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Introduction





	Craters are found on the surfaces of all the planets (except Jupiter, which has no solid surface) and moons of our solar system.  Until about 1960, most astronomers believed that craters are the visible remains of giant volcanos.  However, extensive exploration of the Moon during the Apollo missions (“Houston, we have a problem.”) have proven that craters are the “written” record of violent collisions with impact objects measuring up to several tens of kilometers in diameter.  It is now recognized that impact cratering is a fundamental evolutionary process influencing the geology of the planets – including Earth – and their moons.  In fact, the most prominent hypothesis of the Moon’s origin suggests that it was formed by the impact of a giant asteroid with Earth.





	The purpose of this laboratory is to study the dependence of crater size on the kinetic energy of the impacting projectile.  You will drop a steel ball from a known height into a bowl of dry sand, and measure the diameter D of the resulting crater formed in the sand. (Figure 1).  By changing the height h and the size (mass m) of the ball, you can vary the impact energy E = mgh over almost 2 orders of magnitude.  If you can identify a clear mathematical relationship between D and E, then (perhaps) you can use your results to estimate the energies necessary to produce the kilometer-sized craters which dot the surfaces of moons and planets.
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Figure 1. Schematic of the experiment.





	Another goal of today’s exercise is to illustrate the use of the mean and standard deviation to report the results of an experimental investigation.  In all of the lab exercises in PHYS 121, you are expected to use error analysis correctly to report your results.





Procedure 





	The apparatus you will use is very simple:  two steel balls, from 0.5 to 1.25 inches in diameter; a two-meter stick, to measure the height from which the balls are dropped; calipers to measure D; a bowl of dry sand plus utensils to loosen and level the sand before each trial.





Weight each ball and record their masses (in g).


Plunge the screen into the sand several times to loosen the sand, and then level it by shaking the bowl from side to side.  (Do not compact the sand!)	


Drop the smaller ball from a height 50 cm above the tope of the sand.  Keep the impact site near the center of the bowl, or the crater will not be circular.  Measure the crater diameter D with the calipers to ( 1 mm.


Repeat steps 2 - 3, for the same ball at the same height, for a total of 5 trials.  Record your data neatly in your lab book.


Now use the larger ball to obtain a second set of 5 data points at the same height.


Repeat steps 2 - 5 at drop heights of 100, 150, and 200 cm, obtaining a total of 8 data sets.








Data Analysis:  Part 1





	The following analysis can be performed easily with a hand calculator, or with a computer and spreadsheet software (e.g., QUATTRO PRO or EXCEL).





For each data set, calculate the kinetic energy E = mgh of the ball at impact (in CGS system gEarth = 980  cm/s2 , and the unit of energy is ergs). 


Calculate the mean D for each data set.








Theories





	There is an extensive body of literature related to impact cratering.  One theory is called the impact-explosion analogy, in which it is assumed that the crater formed by a projectile with kinetic energy E has the same size as a crater formed by an explosion releasing the same amount of energy.  Based on experiments with TNT and nuclear weapons (!), researchers have found that the crater diameter is proportional to the cube root of the energy.  In other words, if  � EMBED Equation.2  ��� is the diameter of a crater formed from an explosion releasing a known amount of energy � EMBED Equation.2  ���, then the crater diameter D formed from an explosion, or impact event, of energy E is given by


� EMBED Equation.2  ���� EMBED Equation.2  ���.                                                      (1)





	A second theory assumes that the crater size is determined by the gravitational energy needed to remove surface material (soil, sand) from the crater site.  Assuming the crater is roughly spherical (Figure 2), then the volume of surface material removed to form the crater is proportional to D3.  The height to which the material must be raised is proportional to D1, so that the energy to form a crater of diameter D is proportional to gD4, or, in analogy to Eq. 1,


     					� EMBED Equation.2  ���,                                                    (2)





where D0 is the diameter of a crater formed on a body with gravitational acceleration g0 (on Earth, g0 = 980 cm/s2) by an impact of energy E0, and likewise for D, g, and E.
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Figure 2. Basis of the second theory of crater formation.





	Our goal today will be to find out which theory agrees with the data.








Data Analysis:  Part 2





	Equations 1 and 2 can be written in simpler form, as
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where a is a constant of proportionality, and n = 1/3 for Eq. 1, and 1/4 for Eq. 2.  How do you determine which, if either, expression agrees with your data?





	Equation 3 is called a power law, since D is proportional to the nth power of E.  The best way to test your data for power law dependence is to graph it in a special way.  To understand this, first take the natural logarithm of Eq. 3,
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Equation 4 is the equation of a straight line, if the independent variable (x-axis) is ln E, and the dependent variable (y-axis) is ln D.  If you plot your data as the log of D vs. the log of E, and if your data fits Eq. 3, then your data will fit a straight line with slope n, the exponent in Eq. 3.  Straight line functions are about the only ones we can identify unambiguously, and so this method of analysis is used invariably by scientists everywhere to test for power law dependence.





Plot ln D vs. ln E, where D is the average diameter and E the energy of each data set.  You may draw this plot manually in your lab book, or use a spreadsheet program to do it by computer.


Does your data fall on a straight line?  If so, what is the best estimate line?  By eye, estimate the uncertainty in the slope. Alternatively, you can do a linear regression to the data in the computer to find the slope.


Does either Eq. 1 or Eq. 2 describe the results of your experiment?  Discuss.


Figure 3 illustrates a section the Moon’s surface taken by Apollo 15, showing a few craters of different sizes. We can see half of crater Posidonius, which is about 100 km in diameter. For the Moon gMoon = 162 cm/s2.  Estimate the diameter of crater Posidonius A, the well defined crater inside Posidonius, and using Eq. 3 obtain the kinetic energy of the asteroid that created it.


Assume that the velocity of the asteroid was equal to va = 2.38 km/s, the speed reached by an object falling onto the moon  from an infinite height. Later in the semester we will see that this velocity is equal to the escape velocity.  Using this data calculate the mass of the asteroid. 


If the density of the asteroid was 2000 kg/m3 (typical), estimate the asteroid’s diameter.
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Figure 3. Photo of the lunar surface in the area of crater Posidonius, located in the northeastern edge of the Sea of Serenity. This photo was taken by the astronauts of Apollo 15 in 1971 while in Lunar Orbit. The full width of the picture is about 110 km. Courtesy NASA.


