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SECTION I 

SCOPE OF RESEARCH PROGRAM 

This paper presents the results of an  experimental research program / 
to investigate the flash phenomena associated with high velocity im- 

I '  pact. Specifically, the program was directed toward obtaining basic data 
about impact flash phenomena and using this data,together with that 
obtained from impacts on simulated lunar surfaces, to estimate the 
characteristics of the flash from the impact of a lunar probe on the 
moon. 

The program consisted of a parametric study of the variables ass- 

ciated with impacting a projectile against various targets, some of 
which simulate the lunar surface. The tests consisted of firing pro- 
jectiles of varied mass, material, and velocity into a variety of 
target materials. Observations were made and quantitative data ob- 
tained for the magnitude of the luminosity of the impact flash,  the 
duration of the flash, and the spectrum of emitted light. Also, high- 
speed optical pictures were made to determine the disposition of the 
impacting projectile and of the debris ejected from the r e s u l t a n L  

1 - 
rom analysis of the experimental data, it is possible to  

make cratefb an estimate of the impact flash likely to  be observed upon im- 

pact of a lunar probe with the moon's surface and the possibility of 
observing the flash from the earth. 

1 
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APPROACH TO RESEARCH PROGRAM 

The research program to be described in this paper was directed 
toward the possibility of identifying the impact of a lunar probe on 
the lunar surface and the techniques required for identification of the 
lunar surface material. The program, therefore, was conducted with 
the specific goal of permitting recommendations to be made as to the 
observations and techniques which can be carried out from a remote 
position to answer the important questions related to lunar impact 
phenomena. 

When a lunar probe strikes the moon's surface it will  (1) generate an 
intense flash of light and (2) form an impact crater (Ref. 1). It was  
believed that if either or  both of these reactions were of sufficient 
magnitude, they could be observed here on earth. Whether or not a 
lunar probe (or meteoroid) can cause an impact flash of this magni- 
tude will  be estimated on the basis of the experimental results to be 
reported in this paper. An indication that impact flashes of this 
magnitude are obtained is given by a recent Russian paper (Ref. 2) 

which concluded that the impact of the Second Cosmic Rocket on the 
moon caused an impact flash that was observed by at least a dozen 
observers in various parts of the world. 

In contrast to the Russian observations, astronomers have attempted 
for years to observe the impact of meteors on the moon (Refs. 3-6) 
without drawing any significant conclusions. Recently, however, 
observations of meteor impacts on the 'lunar surface have been 
reported (Ref. 7), and from these an estimate was made that marble- 
sized meteors striking at 54,000 mph (78,000 ft/sec) can be seen 
with a 12.5-inch-lens telescope at 600 magnification. This estimate 

2 
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of meteor size and velocity will be compared with the results of the 
laboratory impact studies later in this paper. 

Experimental researchers have also attempted to look at the phenom- 
ena of impact flash (Refs. 8,9) and cratering in rocks (Refs. 10, ll), 
but under conditions which may be inapplicable to the investigation of 
lunar impact flash. Consequently, the GM Defense Research Labora- 
tories, General Motors Corporation, undertook a program to determine 
some specific features of a lunar impact, including reaction to a lunar 
probe of relatively high velocity. Results of this program may make 
it possible to discover the composition of lunar surface material. 

It wil l  be of major importance to the Ranger Program to obtain clear 
evidence that the probe actually contacted the surface of the moon, to  
ascertain where the impact occurred, and to gain some knowledge of 
the composition of the moon's surface from the impact. Whether or 
not the impact of the probe will provide this information depends upon 
the peak intensity of the flash,  the duration of the flash, and the spec- 
tral distribution of light in the flash. If these aspects of the phenom- 
ena are known, it will be possible to  design instruments for record- 
ing the flash and to estimate the feasibility of using data from these 
instruments to  provide a record of the conditions of the impact. It 
may also be possible, through the proper choice of materials from 
which the probe is made, to augment the chances of success in the 
test by increasing the luminosity of the flash. Therefore, the experi- 
ments were designed to permit observations and to describe quanti- 
tatively the phenomena of impact flash, peak luminosity, time duration, 
and the spectrum of light emitted. 

3 
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The first environmental condition to be considered is the effect of the 

gas at the target surface. Since most experiments on high-speed im- 
pact have been made with gas at appreciable pressure - that is, many 
orders of magnitude greater than pressure near the lunar surface - it 
is essential to learn the effect of pressure on impact flash if results 
of laboratory experiments to predict the phenomena of impact flash 
on the moon are to  be used. Early work at the Univkrsity of Utah 

(Ref. 9) indicated that the gas surrounding the target played an impor- 
tant part in producing the impact flash. This conclusion was  based on 
the observation, in metal-to-metal impact, of a line spectrum attrib- 
uted to the reaction of the surrounding gas with a high-velocity spray 
thrown out of the crater during the crater's formation. Therefore, it 
may be concluded that an impact on an atmosphere-free moon will not 
cause a flash. These conclusions will  be shown to be not applicable to 
the case in point, since both the early experiments by the NASA-Ames 
Laboratories (Ref. 1) and the tests to be described show that impact 
flash is obtained under reduced ambient gas pressures. 

The second condition to be considered is that of the materials comprising 
the lunar surface upon which the impact will occur. This composition is 
in fact unknown, and investigators are confused by contradictions found 
in hundreds of papers published on the subject. Suffice to say, the 
majority of references agree that the rough and cratered lunar surface 
was caused by the impact of meteors occurring over the eons following 
the solidification of the entire lunar mass. According to currently 
accepted views, the moon's surface is a rocky rubble covered with a 
thin layer of dust (Ref. 12), its composition and character undoubtedly 
varying from place to place and including, perhaps,steep slopes of 
bare rock in the mountainous regions. 

4 
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To simulate the varied character of the lunar surface in the laboratory, 
it is desirable to  make targets of a number of materials ranging from 
hard rock to extremely small-grain, well-packed particles. The tar- 
get materials to be tested are as follows: (1) hard rock having a 
density of approximately 3 gms/cc; (2) large rocks loosely dispersed 
in a matrix of fine Land; (3) well-settled rock particles having a size 
distribution of from 0.1 to 1.0 millimeters; (4) well-settled sand 
having a particle size distribution from 10 to 1,000 microns; and (5) 
layers of sand of varying particle sizes piled on top of hard rock. 

The other environmental conditions to be considered are those relating 
to the lunar probe. The probe will have a given size, be made of a 
certain material, and strike at a specified velocity. It should be noted 
that the Ranger vehicles wi l l  impact the moon at a velocity close to 
10,000 ft/sec - a speed easily attainable in the laboratory. However, 
a projectile velocity range of 5,000 to 25,000 ft/sec will be used to 
evaluate velocity scaling effects. The vehicles will be made of 
metals and plastics; these also can be duplicated in the laboratory. 
On the other hand, the vehicle will  weigh more than 700 pounds, and 
projectiles of this weight are beyond the capability of the tests in this 

program. Accordingly, part of the investigation w a s  concerned with 
projectiles of different sizes to determine scaling laws  for extra- 
polating the results of the laboratory to the conditions of full-scale 
flight . 

5 
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SECTION I I 

RANGE AND MONITOR I NG I NSTRUMENTATI ON 

The tests were conducted in the GM Defense Research Laboratories 
Ballistics Ranges 'A' and 'C'. Ballistics Range 'A' is fully described 
in GM DRL Report No. ER62-201A and Ref. 13. The basic facility 
consists of a gun, a 20-foot flight range, and an impact chamber , 

(Fig. 1). The projectile is launched into the horizontal flight range 
by either of two guns (Figs. 2,3): a 0.22-inch acce€erated-reservoir 
light-gas gun (AR-LGG); or a 0.22-inch SuperSwift smoothbore rifle. 

The choice of guns depends upon the desired projectile mass and veloc- 
ity. The 0.22-inch AR-LGG may be fired horizontally at velocities up 
to  32,800 ft/sec, while the SuperSwift rifle is used when the velocity 
requirement does not exceed 10,000 ft/sec (Fig. 4). The SuperSwift 
rifle may also be fired vertically using the facilities of Ballistics 
Range 'C' (vertical). Figure 5 shows a shortened version of this 
range with the 0.22-incli SuperSwift rifle installed. This vertical 
firing capability is especially useful when nonsolid targets such as 
sand or  crushed stone are used. In these cases, no alien binders are 
required to maintain the shape of the target. 

Both ballistics ranges are equipped to monitor projectile, target, 
and impact flash parameters. Hence, the following discussion of data- 
collection techniques is applicable to  both. 

During the course of flight, the model's position and time of flight 
are recorded at each of three spark shadowgraph stations in an 

6 
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Fig. 5 Ballistics Range "C" (vertical) 
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instrumented velocity chamber (Fig. 6). Figure 7 is a schematic of 
the instrumentation associated with each station. When the model 
interrrupts the photobeam, electronic counters are started and a 
short-duration spark exposes a film plate. Figure 8 is a shadowgraph 
which shows a spherical model separated from its sabot at a velocity 
of 21,000 ft/sec. These measurements of time and distance of the pro- 
jectile between stations serve to  determine velocity along the trajec- 
tory and, in particular, at the target. The accuracy of the impact 
velocity determined in this manner is within one percent. The spark 
shadowgraph pictures obtained for the velocity computations show 
model condition and orientation prior to impact. This information, 
together with projectile weight taken prior to the launch, define mass 
and velocity at impact. 

The model flight terminates in a specially constructed impact chamber 
(Figs. 5,6) which has numerous viewing ports. The rear wall of the 
chamber, a full-size door, allows easy insertion and removal of the 

targets. The targets are held by a mount attached to the floor of the 
chamber. The impact and velocity chambers are vacuum-sealed and 
can be evacuated to pressures of less than one micron of mercury. 
Air or any desired gas or  gas mixture can be introduced into the 

chamber as a test medium. An alphraton vacuum gauge and mercury 
manometers provide accurate and reliable pressure measurement. 

Photographic and photoelectric equipment and open-shutter cameras 
with black-and-white or color film have been used to monitor the 
impact flash. Because initial records showed that radiation from the 
impact flashlay primarily in the visible andnear infrared, quantitative optical 

monitoring devices were chosen for their response to these wavelengths, 

The three photomultiplier tubes used to record peak luminosity and 

12 
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total time duration of emitted light were as follows: a P M  tube (Dumont 
Type 69al) sensitive with filter to infrared radiation from 5,940 A to 
10,000 A, and without filter to radiation from 4,500 A to 10,000 A; a 
PM tube (Dumont Type 6292) sensitive to the visible spectrum from 
3,500 A to 5,500 A; and a P M  tube (Dumont 7664) sensitive to the 
region from 1,800 A to 5,500 A. The PM tubes were calibrated to  
measure radiance in watts per unit-solid-angle as a function of both 
impact velocity and ambient gas pressure in the impact chamber. 

To study the emitted spectra from a point 20' off normal, a spectro- 
graph w a s  built and placed on the impact chamber. The optical train 
and installation of this spectrograph are shown in Fig. 9. The system 
had a typically nonlinear dispersion of from 100 A/mm to  300 A/mm 
(total dispersion 30 mm) and a resolving power of less than 20A. The 
spectrograph was calibrated with a pohit-source mercury lamp which 
also served to locate the position of the impact on the vertical axis of 
the film. 

In addition to the quantitative analysis of the light emitted during the 
impact flash, the phenomena were observed with the Beckman & Whitley 
Model 192 framing camera. This camera, capable of framing rates as 
high as 1 .4  million frames per second, can be used to record precisely 
the (1) incoming projectile velocity, (2) the phenomena of impact flash, 
and (3) the motion, velocity, and approximate quantity of minute parti- 
cles being ejected from the crater. This camera also makes it possible 
to observe, in a plane across the surface of the target, the growth of 
the crater in time. 

16 
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SECTION I I I 

RESULTS AND ANALYS I S  

TR63-215 

The experiments have been conducted with projectile materials of 
nylon, zelux, high-density linear polyethylene, pyrex, aluminum, 
steel, magnesium, brass (hollow and solid), and silver (hollow and 
solid). These projectiles ranged in diameter from 1/32 inch to 0.22 
inch, and were launched at velocities ranging from 5,800 to  24,000 
ft/sec. 

The majority of the tests were conducted using sand, granite, o r  
aluminum targets. Two types of sand were used. The first, com- 
mercially known as "Nevada 135", was a fine-grade silicon sorted 
through a 100-mesh screen and retained on a 200-mesh screen. 
Because of the Ballistics Range 'A' requirement to fire all shots 
horizontally, this sand was mixed with one percent linseed oil and 
two percent water (by weight) and cured at 400°F for approximately 
four hours in an air atmosphere. The second type was  a commercial, 
washed, construction-grade sand with particle sizes ranging up to 
1 mm. When this sand was  used as targets for Ballistics Range 'C' 

(vertical) no binder was  required. The granite, commercially known 
as "Georgia Grey", was  polished on one side only. The aluminum 
was commercially known as 1100 F and was cleaned prior to firing. 

A portion of the tests were conducted using basalt, peroditite, and 
gabbro targets. The basalt was used as targets in the following 
configurations : 

18 
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1. Semi-infinite blocks - polished 
2. 

3. 

4. 

Crushed - particle size from 0 .1  mm to 1 mm 
Crushed - particle size from 10 microns to 100 microns 
Semi-infinite blocks - weathered, as received. 

Chemical and semi-quantitative spectrographic analyses of these 
samples were performed by the Hornkohl Laboratories, Inc. , of 
Bakersfield, Calif. The results are tabulated in Tables I and II. The 

peroditite and gabbro targets were used in a weathered, "as received" 
condition. 

Table I 
BASALT 

CHEMICAL ANALYSIS 

Constituents 

Silica 
Alumina 
Iron Oxide 
Calcium Oxide 

Titanium Oxide 

Magnesia 
Sodium Oxide 
Potassium Oxide 

140928 
1 (small) 

63.06% 

1 2 . 9 a  

5 . 4 8 0  
5.38% 

3.49% 
5.18% 
2.32% 

1.62% 

Sample No. 
140929 

2 (medium) 

61.84% 
15.21% 

7.2wo 

3.16% 

3.04% 
2.43% 

1.55% 

4.98% 

14093 0 
3 (1WF) 

61.08% 
14.66% 
8.87% 

4.7% 
2.92% 

3.19% 

2.18% 
1.60% 

19 
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Silicon 

Table II 

Over 10% 

BASALT 
SEMI-QUANTITATIVE SPECTROGRAPHIC ANALYSIS 

I 14Q828 
I (small) 

Major Const ituentg 

ntermediate Constituents 

Aluminum 
Iron 

Calcium 

Magnesium 
Titanium 

Sodium 

Ainor Constituents 

Potassium 
Phosphorus 

Manganese 

Boron 

Strontium 
Molybdenum 
Cobalt 
Vanadium 
Copper 
Nickel 
Chromium 

5 - 10% 
5 - 10% 
5 - 10% 
1 - 5% 
1 - 5% 
1 - 5% 

0. 5 - 1.0% 
0.05 - 0.1% 
0.01 - 0.05% 
0.005 - 0.01% 
0.001 - 0.005% 

Trace 

20 

Sample No. 
140929 

2 (medium) 

Over 10% 

5 - 10% 
5 - 10% 
5 - 10% 
1 -l5% 
1 - 5% 
1 - 5% 

0. 5 - 1.0% 
0.05 - 0.1% 
0.01 - 0.05% 
0.005 - 0.01% 
0.001 - 0.005% 

Trace 

140930 
3 (large) 

Over 10% 

5 - 10% 
5 - 10% 

1 - 5% 
1 - 5% 
1 - 5% 

5-1m 

0. 5 - 1.0% 
0.05 - 0.1% 
0.01 - 0.05% 
0.005 - 0.01% 
0.001 - 0.005% 

Trace 
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OBSERVATIONS OF THE IMPACT FLASH AND 
TARGET CRATER 

Within the range of the experiments, an impact flash was observed 
under all test conditions. A typical impact flash observed by an open- 
shutter camera is shown in Fig. 9. A study of more than 600 records 
of impact flashes shows that the intense luminosity in the center of 
the impact is associated with both the projectile and the area of the 
target under the projectile, while the striated luminosity surrounding 
the point of impact is associated with the debris ejected from the 

crater. These conclusions are in agreement with the flash pictures 
obtained at the Ames Research Laboratories (Ref. 1). Open-shutter 

flash pictures (Refs. 1 ,9)  depict a dark spot surrounded by an intense 
impact flash in the center of the impact. The dark spot is believed to 
be the opaque copper projectile used in those tests. In the picture 
shown in Fig. 10, however, of a translucent (nylon) projectile, the 
dark spot does not appear. Typical craters  formed in both sand and 
granite targets are shown in Fig. 11. 

EFFECT OF AMBIENT GAS AND PRESSURE 

Since the impact of a lunar probe wi l l  occur in the absence of any 
atmosphere, it was necessary to test the effect of various ambient 
gases and gas pressures on the magnitude of the impact flash. In the 
pilot experiments of Fig. 12, nylon spheres were fired into sand tar- 
gets under various conditions of velocity and ambient air pressures. 
The ordinate in this figure is the peak luminosity of the flash, I (in 

wattsper steradian), which is equal to the measured value normal to  
the target surface. The peak luminosity, I 
function of both impact velocity and ambient range pressure. In Fig. 
12a, three selected impact velocities were chosen and the values of 

nP 

is then plotted as a 
np’ 
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I corrected to a best-fit slope of the data. These three velocities 
were then made the dependent variable and the data points replotted 
as a function of ambient pressure. One important result of the re- 
search program is demonstrated by Fig. 12b. At ambient pressures 
of 10 mm of Hg and down to 0.042 mm of Hg (nearly three orders of 
magnitude change in pressure), the magnitude of the peak luminosity 
of the impact flash did not vary significantly. Extrapolation of these 
data to lower pressures would indicate that the flash is independent 
of the surrounding pressure. 

nP 

To further demonstrate this important conclusion, the tests were 
extended to include a test of the magnitude of the impact flash over a 
wider range of pressures in air and to  test the impact flash in an inert 
atmosphere. To do this, nylon projectiles were fired against both 

aluminum and sand targets at pressures ranging from one micron of 
Hg to one atmosphere in environments of both air and helium. The 
resulting data (Fig. 13) demonstrate that there is little measureable 
effect of the surrounding gas or the ambient gas pressure on the peak 
intensity of the impact flash. In fact, only in the case of aluminum 
targets at air pressures over 10 mm of Hg was any significant increase 
observed. 

EFFECTS OF VARIED PROJECTILE PARAMETERS 
AND TARGET MATERIAL 

In order to determine the relationship of the impact flash to the many 
possible projectile parameters, experiments were conducted with 

projectiles of varied size, material, and velocity. The targets used 
in these tests consisted of either sand, granite, or aluminum. Some 
of the results of these tests have already been observed in Fig. 12a, 
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which shows that the intensity of impact flash increases with projec- 
tile velocity. Within the scope of the data obtained thus far, the 

intensity appears to increase as some power of the impact velocity 

(v"). 

With nylon projectiles against sand targets, the data of Fig. 12b show 
that I varies approximately a s  v4- O. This relationship of I to  

nP nP 
impact velocity is further tested by the data shown in Figs. 14-17a. 
Using aluminum a d  glass projectiles to impact sand (Fig. 14) and 

aluminum projectiles against granite (Fig. 15), I can be seen to 
to  vary as v 3. 88 and v , respectively. For nylon projectiles vs 
aluminum targets (Fig. 16), I 

velocity. In Fig. 17a, the data obtained from steel projectiles against 
sand targets indicate that I 
power relationships cannot yet be determined, it is anticipated that 
the exponent of velocity wi l l  lie between 3 and 9 for a variety of pro- 
jectile sizes and materials against either sand, rock, o r  aluminum 
targets. 

4.95 nP 

is seen to  vary as the 3.5 power of 
nP 

varies as v 8* 30. Although the exact 
nP 

In addition to the velocity scaling effects, a third important conclusion 
is demonstrated in Figs. 17a and 17b. Values of I were  taken from 
the plot for the case of four sizes of steel projectiles impacting sand 
targets at a constant velocity of 8,000 ft/sec. These four values of 
I were replotted as a function of projectile diameter, as shown in 
nP 
Fig. 17b. A method of least square f i t  was then applied to these data 
points, with the result that the best f i t  of the data showed I to vary 
as the square of the projectile diameter (D ). This technique was 
also applied to the data for various sizes of brass,  aluminum, mag- 
nesium, and glass projectiles fired into both sand and aluminum 

nP 

nP 
P 
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2 
nP P 

targets (Fig. 18). I is shown to vary as D for any combination 
of projectile and target and to be independent of the monitored fre- 
quency range, gas pressure, and the ambient gas. 

It can be concluded (Fig. 18) that projectiles of the same surface area 
and material produce the same impact flash if fired under identical 
conditions and, from this, that the impact flash is a phenomenon 
associated with the surface area of the projectile rather than with its 
mass. 

- 
To further test the effect of projectile mass, projectiles of avariety of 
materials were f i r e d  under identical conditions. The result: all the 
metallic materials yielded the same impact flash (Fig. 19). To 
investigate further the effect of mass with metallic projectiles, hol- 
low and solid brass spheres and hollow and solid silver spheres of 
the same diameter (1/8 in. ) were fired at the same velocity 
against aluminum targets (Fig. 19). The surface areas of the two 
spheres were identical, of course, but the difference in mass between 
the two was 40 percent. Result: the peak luminosities of impact 
flashes were identical, and time durations of the two flashes were 
almost equal. These data support the data of Fig. 18, in which it 
was established that the intensity of the flash is a function of the area 
of the impacting projectile and not directly dependent upon momentum 
or kinetic energy. As an exception to this result, the data for non- 
metallic projectiles (Pyrex, nylon, etc. ) indicate flashes of lower 
intensity than the constant-intensity flash observed from the metallic 
projectiles, Thus, it is indicated that the flash is a function of the 
properties.& the projectile material as well as of the presented area. 
It is believed at this time that the significant properties of a projectile 
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are those related to the hardness of the material, to the resistance 
of the material to dynamic deformation, and to the reactivity of the 
material under compressive loads. 

Figure 15 shows that for a given projectile a change of target material 
produces a variation in impact flash; for example, the peak luminosity 
of the impact flash in granite is more than ten times that in sand. 
Also, over the range of velocities of interest here, the data are 
represented by a variation of peak luminosity, with approximately the 
fourth power of the velocity for granite and aluminum targets, and 
the fifth for sand targets. 

All of the data presented so f a r  has come from impact against simple 
targets, i. e., metal, polished granite, and sand. Since it has been 
postulated that the lunar surface consists of rock under varying layers 
of dust, tests of the Occurrence and intensity of the impact flash with 

a more "realistic" target were needed. With nylon projectiles against 
various configurations of basalt, I 

nP 
(Fig. 20). The effects of a dust layer on semi-infinite basalt blocks is 
demonstrated in Table III. 

5.16 varies approximately as v 

A small number of rounds were also fired against semi-infinite 
gabbro and peroditite targets using nylon projectiles. However, no 
conclusions can be drawn from the data obtained because of scatter; 
this is attributed to the condition of the target surface - rough and 
weathered. 

At this point, an empirical relationship to describe the results thus 
f a r  can be written as: 

I 
nP 

= CAv". . . . . . . . . . . . . . . . . . (1) 
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where I = peak luminosity (1800- 10,000 A) 
nP 

A = area of projectile on target surface 
V = velocity of impacting projectile 
n = velocity exponent 3 5 v s 9 

C = a constant (a primary function of the target and a 
secondary function of the projectile) 

Within the scope of the experiments conducted, measured values for 
the coefficient C are listed in Table IV for a variety of projectile- 
target combinations. 

Table IV 
VALUES OF TERMS IN EQUATION 1 

watts per sterad 
C 

Projectile Target f t2  (fps)” n Photomultiplier Range 

Aluminum 
Aluminum 
Steel 
Glass 
Nylon 
Nylon 

Nylon 

Granite 0.059 x 10’’ 3.88 Visible (3500- 5500A) 

Sand (Nevada 135) 0.025 x 4.96 Visible (3500 - 5500A) 

Sand (Nevada 135) 0.030 x 8.30 Visible (3500 - 5500A) 

Sand (Nevada 135) 0.048 x 4.96 Visible (3500- 5500A) 

Sand (Nevada 135) 0.035 x 4.02 Infrared(4500- 10,000A) 

CrushedBasalt 0.019 x 5.16 Infrared (5940- 10,000A) 
0 .1  mm to 1 mm 
Aluminum 0.015 x 3.5 Infrared (5940- 10,000A) 

DURATION OF IMPACT FLASH 

In previous discussion, only the peak luminosity associated with impact 
flash and not the integrated total luminosity over the time of emission 
was  considered. The next step is to determine the time of occurrence of 
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the flash with respect to moment of impact, and to relate the duration 
of the flash to the elapsed time of projectile penetration and crater 
for mat ion. 

Available references (for instance, Refs. 1, 10, 14) show that the 
behavior of the projectile and the mechanism of the crater's formation 
vary, depending upon such factors as the velocity of impact and the 

relative strength of the specific projectile-target combination. It was 
suspected, therefore, that the initial peak luminosity was  associated 
with the penetration of the more-or-less-intact projectile, and the 
trailing off of the flash with the deformation of the projectile and the 

expansion of the crater. This hypothesis is consistent with the greatly 
increased duration of the flash with a granite target as compared to 
the shorter duration of the flash with a sand target; the instrumentation 
that is available has permitted a critical test of this by displaying 
the photomultiplier outputs on oscilloscopes and photographing the 

results. Several of these will  be examined. 

The variation of luminosity with time is shown for three typical impact 
conditions in Fig. 21. The case of a hard projectile striking a soft 
target is illustrated by the top trace of a steel sphere impacting a 
sand target. There are two distinct phases in the generation of the 

impact flash. A sharp peak appears first, lasting in this case less 
than a microsecond, and followed by a long, low-intensity tail 
lasting many microseconds. Records with a high-speed framing 
camera show that the impact flash begins almost as soon as the pro- 
jectile contacts the target; the peak is thus associated with the initial 
phase of penetration and cratering. For the case in question, the peak 

lasts less than the time it takes the projectile to penetrate the target 
to a depth equal to its own diameter. 
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The case of an aluminum projectile striking a sand target is shown by 
the center trace. The first part of the peak lasts about the same time 
as that from the steel projectile. This initial peak is followed by a 
region in which the light decays from 0.5 to 0.1 of peak value in 
approximately 3 microseconds, perhaps because of the increased 
deformation of the aluminum projectile as compared with that of the 
steel projectile. 

This point is borne out by the variation of luminosity with time as 
shown for the impact of an aluminum projectile into a granite target 
in the bottom trace. The entire peak region of the flash is now seen 
to be broadened. The time from the initial rise through the decay to 
0.1 of peak value lasts nearly 5 microseconds. The case of 
aluminum into granite at 8,400 ft/sec begins to  approach the fluid 
impact region; a crater is formed in the initial instance of impact, 
and material is jetted from the periphery of this initial crater at 
very high velocity. 

Consequently, a surface of highly shocked material is exposed during 
the initial phase of cratering. The intensity of the shock is greatest 
at the beginning of impact, diminishing as the shock phenomena 
decrease with the increasing volume of material affected by the 

growing crater and expanding wave phenomena. The combination of 
these two effects produces the elongated shape of the light pulse seen 
in the case of aluminum into granite. In contrast to this, the case of 
steel into sand is probably close to the region of unbroken projectile 
impact, and the short light-pulse might indicate that highly shocked 
material is generated only during the moment of initial penetration. 
The case of aluminum into sand is probably an intermediate case 
somewhere between the unbroken projectile and the fluid impact cases. 
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he fact that Two additional experiments substantiate he luminosity 
occurs at the instant of impact and persists for only a very brief 

period. In the first experiment, the Beckman & Whitley high-speed 
framing camera was used to  observe several projectile-target 
collisions. A typical framing sequence (Fig. 22) shows the projectile 
to have moved approximately 0.5 inch to impact the target, then the 

flash occurs in a single frame and is extinguished in a total time of 
less than 2 . 4  microseconds. 

In the second experiment, which was  aimed at demonstrating the short 
duration of the flash, 3/16-in. aluminum projectiles were fired at 
an average velocity of 17,600 ft/sec against different thicknesses of 
titanium sheets. Three thicknesses were tested - 0.012 in. , 0.020 in., 
and 0.040 in. - and the measured peak luminosities were 523, 505, 
and 543 watts/steradian, respectively. These data show that the peak 
luminosity is unaffected by the thickness of the target and that the 

impact flash is produced on, or very near, the surfaces of the 

projectiles and the target (collision interface). 

SPECTRUM OF AN IMPACT FLASH 

To permit a more complete description of the phenomena of impact 
flash, it was necessary to observe the spectrum of the emitted 
radiation. From an analysis of the spectra obtained under varying 
conditions of impact, it is anticipated that the composition of an 
unknown target might be determined. 

Only a few spectra have been observed to date, but the results are 
most interesting. Two typical spectrograms obtained from the impact 
of a nylon cylinder against both an aluminum and a sand target are 
shown in Figs. 23 and 24. 
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Fig. 23 Spectrogram of Impact Flash Generated by Nylon Cylinder 
Impacting an Aluminum Target at 24,600 ft/sec 
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Fig. 24 Spectrogram of Impact Flash Generated by Nylon Spheres 
Impacting Sand Targets at Approximately 10,000 ft/sec 
(10 rounds superimposed) 
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Figure 23 is the result of the fairly intense flash generated by a 
nylon cylinder impacting an aluminum target at 24,600 ft/sec. The 

aluminum doublet at 3,950 A appears in the near ultraviolet on the 
right side of the figure, and the aluminum oxide bands appear between 
the blue and the green. There is a continuum extending from the near 
infrared to the green, and the sodium D line appears strongly. (The 

short line segments are, of course, the image of a point-source 
mercury calibration which serves also to locate the point of impact 
along the vertical axis of the film.) The appearance of the aluminum 
oxide bands in the spectrum shown in Fig. 23 suggests an apparent 
anomaly when compared with the data of Figs. 12 and 13, which show 
the impact flash to be independent of the ambient gas and the 
surrounding gas pressure. It is believed, however, that the oxide 
bands appear as a result of surface oxidation on the unpolished 
surfaces of both projectile and target. 

The second typical spectrograph (Fig. 24) is the result of the rela- 
tively weak flash generated by a nylon cylinder impacting a sand 
target at approximately 10,000 ft/sec. The intensity of the flash, so 

f a r  below the demands of the spectrograph, made it necessary to 
superimpose the flash of ten successive rounds in order to obtain a 
legible record. Although the photographic quality of the resulting 
spectrograph leaves much to be desired, it seems clear that no line 
spectrum is generated - rather, there is a continuum in the near 
infrared. On the basis of Fig. 24, it would be difficult to determine 
the atomic and molecular composition of a sand target,for the line 
and band spectra may be present but too weak to be discernible. 
Further measurements with a more sensitive instrument are needed 
to investigate this possibility. 

1 
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SECTION I V  

DISCUSSION OF EXPERIMENTAL RESULTS 

Referring to the data given in Figs. 12- 20, the luminosity-versus- 
time plots of Fig. 21, and the empirical relationship given in Eq. 1, 

the observed phenomena can now be defined. 

The appearance of an intense flash of light upon impact results from 
the conversion of mechanical energy to light. Most certainly, the 

energy of the projectile is expended in a number of possible reactions: 
heat is generated, radiation is emitted (possibly over the spectrum 
from gamma rays to microwaves), and mechanical work is done in 
forming the impact crater. (These experiments, however, were 
concerned with monitoring only that portion of the projectile energy 
which appears as visible light.) It is reasonable to  assume that the 
magnitude of radiated visible light will be a function of the energy 
of the impacting projectile. 

Since the target reacts to the impact in a manner dictated by the 
magnitude of the pressure pulse, it may also be reasonable to relate 
the intensity of impact flash to the properties of the materials after 
being shocked by the collision. Since a process by which luminosity 
is derived from the rapid application of pressure is unknown, a 
causal relationship between impact-generated pressure and luminous 
radiation cannot be established by these experiments, More complex, 
and much more difficult to define, are the excitation energy of atoms 
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under compression, and the multiple-electron problem created by 
the many possible ways in which electrons of different binding 
energies may react. Therefore, the present analysis is restricted 
to the establishment of an empirical relationship (Eq. 1) to describe 
the phenomena and to estimate the intensity of impact flash. 

OBSERVATIONS OF LUNAR IMPACT 

In applying the results of laboratory tests to  observations of lunar 
impact by instruments on the earth, two cases will be considered: 
(1) the crash-landing of a Ranger lunar probe at lunar escape 
velocity, and (2) the impact of a marble-sized meteroroid. The 

question is whether or not a discernible record of the impacts of 
these objects can be obtained from the accompanying flash of light. 

The answer to this question is critically dependent upon the design 
and sensitivity of the recording instrument. A ful l  treatment of the 
subject is beyond the scope of this paper, and the discussion will be 

restricted to a limited study of two examples. The intent here is to 
present a method of analysis and to give a rough indication of 
possible answers. 

Any earth-placed instrument wi l l  %ee" the flash of a lunar impact. 
However, the identification of this flash will depend upon whether 
or not it can be distinguished from the noise on the record that 
represents the background intensity of the lunar surface. The first 
step in the analysis, then, is to obtain an estimate of this lunar 
background intensity. 
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In computing the lunar background intensity, only the positions of 
conjunction (moon and sun in the  same direction from the earth- 
dark of the moon) and opposition (moon and sun in opposite directions 
from the earth - full  moon) will be analyzed. In opposition, the moon 
is illuminated by light from the sun with an irradiance of 140 watts/ 
sq f t  (Ref. 15). 

Considering a small, flat, diffuse a rea  of lunar surface, it is easily 
seen that the intensity of reflected light along a normal to the surface 

where 5 is a normal albedo which may be taken as approximately 
0.1. Substitution into this equation establishes the luminous intensity 
of the moon to be 2.2 watts/sterad-sq f t  when the surface is in full 
sunlight (opposition). By a s i m i l a r  analysis, it can be established 
that when the moon is illuminated only by light reflected from the 
earth (conjunction), the solar irradiance is decreased to about 0.002 
watts/sq ft, giving a reflected intensity of 3.0 x 
sq ft .  Thus, part of the problem is to establish the possibility of 
observing a given impact flash against this background radiation. 

watts/sterad- 

The next step in the analysis is to  estimate the intensity of the impact 
flash. The Ranger lunar probe is taken to be a vehicle of aluminum 
with a projected area of 19.6 sq f t ,  an effective length of 2 ft ,  and 
an impact velocity of 8,000 ft/sec. The lunar surface may be either 
sand or granite. The intensity of the flash is calculated from Eq. 1 
using Table IV. 
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The effective duration of the flash, f, is estimated to be the time it 
takes the probe to travel one-half its length; f is used to compute the 
total light from relation 

r 

I d t = I  f . .  . . * .  . . . . . . . . . . . . (3) I n  nP 
The results of these estimates are summarized in Table V. 

Table V 
PREDICTED IMPACT FLASH FOR RANGER LUNAR PROBE 

I 
nP 

- 
t 

Surface wat ts  /ste r ad sec watt- sec/sterad 

Sand 1 . 1  x lo5 I .  3 14 
Granite 1 . 6 ~ 1 0  1 .3  200 6 

The meteoroid may be either stone or iron and will  be approximated 
by glass (for stone) and steel (for iron). Since the experimental data 
have been derived from a sand target with glass and steel projectiles, 
estimates of the impact flash can be made only for a lunar surface 
of sand. The meteoroid is taken to be a sphere 1/2-inch in diameter 
striking at 78,000 ft/sec. 

Table VI 
PREDICTED IMPACT FLASH FOR 1/2-IN. METEOROID 

I f 1 1  n dt 
nP 

Type Surf ace watts/sterad sec watt - sec/sterad 

Stone Sand 1.2  lo9 0 . 3 ~  330 
0 . 3 ~  450 9 Iron Sand 1.7 x 1 0  
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The next step requires specification of the observing instrument. The 

two examples considered here are telescopes equipped with (1) a 
movie camera and (2) a photocell that measures the intensity of 
light. In example (l), continuous observation can be made by using 
two cameras, one recording whi le  the other changes film. 

The performance of either instrument will depend upon its sensitivity 
and on the signal-to-noise ratio. The question of sensitivity involves 
an analysis of instrument design that is too lengthy for this discussion. 
The signal-to-noise ratio also depends on the design of the instrument, 
but it is possible to treat this subject broadly for classes of instru- 
ments which depend upon the physical quantity measured. Leaving 
the question of sensitivity to be answered separately, certain con- 
clusions concerning the possibility of observing the impact can then 
be drawn. 

For the example of the telescope equipped with a movie camera, the 
impact flash will be recorded by a darkening of the film caused by an 
increase in light at the point of impact. The question, then, is 
whether or not the d b k  "spot" can be distinguished from the back- 
ground, The contrast between the spot and the background on the 

negative will depend on the ratio of the total lumens produced by the 
flash to the lumens falling on a corresponding area of the background 
during the exposure time, At ,  of the camera. The signal-to-noise 
ratio is determined by the ratio, 

noise QA A 
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where I& is the intensity of light from the lunar surface, and A is the 
area of the moon's surface that corresponds to the area of the impact 
flash. If the flash area is smaller than the minimum resolvable area 
of the instrument - considered to be the case here - the correct 
area to take is believed to be this minimum resolvable area, 

u A =  % ( X T -  R ) 2 . .  . . . . . . . . . (5) 
where X = wavelength of the light 

d = aperture of the telescope 
R = distance from the earth to the moon 

Considering a telescope with an aperture of 12 inches and taking 
green light as representative, A =  2 x 

6 2  conditions, A = 5 x 10 f t  . 
inches. Under these 

Considering also that the exposure time of the movie camera 
attached to the telescope is 0.1 second, 

At = 0.1  sec. 

Now the signal-to-noise ratio for various conditions of impact being 
investigated can be determined. This ratio is given in Table VII. 

Table VII 
OBSERVATION OF LUNAR IMPACT WITH TELESCOPE 

Signal 
Noise 

Lunar Surface Object Full Moon Dark Moon 

Sand Ranger probe 0.00002 1 . 3  

Sand Stone meteoroid 0.00043 31.4 
Sand Iron meteoroid 0.00058 42.8 

Granite Ranger probe 0.00026 19.1 

52 



I *  
1 
I 
1 
I 
I 

' 1  
1 
I 
I 
I 
1 
1 
I 

I 

I 
1 
I 
1 
I 

Table VII shows that on the basis of signal-to-noise ratio, a 12-inch 
telescope with a 0.1-second-exposure camera will not produce a 
discernible record of the flash from the impact of either the Ranger 
probe or a l/2-inch meteoroid on the bright side of the moon (at ful l  
moon). On the other hand, there is the distinct possibility that a 
record could be made of the impact of either the probe or a meteor- 
o~A - QII &e dark side of the moon (at opposition). Whether or not a 
photographic record could actually be made will depend upon questions 
of sensitivity and other factors which include frequency of occurrence 
in the case of meteoroids. This is a subject for future investigation. 

For the example of the telescope equipped with a photocell for 
continuous monitoring of the total light received by the telescope, the 

peak intensity of the impact flash will increase the background signal 
produced by the light received from the lunar surface. This back- 

ground signal will depend on the angle of view of the telescope as 

determined by the area of the moon's surface to be observed, Ao. 

The signal-to-noise ratio is thus given by - 

For this example, the angle of view will be selected arbitrarily as 
two minutes of arc, which corresponds to a circular surface on the 
moon with a diameter of 135 miles  and an area of 3.9 x 
The signal-to-noise ratios for the various conditions of 
listed in Table Vm. 

11 10 sq ft.  
impact are 
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Table VIII 

OBSERVATION OF LUNAR IMPACT WITH PHOTOCELL 

Signal 
Noise 

Lunar surface Object Mdon Dark Moon 

Granite Ranger probe 1 .9  x 1.4 x 10-1 
Sand Ranger probe 1.3 1.0 

Sand Stone meteoroid 1.4 x I .  1 IO 2 
Iron meteoroid Z . O ~ I O - ~  1 .4~10, 2 Sand 

Table VIII gives much the same information as Table VII. Impacts on 
the bright surface of a ful l  moon could not be distinguished from the 
background. On the other hand, the impact of a meteoroid on the 
dark side would be visible against the background noise. This esti- 
mate supports the observations of Ref. 7. In contrast to the previous 
example, however, the 2-minute telescope could not "see" the impact 
of the Ranger probe even on the dark moon. 

There is one obvious improvement in technique which should be 

mentioned, since it may have a bearing on the conclusions drawn from 
these estimates of the performance of the 2-minute telescope with 
continuous photocell monitor. The duration of the flash is very short, 
lasting only about 0.1 millisecond in the case of the Ranger probe. 
This suggests that the photocell circuit should be provided with a 
filter passing only high-frequency signals (above 1,000 cycles per 
second). The background signal should be greatly reduced by this 

technique, and the signal-to-noise ratio improved accordingly. Again, 
the improvement realized in this manner is a subject for future 
investigation. 
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SECTION V 

CONCLUSIONS 

Although there is only limited data on the phenomena of impact flash 
and, more important, no definitive theory to relate the generation 
of a flash to the mechanics of impact, certain conclusions may be 

drawn concerning the possibility of observing impacts of meteoroids 
and space probes on the lunar surface. 

(1) In the experimental program described, in all cases of im- 
pact above velocities of about 5,000 ft/sec, an impact flash 

was observed regardless of projectile or target material. 

(2) Although tests were conducted only with air at pressures 
ranging from 0.0014 to 760 mm Hg, and with helium at 
pressures of Q. 004 and 760 mm Hg, there appears to be no 
significant effect of the composition or pressure of the gas 
surrounding the impact area on the magnitude of the impact 
flash. This being the case, it is highly probable that a flash 

will occur in the case of a lunar impact at a velocity greater 
than 6,000 ft/sec. 

(3) An empirical f i t  of the luminosity data indicates that the peak 
luminosity varies with the projected area of the projectile 
and with a power of the velocity that ranges between 3 and 9. 
The constant of proportionality between the peak luminosity 
and the product of the projectile area with a power of the 

impact velocity depends primarily on the materials of the 

target. 
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(4) Examination of high-framing-rate camera records and photo- 
cell records shows that the flash starts at the first contact of 
the projectile with the target and rises to peak value during 
the first part of the impact process. The flash appears to  be 

closely associated with material that is highly shocked in the 

initial phase of impact. The time duration of the flash varies 
markedly with changes in the materials of both projectile and 
target, particularly the latter. 

(5) The spectrograms indicate that only a continuum, rather than 
a distinct atomic line spectra, is obtained under conditions of 
impact on sand targets below 10,000 ft/sec. 

(6) To record the impact of a space probe or a meteoroid on the 
surface of the moon by observations made from the earth, a 
very limited study indicates the possibility of doing so if the 
impact takes place on a "dark" moon (illuminated by earth- 
shine only). But if  the impact occurs on the bright surface of 
a full moon, recording the impact would appear to be a most 
difficult task unless the monitoring photocell is equipped with 

a high-frequency bandpass filter or other signal-processing 
circuitry to  reduce the background noise. 
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