
DANM 250C-01 Winter Quarter 2014

Exercise 5: When We Say “Empty Space”, We Mean It
Due Tuesday, February 25, 2014

We’ve spent much of the class talking about how interstellar space is not really empty,
and this is true. There are more than 10 billion Sun’s worth of matter floating around in
the interstellar space of our Galaxy, and vastly more in intergalactic space. The purpose of
this exercise is to remind us that, while space isn’t totally empty, it really is pretty empty
by the standards of anything we’re used to thinking about.

1. Consider a grain of sand. To make things definite, consider a grain of sand with a
mass of 1 mg. Such a grain would be roughly 0.1 mm in size – pretty fine. Assuming
about half the mass is oxygen (as it is for most sand, with is SiO2), how many oxygen
atoms are there in the grain? (Hint: the mass of oxygen is 16 atomic mass units, and
an atomic mass unit is approximately 1.66 × 10−27 kg.)

2. Now suppose we wanted to break that grain up into individual oxygen atoms and
distribute them over a big enough volume to render their density comparable to the
average density of hydrogen atoms in interstellar space, roughly 1 atom per cubic cm.
How many cubic cm would the grain have to be spread over? If the volume we spread
the grain over is spherical, what’s the radius of the sphere? (Hint: the radius R and
volume V of a sphere are related by V = (4/3)πR3, or equivalently R = (3V/4π)1/3.
Thus once you know the volume, you can just plug it into this formula to get the radius
of the sphere.) Put your answer in units of km to get some sense of the scale.

3. We talked about denser parts of the interstellar medium as well. Consider an excep-
tionally dense region, one with a density of 106 atoms per cubic cm. Regions like B68
just barely reach this density. If you wanted to make a region like this out of a grain
of sand, how big a sphere would you have to spread the grain’s oxygen atoms over?

4. Science fiction challenge: a popular idea in science fiction, but one inspired by real
physics and not obviously physically impossible, is a called a Brussard ramjet. This
idea is as follows: one of the major problems with building rockets is that the fuel to
power the rocket must be accelerated along with the payload. This makes the amount
of fuel required increase exponentially with the desired speed of the rocket. The idea of
a Brussard ramjet is to avoid this problem by using an electromagnetic field to scoop
up interstellar hydrogen, capture and compress it to induce nuclear fusion, and use
the resulting energy to accelerate the spacecraft. The advantage of this design is that,
once the ramjet reaches a certain minimum speed, it can use the interstellar medium
as fuel and not need to carry any of its own.

Consider a ramjet with a circular collecting area 6000 km in radius – about the size
of the Earth – traveling at 3000 km / s, which is 1% of the speed of light. Every
second the collector sweeps up a cylinder of interstellar gas that is 6000 km in radius
by 3000 km high. If the ramjet travels through a typical region of interstellar space
with a density of 1 atom per cm3, how many hydrogen atoms does it scoop up every
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second? If all these hydrogen atoms are fused, and each fused hydrogen atom produces
7 MeV = 1.1× 10−11 J of energy, how many Watts of power does the ramjet produce?
1 Watt = 1 J/s. (Hint: the volume of a cylinder is given by V = πR2H, where R
is the radius and H is the height. To make life easier, convert all sizes to cm before
proceeeding.)
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