
allow some study of the vehicle voltage 
versus current characteristics. 

A search for optical auroras pro- 
duced by the beam pulses was con- 
ducted with image-orthicon and image- 
intensifier cameras, Super-Schmidt me- 
teor cameras, visual observers, photo- 
meters, and ballistic cameras located 
on the ground near Wallops Island and 
near Washington, D.C. These stations 
were provided with plots of look angles 
versus flight time for several possible 
rocket trajectories; the real trajectory 
was to be determined from radar data 
following burnout of the vehicle. 

A search for electromagnetic radia- 
tion from the electron beam was con- 
ducted using two ground-based VLF 
stations, covering together the frequen- 
cy range 500 hz to 12 khz, and narrow 
bands at 500 khz, 1.75 Mhz, and 2.9 
Mhz. No positive results have been ob- 
tained to date from this search for elec- 
tromagnetic radiation from the beam, 
indicating that little energy was emitted 
as waves. 

The Aerobee 350 rocket carrying 
the accelerator experiment was launched 
from Wallops Island at 09:45 G.M.T. 
26 January 1969. After burnout, the 
spinning of the rocket was stopped, 
and the rocket was reoriented with the 
electron guns pointing downward along 
B. The nose cone was jettisoned and the 
electron collector screen deployed. 
Then the sealed electron guns were 
opened and electron beam pulsing be- 
gan at approximately 235 km, contin- 
ued through apogee at about 268 km, 
and was terminated by program at 
about 105 km. The maximum distance 
traversed by the beam was approxi- 
mately 170 km. Reception was good, 
and all systems worked as intended. 

The trajectory actually flown by the 
rocket was outside the anticipated path. 
As a result, no precalculated look an- 
gles were available, and the auroras 
were farther from the magnetic zenith 
of the prime optical observing station 
than had been intended. Nevertheless, 
auroras corresponding to the first four 
full-power pulses (490 ma at 8.7 kv for 
1 second) were observed by two orthi- 
con cameras. The auroras observed 
were long slender rays with a length 
(along B) of 30 to 40 km and a width 
of 250 ? 50 m (Fig. 1). The pulse loca- 
tion, size, shape, and intensity are all 
roughly as expected. However, the spot 
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width seems somewhat wider than cal- 
culated by Coulomb scattering stop- 
ping the beam. The intensity of auroral 
rays is close enough to the expected in- 
tensity that we are sure a substantial 
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fraction of the electron beam power 
penetrated to about the 100 km level in 
the atmosphere. The experiment shows 
that beam propagation and stability 
problems were not too serious, and that 
producing auroras with electron beams 
is apparently feasible. 

WILMOT N. HESS 
Science and Applications Directorate, 
NASA Manned Spacecraft Center, 
Houston, Texas 77058 
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Typically, a waterfall produces con- 
tinuous earth vibration with one fre- 
quency predominating; this frequency 
is inversely proportional to the height 
of the waterfall. Frequency data for 
nine waterfalls in Iceland, Alaska, and 
continental United States, ranging in 
height from 5 to 93 m, were obtained 
with an HS-10 geophone, whose posi- 
tion, whether at the brink or the base of 
the fall, was immaterial (Fig. 1). 

Waterfalls in which the flow is thor- 
oughly broken up by ramps and ledges, 
such as a "horsetail" fall, have high 
background noise with no character- 
istic predominant frequency. While 
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wide waterfalls-such as the Canadian 
and American Niagaras, also have high 
background noise-their predominate 
frequencies are discernible. Generally 
the data are not as consistent for low 
waterfalls as they are for high ones. 
A multiple-level fall, such as Gullfoss, 
a wide two-stage Icelandic waterfall, 
has as many characteristic frequencies 
as it has levels. Fourier analysis of the 
vibration frequencies of Gullfoss shows 
the two frequencies of 6 and 40 hz, 
which correspond, respectively, to drops 
of 7.5 and 27 m (Fig. 2). 

While vibration set up in the earth 
must result from the water impinging 
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Fig. 1. Predominant vibrational frequency as a function of reciprocal of waterfall height. 
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Waterfall-Generated Earth Vibrations 

Abstract. Waterfalls generate periodic earth vibrations whose frequencies are 
inversely proportional to the height of the waterfall. Action of turbulent eddies is 
a probable explanation. 
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Fig. 2. Frequency spectrum of A 
excited by Gullfoss. 
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against the base of the fall, d 
the transfer of momentum are 
It is noteworthy that the slop 
solid line in Fig. 1 is 250 m/se 
one-fourth the velocity of s( 
water, suggesting that the enti: 
column may be resonating in t] 
ter wavelength mode. The im 
match at the base of the fall 
whereas that of the top is pc 
would place the node at the I 
the fall. 

Water breaks up into discret 
lent eddies as it falls, with th 
of each eddy increasing with 
of fall. Such separation, whicl 
give intermittent impacts an 
frequency with greater height, i 
evident in most regular water 
small individual turbulent eddy 
does not maintain its identity 
length of fall. It grows in len 
then melds with others to fort 
and longer eddies, each of whic 
the base of the fall, producin 
earth motion. 
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Lunar Surface Material: 

Spacecraft Measurements of Density and Strength 

Abstract. The relation of the density of the lunar surface layer to depth is prob- 
ably best determined from spacecraft measurements of the bearing capacity as a 
function of depth. A comparison of these values with laboratory measurements of 
the bearing capacity of low-cohesion particulate materials as a function of the 
percentage of solid indicates that the bulk density at the lunar surface is about 
1.1 grams per cubic centimeter and that it increases nearly linearly to about 1.6 
grams per cubic centimeter at a depth of 5 centimeters. 
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Despite the successful landing of 
seven unmanned spacecraft on the 
moon, controversy continues about the 

density of lunar surface material. I 

present here further analysis of the 
available data. 

With the Surveyor 7 soil mechanics 
surface sampler (1) the density of one 
surface rock was directly measured as 
2.8 ? 0.4 g/cm3. From the elemental 
chemical analyses made on the moon 
(2), model oxide compositions were de- 
rived that correspond to rock densities 
of 3.2 g/cm3 in the maria sites of 

Surveyors 5 and 6, and 3.0 g/cm3 at 
40 50 the Surveyor 7 site on the rim of Tycho 

(3). These values, however, pertain to 
the density of a fragment and of solid 

vibrations rock, rather than to the bulk density 
of the particulate layer that mantles 
the lunar surface. 

Ietails Of A gamma-scattering densitometer on 
Luna 13 provided a direct indication 

f t of the bulk density. Unfortunately, the 
curve of density plotted against count- 

,c, about , aou 
ing rate was double-valued, and the data' 

ound in fit a bulk density of about 0.8 g/cm3 re water re water or greater than 2.1 g/cm3 (4, 5). 
e quar- ^These values pertain to effective depths 

Lpedance of 5 to 10 cm (6). is good For particulate material of low co- 
oor; this 

hesion, the static bearing capacity is a 
brink of rrather sensitive function of the per- 

centage of solid and hence of the bulk 
te turbu- density. Data on the static bearing ca- 
e length pacity at various depths in the lunar 
distance surface layer are available from deter- 

h would minations of the loads imposed by a 
d lower number of objects which made im- 
s clearly prints on the surface and the corre- 
rfalls. A sponding bearing areas. The objects in- 

usually clude a small rolling stone near Sur- 
the full veyor 5 (7), the head of the alpha- 

lgth and scattering instrument on Surveyor 7 
m larger (8), landing blocks on Surveyors 6 and 
h strikes 7 (8, 9), surface samplers used in bear- 
g strong ing tests on Surveyors 3 and 7 (1, 10), 

a footpad on Surveyor 1 (8, 9), and a 
INEHART boulder that had rolled down the side 
!s of the crater Sabine D, as observed 
ratories, from Lunar Orbiter 2 (11). The im- 

print depth, bearing capacity, and bear- 
ing width for each object are shown in 
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Table 1. The consistency of the Sur- 
veyor data is illustrated by a plot of 
bearing capacity against depth (Fig. 1); 
the data for width-to-depth ratios of 
5 to 10 fall on a straight line through 
the origin, with a slope of about 1 
newton/cm3. Data for width-to-depth 
ratios of 0.8 to 1 fall at slightly lower 
bearing capacities, as would be ex- 
pected from ordinary soil mechanics 
relations. The value for the Lunar Or- 
biter boulder indicates some decrease 
in the slope of the curve of bearing ca- 
pacity versus depth at greater depths, 
as would be expected. 

Laboratory tests of low-cohesion 
granular materials 7 to 70 percent solid 
indicate that a plot of bearing capacity 
p against percentage of solid s (12) 
can be fitted, within a scatter of 10 
percent in s, by the relation 

s = 20 log p/po (1) 

where p0 = 0.016 newton/cm2. These 
tests used probes 0.6 to 2.8 cm in diam- 
eter under terrestrial gravity; cohesion 
of the materials tested was < 0.2 new- 
ton/cm2. In the terrestrial tests for 
loosely packed material, with s 50 
percent, the bearing stress varied di- 
rectly as the depth for fixed width; the 
plotted p was taken at a width-to-depth 
ratio of 1 (12, 13). Analysis for loose- 
ly packed material indicated that p 
should be independent of the gravita- 
tional acceleration (13) and should be 
only slightly dependent on bearing 
width (14). For densely packed mate- 
rial (s > 50 percent), the bearing ca- 
pacity was reached at a small depth 
(high width-to-depth ratio), and the 
bearing stress increased very little with 
further increase in depth (13). For 
such material, analysis indicated that 
most of the bearing capacity would 
be provided by cohesion for bearing 
widths D (in centimeters) up to 
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D = 4 X 104c/g D = 4 X 104c/g (2) (2) 

where c is the cohesion (in newtons 
per square centimeter) and g is the 
gravitational acceleration (in centi- 
meters per second per second) (13). 
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