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UCLA graduate student Michael Minovitch 
gets credit for developing gravity assist 
trajectories in the 1960s. He was working 

at the Jet Propulsion Laboratory at the California Institute 
of Technology. 

Before Minovitch came along, scientists fi gured that the 
only way to send satellites to the outer planets was to use 
more-powerful launch vehicles. They even concluded that 
possibly only nuclear reactors could produce enough thrust. 
This would have come with a big price tag.

But Minovitch took principles astronomers already knew 
about comet trajectories and applied those same laws to 
spacecraft travel. Many missions since then have benefi ted 
from this grad student’s discovery.

A lot of scientists with 
higher degrees and a lot 
more experience were 
working on the problem 
Michael Minovitch solved. 
What does his story tell you 
about scientifi c discovery 
and technological progress?

• trajectories in space travel
• maneuvering in space
• navigation data
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•  periapsis
•  apoapsis
•  Type 1 trajectory
•  Type 2 trajectory
•  Hohmann transfer orbit
•  nanosecond
•  right ascension
•  declination

Trajectories in Space Travel
Getting a spacecraft where you want it to be is a lot more 
complicated than simply fl ipping a switch and having 
a rocket carry it into space. Many factors come into play 
to place a spacecraft on the correct trajectory; that is, the 
right path to its target. Depending on where they want 
a spacecraft to travel—from one planet to another, or 
from one orbit around Earth to another, or from low-Earth 
orbit (where the International Space station is) to the Moon—
scientists must calculate and plan the proper trajectory 
to get it there.

In determining a mission’s trajectory, scientists 
must take into account two immediate concerns—
fuel and cost. Less propellant can mean a slower, 
therefore longer and more expensive trip. That 
means fi nding other energy sources to boost the 
spacecraft and keep it on course. They must fi nd 
ways for these other energy sources—Earth’s 
revolution or a planet’s momentum, for example—
to work in conjunction with the propellant. 

How much energy a mission uses depends in part on its target and where 
it is located in relation to Earth at any given time. Getting to the Moon, Mars, 
and a distant asteroid will each require a different trajectory. In space, you can’t 
just fl y in a straight line from Point A to Point B. Remember that everything is 
in orbit around the Sun—and that includes all the spacecraft launched from 
Earth, regardless of where they are going. 

The trick in getting from one planet to another is to develop a trajectory 
in which a spacecraft leaves Earth at the right time so that when it arrives in the 
other planet’s orbit, the planet is actually there. For example, spacecraft can go 
to Mars’ orbit any time, but they have only very specifi c windows of opportunity 
when they can leave Earth and actually get to Mars itself. The distance between 
Earth and the target object at the arrival time obviously determines the length 
of the trip, and therefore the amount of energy the mission requires.
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Star POINTSSSSSSSSSSSSSSSSSSSSSSSStttttaaaaaaaaaaaaaaaaaaaaaaaaaaaarrrrrrrrrrrrrrrrrrrrrrrrrrrrrrSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSStttttttttttttttttttttttttttttttttttttttttttaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaarrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPOOOOOOOOOOOOOOOOOOOOOOOOOOOOOIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIPPPPPPPPPPPPPPPPPPPPPPPPPPPPOOOOOOOOOOOOOOOOOOOOOOOO
Strictly speaking, a trajectory 
is the same thing as an orbit—
but scientists usually speak of 
trajectories in terms of getting from 
one location to another, while orbit 
usually refers to a spacecraft’s path 
around another object. 
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428 CHAPTER 10 Orbits and Trajectories

Gravity-Assist Trajectories

One type of trajectory space scientists use is the 
gravity assist trajectory. As you have read, every 
object in space exerts a gravitational force. NASA 
often uses the gravity of a planet and its orbital 
momentum to save energy and money, and add 
to a spacecraft’s speed.

Gravity-assist trajectories draw on a planet’s angular 
momentum—the motion that comes from a 
body’s rotation around its axis. You read about the 
conservation of angular momentum in Chapter 3. 
This angular momentum can be transferred from 
an orbiting planet to a spacecraft approaching from 
behind the planet in its path around the Sun. 

Spacecraft use this angular momentum either to speed up when behind a planet, 
or slow down when in front of a planet. Stealing or giving back angular momentum 
on a gravity assist trajectory also allows a spacecraft to change its direction. So 
a spacecraft such as Voyager 2 swings around Jupiter to reach Saturn next. It then 
whips around Saturn to head to Uranus and make use of its gravity. Voyager 1 
skipped getting close to Neptune because NASA scientists didn’t need it to gain 
speed at that point in its travels (Figure 2.1). 

When a spacecraft’s goal is to fl y by another planet, scientists must time missions 
to coincide with that planet’s orbit. The planet’s gravity and orbital momentum 

Star POINTSSSSSSSSSSSSSSSSSSSSStttaaaaaaaaaaaaaaaaaaaaaaaaaaaaaarrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSStttttttttttttttttttttttttttttttttttttttttttaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaarrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTSSSSSSSSSSSSSSSSSSSSSSSSSSSSSPPPPPPPPPPPPPPPPPPPPPPPPPPPOOOOOOOOOOOOOOOOOOOOOOOOOOOOIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIPPPPPPPPPPPPPPPPPPPPPPPPPPPPOOOOOOOOOOOOOOOOOOOOOOOO
Gravity assist trajectories work like 
a baseball hit by a bat. The ball grabs 
energy, or angular momentum, from 
the bat’s forward motion and uses 
that energy to fl y deep into the outfi eld. 
In this analogy, the bat has a repelling 
force, while in space, a planet has 
an attractive force. So while the ball 
approaches the bat from the direction 
of the bat’s trajectory, the spacecraft 
must approach the planet from the 
direction opposite the planet’s trajectory—
from behind it as it orbits.
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Jupiter
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then accelerates the probe free of charge, so to speak. When this happens, the planet 
actually slows down—it has given up a tiny bit of momentum to the spacecraft. 
(This loss of speed is too small to measure.)

As the spacecraft approaches the planet and reaches periapsis, the point where an 
orbiting body is closest to the object it is orbiting, gravity accelerates it. As the object 
moves farther away from the planet toward apoapsis, when an orbiting body is farthest 
from the object it is orbiting, it begins to escape gravity’s pull. 

Scientists have used the gravity assist method numerous times. In 1973 Mariner 10 
was the fi rst spacecraft to use it when it fl ew by Venus en route to Mercury. 

Type 1 and Type 2 Trajectories

Scientists divide trajectories into three types. A Type 1 trajectory is a route that 
is less than 180 degrees around the central body. A Type 2 trajectory is a path that is 
more than 180 degrees. A Hohmann transfer orbit  is a trajectory that travels exactly 
180 degrees around the central body (Figure 2.2). 

A trajectory’s shape and the relative alignment of the start and end points drive 
how much of a change in velocity scientists need. That determines the amount 
of propellant needed to make the change. This amount ultimately determines 
a spacecraft’s size. The launch vehicle and the spacecraft must hold enough 
propellant to give a satellite the necessary velocity.

Scientists often use the Hohmann transfer orbit because it requires the minimum 
amount of energy transfer between any two points in space—particularly from 
one orbit to another. In other words, it’s the most fuel-effi cient trajectory. You 
only need enough fuel to move the 
spacecraft into a solar orbit in which 
its closest approach to the Sun is at the 
distance of Earth’s orbit—and its farthest 
distance from the Sun aligns with the 
target object’s orbit. 

However, a Hohmann transfer orbit 
is not always the speediest, nor does 
it always meet a mission’s particular 
needs. Therefore, scientists usually 
employ a Type 1 or Type 2 trajectory. 
The choice has mostly to do with how 
much time it takes to get from one place 
to another and when the window of 
opportunity presents itself. For example, 
going to Mars requires scientists to use 
a Type 1 trajectory, which typically uses 
more propellant and energy but travels 
there quickly. 

Rocket leaves Earth
at transfer orbit
perihelion

Transfer orbit aphelion
coincides with Mars orbit

Transfer orbit

Mars orbit
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430 CHAPTER 10 Orbits and Trajectories

If the planets line up perfectly, scientists can use a 
near-Hohmann transfer to spend as little energy as 
possible. This saves on propellant but puts spacecraft 
in transit for longer periods. Scientists typically plan 
robotic mission launches to take advantage of those 
alignments as much as possible. With Mars, this 
alignment happens once every 20 months or so.  

For a manned mission to Mars, on the other hand, 
scientists might want a quicker trip. So they might 
prefer to use a Type 1 trajectory—that way, the 
astronauts would spend less time in deep space. 
Scientists also used this type of trajectory to speed 
the Mars rovers to the red planet.

Type 2 trajectories are less desirable because they 
take much longer to reach the target. Sometimes 
they are necessary, however, because scientists are 
trying to fl y past several planets to get somewhere 
else using gravity assist. 

Take the Cassini spacecraft, for example, 
which you learned about in previous chapters. 
When it went to Saturn, it fl ew by Venus twice, 
and Earth and Jupiter once, following several 
Type 2 trajectories along the way. 

Outbound and Inbound Velocity

Recall the earlier discussion about Voyager 2. As the spacecraft approached Jupiter, 
it sped up because of the planet’s gravitational pull. Having picked up some of 
Jupiter’s orbital momentum, it passed by Jupiter, with a velocity greater than 
Jupiter’s escape velocity. (Had its velocity been less than Jupiter’s escape velocity, 
it would have entered into orbit around the giant planet or even crashed into it.) 
As Voyager 2 traveled away from Jupiter, it began to slow down again as the 
planet’s gravity pulled on it. 

But Voyager 2 left Jupiter carrying an increase in angular momentum stolen from 
the planet. Jupiter’s gravity served to connect the spacecraft with the planet’s ample 
reserve of angular momentum. This allowed the spacecraft to change the direction of 
its trajectory to get to Saturn. Voyager 2 repeated this technique at Saturn and Uranus.

These varying speeds and angles are known as the inbound and outbound velocity. 
Think of them like on and off ramps on a freeway. When driving onto a freeway, 
you speed up as you travel along the on ramp so that you are traveling at the 
corresponding speed to other traffi c on the road. Likewise, when you are exiting 
the highway, your speed slows. (In this analogy, of course, you are causing the 
change in speed. The spacecraft, on the other hand, is using natural forces.) 
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LESSON 2 ■ Maneuvering and Traveling in Space 431

Hyperbolic, Parabolic, and Elliptical Paths

Once out of Earth’s atmosphere, an 
orbiting object can take one of three 
types of paths: hyperbolic, elliptical, 
or parabolic. An elliptical path is one 
that travels a trajectory similar to a 
racetrack, closed in on itself. It is the 
path orbiters take if they are destined to 
return to Earth. If left on its own with 
no other forces involved, a spacecraft 
could travel this path indefi nitely. 

A hyperbolic path is one that takes 
the object much farther out into 
space. Spacecraft that will not return 
to Earth use this kind of trajectory. 
Such a satellite’s goal is to reach the 
farthest corners of the universe and 
monitor space in an area where limited 
gravity pulls exist. This path stretches 
to infi nity. 

Finally, a parabolic orbit is the middle ground between the two. It travels between 
the two other paths. Like the hyperbolic path, however, objects in a parabolic path 
do not return to Earth (Figure 2.3). 

Maneuvering in Space
Once scientists set a spacecraft on its proper trajectory, they must occasionally 
nudge it one way or another to keep it on the right path. They may need to either 
slow it down, speed it up, or turn it. The satellite Aqua provides a good case study.

Mission Control Tune-Up for the Satellite Aqua

NASA launched Aqua in May 2002. Its name is Latin for water, and the list of 
things the satellite monitors relating to water on Earth is nearly endless: atmosphere, 
clouds, soil moisture, sea ice, snow cover, vegetation cover, water temperatures, 
and much, much more. 

Aqua is on a Sun-synchronous orbit, which means it passes over the exact same 
spot at nearly the same time every day. For example, Aqua passes over the equator 
between both 1:30–1:45 a.m. and 1:30–1:45 p.m. It travels north to south and 
back north, covering nearly all of Earth daily. By traveling this route the satellite 
gives consistent and precise measurements, something that is crucial as NASA 
and others investigate theories such as climate change. 

(a)  Elliptical path

(c)  Parabolic path

(b)  Hyperbolic path
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432 CHAPTER 10 Orbits and Trajectories

As with all Sun-synchronous orbits, gravity gradually pulls the satellite off course. 
So scientists in Greenbelt, Maryland, must work within a narrow window to adjust 
its path. They can only send signals to the satellite at certain times of the day when 
the Earth is shielding Aqua from the Sun’s harmful rays. 

In 2009 scientists acted to fi x the satellite’s orbit. By fi ring its thrusters, they 
corrected Aqua’s direction (it was pointing the wrong way), as well as moved 
its orbit 1/100 th of a degree closer to the North and South Poles. 

The Use of Ion Propulsion to Maneuver in Space

While scientists use thrusters to correct Aqua’s orbit, some spacecraft such 
as Deep Space 1 employ ion engines. Aqua’s more traditional solid-fuel rocket 
motors work by pushing propellant away from the spacecraft. The action of 
the propellant leaving the engine causes a reaction that pushes the spacecraft 
in the opposite direction. 

An ion engine uses this same principle, but this engine’s great innovation is in 
how effi ciently this happens. The gas xenon, which is like helium but heavier, fl ows 
into the ion engine. Here it receives an electrical charge. Once xenon atoms change 
to xenon ions (ions are charged atoms), an electrical voltage pushes them around. 
A pair of grids in the ion engine, electrifi ed to almost 1,300 volts, accelerates the ions 
to a very high speed and shoots them out of the engine. As the ions race away from 
the engine, they push back on the spacecraft, propelling it in the opposite direction. 
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LESSON 2 ■ Maneuvering and Traveling in Space 433

The xenon ions travel at about 
77,000 miles per hour (124,000 km 
per hour). This is about 10 times faster 
than the exhaust from conventional 
rocket engines. So xenon gives about 
10 times as much of a push to the 
spacecraft as chemical propellants do 
for the same amount of mass expelled. 
That means that it takes only one-tenth 
as much propellant for an ion engine 
to work as it does a chemical 
propulsion system. 

For some missions, NASA can’t afford 
to build and launch boosters large 
enough to carry the chemical propellants 
that a mission would require. Ion 
propulsion, therefore, is one of the 
ways to get around this problem. Ion 
engines can gradually build up high 
rates of speed that would be necessary 
in deep space missions.

Another advantage of the xenon ion is its longevity. Chemical engines can be 
operated for minutes, or in extreme cases, for an hour. Ion engines, however, can 
be operated for years. NASA’s Deep Space 1 spacecraft, which operated from October 
1998 to December 2001, tested an ion propulsion system. The system carried about 
179 pounds (81.5 kg) of xenon propellant, and could increase the spacecraft’s speed 
by about 10,000 miles (16,100 km) per hour. The engine operated for more than 
16,000 hours. Although retired, the spacecraft remains in orbit around the Sun 
with its radio receiver turned on in case future generations wish to contact it. 

Orbit Determination and Flight Path Control

Whether scientists use solid rocket motors or ion engines, they must monitor their 
spacecraft with the same two concerns in mind: orbit determination and fl ight path 
control. Orbit determination is knowing and predicting a spacecraft’s position and 
velocity. Flight path control is fi ring the rocket motor to change the spacecraft’s 
velocity. 

Remember that a spacecraft en route to a distant planet is actually in orbit around 
the Sun. And the portion of its solar orbit between the launch and the destination 
is its trajectory. Orbit determination involves fi nding the spacecraft’s orbital details 
and taking into account any diffi culties along the way. 
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434 CHAPTER 10 Orbits and Trajectories

Flight path control involves telling the spacecraft to change its velocity. Scientists 
decide how much to change a spacecraft’s velocity, or speed, by comparing its 
trajectory with the destination object’s orbit. They call these types of changes 
trajectory correction maneuvers. These maneuvers usually range from a couple meters 
to tens of meters per second. Engineers back on Earth command the spacecraft 
to fi re its thrusters to make these adjustments. Changing the spacecraft’s speed 
also changes the trajectory. When it goes faster, the trajectory straightens out a bit. 
When the spacecraft slows down, the trajectory curves more. These small changes 
will send the spacecraft to different points in space.

Changes made once a spacecraft has reached its target destination—around a distant 
planet, for instance—scientists refer to as orbit trim maneuvers. These are very minor 
adjustments. Engineers may order these maneuvers because they need to point 
an instrument camera on board a satellite toward a planet’s surface, for instance. 

Space Shuttle Rendezvous Maneuvers

Two extremely important maneuvers, which were absolutely essential to the 
manned mission to the Moon, are rendezvous and docking maneuvers. The space 
shuttle and Russian Soyuz capsules rendezvous and dock with the International 
Space Station, which is in permanent orbit around Earth. That is, they meet up 
(rendezvous) with the station and then the two lock together (dock) so crews 
and supplies can fl ow from one vessel to the next.
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To rendezvous and dock two spacecraft together is one of the more diffi cult tasks 
astronauts perform. NASA has instructors who train astronauts for six months 
ahead of a mission before allowing them to pilot these operations. 

Rendezvous maneuvers are tricky and dangerous because both vehicles are 
traveling at about 17,500 miles (28,000 km) per hour. The pilot must learn 
precision. Instructors begin lessons in a classroom and then move the astronauts 
to simulators to practice docking.

To meet up in space, says shuttle rendezvous instructor Steve Gauvain, is not like 
driving a car on Earth. On the planet’s surface, a car might accelerate to meet up 
with another car ahead of it. But in space, the higher a spacecraft climbs the more 
slowly it orbits. Gauvain says, “Even though you speed up [in space], you slow 
down relative to the other vehicle, because your altitude increases.” 

Therefore, astronauts must make sure that they don’t fi re their thrusters too long 
or they just might shoot past their target (Figure 2.4). As Gauvain says, the process 
is “backward” from what you might intuitively think. (As you read in the previous 
lesson, the closer an object is to Earth, the faster it travels to remain in orbit. You 
slow down to speed up because when you slow, you drop into a lower orbit where 
your velocity is higher and your orbital path shorter.) That’s why the astronauts 
need so much training. 

Navigation Data
When astronauts aren’t at the helm, the engineers back at mission control must 
handle maneuvers in space. They do this regularly for spacecraft orbiting Earth 
and heading out to deep space. They draw on a variety of data to make their 
calculations. These navigation data include a spacecraft’s velocity, distance, 
and angular measurements.

Spacecraft Velocity and Distance Measurement

Scientists interpret much of this information from their perspective on Earth. 
For instance, they measure velocity based on a spacecraft’s speed toward or away 
from Earth. They measure distance based on a spacecraft’s distance from the planet. 

For missions that are closer to home, scientists will also consider a spacecraft’s 
position in Earth’s sky. And for longer missions, sometimes they use what they call 
optical navigation. This method captures images of a target planet or body against 
background stars and steers a spacecraft toward that destination. 

Scientists test spacecraft velocity using the Doppler shift, which you read about 
in Chapter 4. Remember that as a sound or electromagnetic source approaches 
the receiver, its frequency increases. As the source moves away from the receiver, 
the frequency gets lowered. So scientists send a radio signal to the spacecraft. They 
compare the frequency of the original signal with the signal the spacecraft returns. 
The difference is the Doppler shift, which tells scientists how fast the craft is moving.
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436 CHAPTER 10 Orbits and Trajectories

To measure a spacecraft’s distance from Earth, scientists track what’s called a ranging 
pulse. A station in NASA’s Deep Space Network (DSN), a series of antennas placed 
around Earth to communicate with spacecraft, sends this pulse to a probe. When 
the spacecraft receives the ranging pulse, it returns it to the DSN station. Scientists 
measure the time it takes the spacecraft to turn the pulse around to determine the 
vehicle’s distance from Earth. They include into this measurement a certain amount 
of time it will take a spacecraft to process the pulse before sending it back. 

For example, Cassini takes approximately 420 nanoseconds—a nanosecond is one 
billionth of a second. The system has built-in delays, including several microseconds 
needed to go from the computers to the antenna within the Deep Space Network. 
Scientists measure these delays before each use. They determine the true elapsed 
time at light speed when the Deep Space Network receives the pulse. Finally they 
apply corrections for known atmospheric effects and compute the spacecraft’s 
distance from Earth. 
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In Her Own Words: Linda Spilker, PhD

I have always enjoyed science, most especially 
studies of the stars and planets. My parents bought 
me my fi rst telescope when I was nine years old. 
The fi rst thing I did was to use it to look at Jupiter 
and its moons. As I was growing up I read many 
books about astronomy, our Solar System, and the 
missions that NASA fl ew to the planets. I always 
hoped that some day I would be able to work on 
NASA missions. For a while I even wanted to be 
an astronaut and go to the Moon! 

In junior high and high school I took as many 
advanced math and science classes as they offered. 
I felt some pressure not to go into science because, 
at that time, it was not a fi eld that women traditionally 
pursued. I was told that science would be too hard 
for me in college (even though I had done very well 
in all my classes!). I really liked science, however, 
and decided to pursue my interests in spite of what 
other people said. My parents also encouraged me 
to pursue my interest in science.

I was an undergraduate at Cal State Fullerton where I got my degree in physics. Over two 
summers I had funding from a National Science Foundation grant to do meteorite research. 
I worked at the California Institute of Technology with Professor Dorothy Woolum. She 
encouraged my development as a scientist.

After I graduated from college I applied for job at the Jet Propulsion Laboratory. In 1977 
I was hired to work on the Voyager mission. A few months later I was thrilled to watch 
Voyager launch from Florida.

I worked for 13 years for the Voyager Infrared Team as Voyager fl ew by Jupiter, Saturn, 
Uranus, and Neptune. Voyager’s discoveries were astounding! I used some of the Voyager
data on Saturn’s rings to write my master’s thesis. I really enjoyed the research aspect of my 
job. I realized, however, that in order to conduct my own research I needed to get my PhD 
I went to graduate school at UCLA and got a PhD in geophysics and space physics in 1992. 
Now I am able to pursue my own research on rings and join science teams on planetary 
missions like the Cassini mission to Saturn.

I am currently the Cassini Deputy Project Scientist and a member of the Cassini Composite 
Infrared Team. I have worked on Cassini since 1988. My responsibilities include helping 
the project put together the best science possible for the [time] Cassini will spend in orbit 
around the planet Saturn. Studying planets like Saturn helps us understand more about the 
Earth. By studying the atmosphere and winds of a giant planet like Saturn we may be able 
to better predict the Earth’s weather. Saturn’s moon Titan has an atmosphere that contains 
hydrocarbons and other compounds that may represent the building blocks for life. By 
studying Titan we may get a better understanding of how life evolved on the early Earth. 
Cassini will be making observations of Saturn, Saturn’s rings, icy moons, the large moon 
Titan, and the magnetosphere.
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Spacecraft Angular Measurement

In guiding and maneuvering a spacecraft, scientists have to know where it is. 
Just as maps have coordinates, scientists have terms and markings for space 
travel. They note the location of a spacecraft in space—its angular measurement—
by giving its coordinates on the celestial sphere, that limitless imaginary sphere 
in the sky with the Earth as its center. 

Right ascension is the celestial sphere’s equivalent of longitude on Earth.  Declination 
is the celestial sphere’s equivalent to latitude on Earth. On Earth longitude is measured 
in degrees east and west, and latitude is measured in degrees north and south. 
In space, right ascension is measured in hours, and declination in degrees plus 
or minus. Earth’s equator is zero, the North Pole is plus 90 degrees, and the 
South Pole is minus 90 degrees. Astronomers and NASA use these terms and 
locations to describe where an object is in space.

NASA monitors the Deep Space Network’s antennas with an accuracy of thousandths 
of a degree. But this is not an accurate enough measure for navigational purposes. 
DSN tracking antenna angles are useful only for pointing the antenna to the 
specifi cations given for receiving a spacecraft’s signal. 

Fortunately, scientists have other ways of getting angular measurement. They can 
independently process the data by having two separate DSN stations track the same 
spacecraft at the same time.

Before you can maneuver in space, of course, you must fi rst get there. That means 
you need a launch vehicle, or rocket. The problem of how to escape Earth’s gravity 
and the machines and vehicles needed to do it are the subjects of the next chapter.

In Her Own Words, continued

As a research scientist, my primary interest is in understanding ring systems and how they 
work. Saturn’s rings are made up of millions of particles ranging in size from dust to large 
boulders. Many of these ring particles are affected by the moons that orbit outside them. 
The gravity from the moons causes the ring particles to bump into each other and create 
interesting patterns in the rings such as waves and wakes. Science and math are involved 
in modeling ring systems.

During a typical day I spend some time in meetings discussing how best to use the 
Cassini spacecraft. I also spend time talking to other scientists about what they would like 
to see Cassini do at Saturn. For my research, I run computer models and try to match the 
models to the data from the rings that the Voyager spacecraft sent back to Earth in the 
1980s. One of the most enjoyable aspects of my job is the opportunity to study the rings 
and learn new things about how they work.

I would encourage young women to listen to themselves and follow their dreams. If I had 
listened to those around me who tried to discourage my interests in science, I would have 
missed the opportunity to be part of the scientifi c search for new knowledge.

InIn Her
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Lesson 2 Review 
Using complete sentences, answer the following questions on a sheet of paper.

 1. What did Voyager 2 “steal” from Jupiter?

 2. Describe gravity assist trajectories and name the fi rst spacecraft to use 
a gravity assist in space.

 3. What are the advantages of the Hohmann transfer orbit?

 4. Which orbital path is best for an orbiter returning to Earth?

 5. Name three things Aqua monitors.

 6. How many times faster is the exhaust from a xenon ion engine than from 
a chemical propellant engine?

 7. Scientists must compare which two factors when deciding how much 
to change a spacecraft’s velocity?

 8. What are two maneuvers shuttle pilots perform when meeting up 
with the ISS?

 9. How do scientists measure spacecraft velocity?

 10. What are the coordinates scientists use for the celestial sphere that are 
similar to longitude and latitude on Earth?

✔ CHECK POINTSCCCCCCCCCCCCCCCHHHHHHHHHHHHHEEEEEEEEEEEEEEECCCCCCCCCCCCCCCKKKKKKKKKKKKKKK PPPPPPPPPPPPPPPOOOOOOOOOOOOOOOIIIIIIIIIIINNNNNNNNNNNNNTTTTTTTTTTTTTTTSSSSSSSSSSSSSSSCCCCCCCCCCCCCCCHHHHHHHHHHHHHHHEEEEEEEEEEEEEEECCCCCCCCCCCCCCCKKKKKKKKKKKKKKK PPPPPPPPPPPPPPPOOOOOOOOOOOOOOOIIIIIIIIIIIIIIINNNNNNNNNNNNNNNTTTTTTTTTTTTTTTSSSSSSSSSSSSSSSCCCCCCCCCCCCCCCHHHHHHHHHHHHHEEEEEEEEEEEEECCCCCCCCCCCCCCCKKKKKKKKKKKKKKK PPPPPPPPPPPPPPPOOOOOOOOOOOOOOOIIIIINNNNNNNNNNNNNTTTTTTTTTTTSSSSSSSCCCCCCCCCCCCCCHHHHHHHHHHHEEEEEEEEEEEEECCCCCCCCCCCCCKKKKKKKKKK PPPPPPPPPPPPPPOOOOOOOOOOOIIIIINNNNNNNNNNNNTTTTTTTTTTTSSSSSSSSSSCCCCCCCCCCCCCHHHHHHHHHHHHHHHEEEEEEEEEEEEEEECCCCCCCCCCCCCKKKKKKKKKKKK PPPPPPPPPPPPPPPOOOOOOOOOOOOOOOIIIIINNNNNNNNNNNNNTTTTTTTTTTTTSSSSSSSSSSSS

 11. Based on what you have learned, why do you think scientists would 
prefer to use the faster, Type 1 trajectory for a manned mission to Mars? 
What difference does it make how fast the spacecraft gets there?
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