time using a phased ar-
ray, and recording data and later synthesizing a beam via
signal processing. The trade-offs between these two pro-
cedures are outline in Table 1. One of the most serious pro-
blems for a lunar array is the transportation of a lot of mass
to the Moon. This problem essentially eliminates the use of
copper wire to interconnect the elements. The table shows an
alternate method of relaying signals by radio. We will discuss
the trade-offs in the suggestions made in the table.

Antenna Element. In a harsh environment, such as the moon,
we do not want any array element that requires mechanical
movement. Beam movement must be done electronically. The
simplest type of antenna is a dipole whose length could be
either an appreciable fraction of a wavelength, such as A2,
or it could be much less than a wavelength. In the latter case,
the antenna is called an incremental dipole.

The advantage of a long dipole is that it has a directivity
that can partially screen out unwanted sighals coming in off
the side of the main beam. A dipole’s pattern goes to zero off
the end of a dipole. Patterns for nine dipoles whose overall
lengths range from 1/2 to 2.7\ are shown in Figure 1. In our
application, we can think of the physical size of the antenna
being fixed, and the pattern varying as the operating frequen-
cy varies. A disadvantage of the pattern is that we would have
to place a second set of dipoles orthogonal to the first in order
to have complete sky coverage. A second disadvantage is that
the pattern changes with wavelength. If the antenna were \/2
long at 1 MHz, the same antenna would be 15 wavelengths
long at 30 MHz. As can be seen in Figure 1, longer dipoles
have complicated patterns. The beams split into multiple
lobes pointing in unwanted directions.

The messy pattern situation can be eliminated by using
a dipole whose length stays well below a wavelength at all
operating frequencies. At the upper operating frequency of 30
MHz, the dipole length could be, say, one tenth of a
wavelength. A N10 dipole has a three-dimension pattern like
a very fat doughnut with a tiny hole in the center. As the fre-
quency is lowered, the dipole pattern grows in fatness

Table 1. Scanning Array Vs. Synthesis Array

Attribute

Scanning
Array

Synthesis
Array

Antenna element

Antenna config. Roughly nxm
uniform array
Relative number Most

of elements
Element connection 2x2 elements
in group
Group connection
amplitude taper

or optical fiber

Phaser shifters Within rows and

Incremental dipole

Rows with possible

Connection by wire

groups
Large-scale Radio relay at
connection each row
Phasing control Transmit to rows,
path run wires to groups
Sidelobe level Highest

Observing time

Transmission-line
mass

Computer
controlled?
Backend processing

Relatively short,
depends on inte-
gration time
Most

Yes

Simple

Incremental dipole
Nonuniform spacing

Least
2x2 elements

in group
None

Within groups
Radio relay at
each group
Transit to groups
Lowest

Few Earth days
Least

Yes

Complex
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Fig. 1. Paterns for dipoles of varying lengths in terms of
wavelength. L is one-half the dipole length. The dipole axis
is the horizontal line through the center of the pattern. (after
Jasik 1961.)

somewhat. Generally, the shape of the pattern would not
change very much throughout the entire operating range of
the array. While the incremental dipole would allow us to
easily track a source without physical movement, it could not
reject an unwanted signal coming in from some other direc-
tion. Source discrimination is obtained when the dipole
clements are used either in a phased array or in a correlator
(interferometer) array.

Antenna Configuration. Aperture synthesis imposes the least
constraints in the placement of array elements. In an extreme
case, elements can be placed randomly. The only requirement
is a phase-stable communication link between each element
and the control area. On the other hand, to create a real-time
beam and scan it with minimal complications requires a
dense uniformly-spaced array of antennas. Dense arrays have
elements spaced on the order of one wavelength apart. A high
density is required to keep side-lobe levels low. But with a
synthetic aperture array, sidelobes are reduced by tracking a
source over a wide range in the uv plane (spatial frequency
domain) and combining the data later. Consequently, fewer
clements are required in synthesis and the spacing is non-
critical. Unfortunately, real-time use of a synthesis array is
impossible unless the celestial signal source is so strong that
sidelobe effects can be ignored.

One way to reduce the number of communication paths
between the elements and the control area could be to group
the elements in some fashion. One of the simplest groups is
a mini-array of two elements by two elements. The elements
within a group could be phased to produce a small amount
of beam shaping. Phasing information would be sent to the
group center where the phasing occurs. For synthesis, no
more interconnecting is necessary. The group output would
be transmitted via radio, or possible infrared, to the control
area.

For a phased array, much more interconnection is needed
beyond the group level. One possibility is to connect the
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groups in rows and then interconnect the rows in a column ar-
rangement. If appropriate, tapering could be applied at the
group level or the row level to further shape the beam. Signal
strength would be lowered, but the loss generaﬂy would not
be significant since celestial sources in the very low frequen-
cy region are strong. The interconnection between groups
could be made with optical fibers to keep the transportable
mass low.

One strong disadvantage of a phased array in our applica-
tion is that the pattern of the entire array changes with
wavelength. Figure 2 shows a set of antenna patterns for 16
uniformly spaced antenna elements placed in a single line
(linear array). The spacing between elements is fixed
physically, but changes electrically as the wavelength
changes. Horizontally, across the top, the numbers give the
spacing between elements in terms of wavelengths. Hence as
we change the operating frequency of the array, we are chang-
ing columns. Vertically, along the left side, are numbers giv-
ing the phase relationship between the elements. T represents
the period of the observing frequency. Notice the large varia-
tion in shapes of the antenna pattern. We could design an ar-
ray so as to minimize the pattern variation from one frequen-
¢y to another, but the remaining variation would still cause
difficulties in operation and data analysis.
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Fig. 2. Element patterns for linear array of 16 elements. The
individual elements have no directivity. The patterns show
variations caused by changing frequency, and by changing
the phasing between the elements. (after Jasik 1961).

In both types of array configurations, a problem can arise
if there is no beam shaping before the signals are sent from
an array element, or elements, to the electronic equipment.
Hardware always has a limited linear dynamic range. A
strong unwanted signal could drive the electronics beyond the
linear dynamic range. The small desired signal would either
be lost completely or badly distorted. It may be necessary to
shape the beam somewhat before sending the signals to the
electronics.



Sidelobe level and observing time. A phased array would
have a sidelobe level determined at the time of design. Ele-
ment location in wavelengths and element type completely
specify the sidelobes. This is also true for a synthesis array,
but since element spacing is equivalently determined by the
tracking time, we can lower the sidelobes by longer tracking.
The longest tracking time would be for about 1/2 of a lunar
day which would be about 14 Earth days. Thus, for low
sidelobes, the trade-off is the complexity of a phased array vs.
long tracking time for a synthesis array.

Other considerations. Regardless of array type, there would
be a computer in a control area. For a phased array, the com-
puter would be busy sending signals to the elements
throughout the observation, but there is only one output
signal from the array. It would easily be put into an image for-
mat by forming a raster. For a synthesis array, any element
phasing would be minimal. However, the imaging is complex.
The number of antenna elements chosen may have to be
limited by the availability of computer power.

ARRAY EXAMPLE

To provide a focus for the characteristics of a very low
frequency lunar array, we discuss a specific array element,
the incremental dipole, and a square array of nonuniformly
spaced array elements.

Properties of an incremental dipole are shown in Table
2 for four frequencies within the operating range of the lunar
array. Attributes of the dipole and their units are listed in the
left column. The physical length of the dipole is one meter in
all cases. This was chosen so as to make the dipole’s electrical
length (length in wavelengths) 0.1\ at the shortest wavelength
of 10 meters. Over this wide frequency range from 30 to 1
MHz, the directivity and the beam solid angle are essentially
constant. This constancy is the principal reason for choosing
the incremental dipole. No corrections to the mapping opera-
tion as a function of frequency will be necessary due to the
dipole pattern. A directivity of 1.5 means that the dipole col-
lects very little power more than an isotropic antenna which
by definition has a directivity of one.

The fifth row lists the effective aperture area of the
dipole. This effective area does not relate to any physical area
as in the case of a paraboloidal antenna. The effective aper-
ture area for a lossless antenna is defined as 47 times the
wavelength squared divided by the directivity. As a
wavelength increases with the directivity remaining constant,
we get huge numbers for the effective aperture area. While
the effective area of an aperture antenna, such as a dish, is
smaller than the physical area, the effective aperture area of
a wire antenna is much larger than the projected area of the
wire because the physical wire intercepts a very small amount
of power. Electrically, the wire looks much bigger than its
physical size.

The last two rows of the chart illustrate the wide variation
in impedance of the dipole over the frequency band. The
radiation resistance is a measure of how much power a
transmitting dipole radiates into space. The power radiated by
the dipole is dissipated by this fictitious resistor. As resistance
decreases, the radiated power decreases. The reciprocity
theorem of antennas assures us that this property applies to
receiving dipoles. Thus, as the radiation resistance decreases,
the amount of received power appearing at the antenna ter-
minals decreases. This characteristic is acceptable for the
lunar array because the celestial signals are strong. The rele-
vant property is resolution, not the total amount of power ap-
pearing at the antenna terminals.

The last item in Table 2 is the input resistance. Input
reactance, which is not shown, becomes increasingly
negative (capacitive reactance) as frequency decreases. The
input resistance and reactance determine the dipole’s im-
pedance characteristics as seen by a transmission line con-
nected to the center terminals of the dipole. This impedance
varies considerably over the frequency band causing a
variable power loss due to an impedance mismatch between
the dipole and the transmission line. Again, the loss would be
sustained rather than minimized by installing impedance mat-
ching devices since the absolute power level is not of primary
importance. The total amount of power received when obser-
ving would be calibrated against a standard celestial reference
source.

Table 2. Characteristics of a One-Meter Dipole

Frequency, MHz

Attribute

30 10 3 1
Wavelength, meters 10 30 100 300
Electrical length, A 0.1 0.03 001 0003
Directivity LS .5 1.5 L5
Beam Solid Angle, Ster. 84 84 84 84
Effective aperture area, m? 8x10? 7x10° 8x104 7x10%
Radiation resistance, ohms 2x10°! 2x1073 2x10°% 2x1077
Input resistance, ohms 2 21071 2x10°2 2x1073
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Figure 3 shows an example of a dipole with the receiver
box attached which contains the receiver and solar power supp-
ly. The antenna rising vertically from the box receives and
transmits information to the central control area.

Properties of a synthesis array are shown in Table 3. The
table has two sections. The left half is for Phase One, initial
deployment, in which the array size is confined to 17 km. In
Phase Two, the array would be considerably expanded to in-
crease the resolution at the high frequencies. The large dimen-
sion of 1000 km may be unrealistically large, but it sets an im-
portant goal of nearly one arcsecond of resolution at 30 MHz.

For convenience of this initial design study, array proper-
ties were calculated for a square array configuration with
elements spaced at locations 2" wavelengths at 30 MHz in
both rows and columns. The smallest spacing is one wavelength
(n=0). This configuration would give uv plane coverage similar
to that of a uniformly spaced array after several days of track-
ing a source. This drops the synthesized sidelobes to a max-
imum of 13 dB below the main beam without any deconvolu-
tion procedure.

The number of clements in the two cases, 169 and 361,
is minimal considering the large size of the two arrays.
However, the number of correlations between all possible pairs
of elements is substantial. The number of correlators shown
is for two correlations between each pair. In synthesis we must
correlate both real and imaginary parts of the signal.

The directivity entries in the table were obtained from the

theory of uniformly spaced arrays. Hence, they apply to the
synthesized beam after several days of tracking, and not to an
“instantaneous”’ beam obtained with a “snapshot™ of data.
Because of the similarity to a filled uniformly spaced array,
the effective aperture area of the synthesized array is essen-
tially the same as the physical area.

The resolutions listed represent the narrowest fringewidths
at the various frequencies. Sources not passing over the zenith
of the telescope would have lower resolutions decreasing as
cosine of the smallest zenith angle during the observation run.
Actual synthesized beam widths would be comparable to the
figures shown.

The synthesized sidelobe level is stated as 1 dB below the
main beam for all cases. It does not decrease for the larger
array since the sidelobe level for a uniformly spaced array is
always 13 dB down regardless of the array length. One signifi-
cant effect has been neglected in the array calculations. This
is mutual impedance between the elements. At the Towest fre-
quency, many array elements will be less than a wavelength
apart. Accounting for the mutual impedance between these
elements will alter the array characteristics. Nevertheless, the
numbers tabulated will be similar to those obtained from more
detailed calculations.

An example of a circular array in the Crater Tsiolkovsky
is shown in Figure 4. The element spacing is dense near the
center and decreases radially outward. This is an indication
of how the Phase 1 deployment would appear.

I L

Fig. 3. Schematic illustration of a lunar low-frequency radi
the lunar surface, an antenna to relay data

antenna is shown superposed on an Apollo 15 photograph.
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o telescope illustrating a simple I-meter dipole antenna lying on
back to a central processor, and a box to house the electronics. For scale, the dipole
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Table 3. Synthesis Array Characteristics
Frequency, MHz
Phase One Phase Two

Attribute 1 3 10 30 1 3 10 30 E
Length &
Width, km 17 17 17 17 1000 1000 1000 1000
Physical
Area, km? 289 289 289 289 10s 10¢ 10¢ 108
Number of
Elements 169 169 169 169 361 361 361 361 oz
Number of 28392 129960 -
Correlators =
Directivity 8x 104 7x10% 8x108 7x107 3x108 2x10° 3x10 2x10 Z
Effective B
Area, km? 289 289 289 289 10¢ 106 106 106 =
Resolution 60" 20 6’ 2 44" 15" 4" 15" -
Sidelobe =
Level, dB -3 -13 -3 -3 —13 -13 -13 ~13 -

LI

1y

a

Fig. 4. One possible location for array on lunar far side within the crater Tsiolkovsky. The circle is about 20 km diameter

Dots represent a subset of 300 dipoles that will be deployed in a circular, power-law pattern.
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COMMUNICATION LINK

With either a phased array or a synthesis array, con-
siderable attention must be given to the communication link.
For a phased array, many control signals with phasing infor-
mation must be sent from the central area to the elements. For
a synthesis arrays many signals from the antenna elements
must be sent to the control area. The simplest communication
method which avoids the transportation of mass to the Moon
is to use either infrared or radio links. Transmitters and
receivers for line-of-sight paths would be small electronic
chips. One advantage of a radio link, rather than IR, is that
the chip at each antenna element could be phase-stable a radio
relay. The celestial signal would be upconverted and transmit-
ted on to the control area. The local oscillator at the array ele-
ment would be kept phase stable by a reference signal sent to
it from the control area. A small box containing a solar cell,
a battery, and a radiation hardened chip could easily be
deployed by each dipole at the same time the dipoles are
deployed.

The large number of communication links between the
clements and the control area would require a significant
amount of bandwidth in the electromagnetic spectrum. To ob-
tain this bandwidth, the transmittal signals would need to be
at a high radio band in the GHz portion of the spectrum.
However, with the advancing technology in very-large-scale
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integrated circuits, receiver chips may be available in the
appropriate frequency range by the time the lunar radio
telescope project is financed.

An example of a receiver-relay is shown in Figure 5. Tt
receives signals at the four principal frequencies, one at a
time. Control signals must be sent from the central control
area to each receiver-relay to change observing frequencies.
This is done at the frequency at which the receiver is current-
ly operating. The digitally encoded signals are trapped by the
decoder and sent to a controller which selects the appropriate
bandpass filter, the receiver gain, and the down converter
local-oscillator frequency. Upon the completion of this opera-
tion, the incoming radio waves from the celestial radio
source, containing no digitally coded control signals, are
passed through the encoder to the upconverter and then
transmitted to the control center.

In addition to frequency switching information, the
receiver-relay must receiver a master local oscillator signal
from the central control area for synchronizing its own local
oscillators. This information is sent by radio to each receiver-
relay. With a closed-loop path between the central control
area and the antenna element, samples from the local
oscillators can be sent to the master oscillator for syn-
chronization purposes. The near vacuum of the lunar
atmosphere will keep phase fluctutations due to propagation
at a minimum.
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T0 CONTROL
CENTER

upP
CONVERTER

-

DECODER AMPLIFIER

Fig. 5. Simplified block diagram of a receiver-relay.
receiving antenna in addition to the celestial signals.
area.
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The device receives commands from the central control area through its
The celestial signal is upconverted

and transmiftted to the central control



COMPUTER CONTROL AND PROCESSING

The real-time computer systems’ functions are to control
the entire array operation, correlate all the signals received
from the receiver-relays, and store the output. Several com-
puters can be used for the various functions. One computer
controls the transmission and reception of signals to the
receiver-relays. A second 