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Chapter 5

answer. As I said earlier, each fission of lJ-235 produces about 200 MeV of
energy. Let's convert that to joules (J). 1 eV = L.6 x 10-re J, so 200 MeV = 20
0 x 106 x 1.5 x 10-1e = 3 x 10-11 J.
How many do we need for a gigawaft-year of energy? A year13 is 3 x107 sec.
A gigawatt is 10e /s. So the number of joules in one year is E = 10e x 3 x 107 =
3 x1015 J.
So the number of fissions needed N is the energy needed divided by the
energy per fission: N = (3 x 1015 J)/(3 x 10-11 J per fission) - 1027 fissions. So we

n..Jitjtt
'We

'

atoms of lJ-235 to prod.r.. a gigawatt f.or ayear.
assumed that all of the energy goes into electric power. But that isn't
true--only about a third does. So we really need 3 x 1027 U-235 atoms'
One mole conrains 6xL023 atoms. So we need (3 x1.027)l(6 x 1023)= 5000
moles. Each mole weighs 235 g (since there are 235 protons and neutrons in
each atom). So the weight of TJ-235 that we need is 5000 x 235 = 706I = 1 ton
of.tJ-235.Uranium has a densiry of 19 glcm3. So the amount of U-235 needed,
105 g, is 1.O6lt9 = 50,000 cm3, which is a cube with sides of 37 cm, a little more
than a foot. So remember it this way: the amount of U-235 required is about a

cubic foot.
This U-235 is found in natural uranium, but it is only 0'7o/"--r.e., it is 0.007
of the natural uranium. So the amount of natural uranium it takes to run a
nuclear reactor f.or a year is about L ton/0.007 = 140 tons = L40 x 105 g. Vith
a density of. L9 glcm3, this works out to (140x 1.06)l(1,9)=7.4x 105cm3,
which is a cube with sides of about 2 m.

Nuclear Waste
The fission fragments from uranium all come from the uranium, so their weight
is comparable. Thus, a year of operation of a nuclear power plant wiil produce
about one ton of fission fragments. There may be a comparable amount of plutonium produced. It is potentially valuable for use as a fuel for other reactors,
but it is presendy considered (by the United States) to be part of the waste. That
was done to avoid the "plutonium economyr" mentioned earlier and discussed
further in the following. Plutonium is much less radioactive than the fission
fragments, since its half-life (24,000 years) is so long. But it lasts for a long time.
If they were coricentrated, the fission fragments would take up a few cubic

it is expensive to concentiate such highly radioacrive material, and so they are normally mixed in with larger amounts of unspent fuel,
primarily U-238. This fuel with its fission fragments makes up the high-level
feet of volume. But

radioactive waste of nuclear energy.

Most of the fission fragments are radioactive. They are the same particles that
caused radioactive fallout. Some of them have half-lives of a few seconds. Some
have half-lives of years.'We already discussed Suontium-90, which makes up
5"/" of the fission fragments and has a half-life of 28 years.
If the reactor is turned off (by removing the moderator, or by putting in special
control rods that absorb neutrons), then the chain reaction stops, but the reactor will still produce heat from the radioactive decay of the remaining fission
33
Thatt the number you get ifyou take 50 seconds per minute, i0 -ittot.t per hour,24 hours
per day, and 365 days per year: 60 x 60 x 24 x 36 5 = 3.76 x L07 = 3 x 107 seconds.

Reactions, Reactors, and

rbout 200 MeV of
, so 200 MeV = 20

Bombs

183

fragments. So the reactor continues to produce powe5 although the power level
continues to decrease. It is this heat that leads to the China syndrome, discussed
shordY.
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A plot of the radioactiviry from fission fragments versus time is shown in
figure 5.13. study this plot. It contains very important information for anyone
concerrred about nuclear power or nuclear waste. The left side shows the level of
radioactiviry compared to the radioacrivify of the uranium that was removed
from the ground when it was mined. Notice that when the reactor is operating,
the radioactivity is over a million times greater than that of the original uranium. As soon as the reactor is turned off, the radioactivity of the chain reaction stops, but there are so many fission fragments that the radioactivity only
drops to 7.3"/' of. the preceding level, nearly 1"00,000 times above that of the
original uranium. But much of this comes from fission fragments with short
half-lives, and they quickly decay away. After one year, the radioactiviry has
dropped to 8000 times that of the mined uranium. After 100 years, it is only
100 times greater, and after 10,000 years, it is actually less.
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Figure 5.13 Radioactivity of
nuclear waste, compared to the
uranium removed from the
ground that was used for the
reactor. The plutonium waste is
not included in this figure.
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The plot is a little misleading, because it assumes that the plutonium in the
waste is not included. In the united States, this is not done (it is in France), and
the presence of plutonium leads many people to argue the waste must be stored

for a very long time-since the half-hfJ of plutonium is 24,000 years. But many
scientists say that the plutonium should not be included in with the list of dangerous radioactive elements because it is very insoluble in water and will
barely

contaminate groundwater. Moreover, the LD50 dose for consuming plutonium
is very large, about a half gram. Plutonium is dangerous if turnel into small
pafticles and breathed in, but not from contact withgroundwater.
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Yucca Mountain
what should we do with the radioactive waste of a nuclear power plant?
. Some people say bury it. Put it back into the ground. ti,rt *h"t if it gets
into the groundwater? Most people assume that tlat would be horribly
6ad.
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Therefore, they argue, it must be put in a very stable geologic mine, some place
where it will undergo no disturbance for 10,000 years. Such a location has
been prepared in Nevada. Tunnels have been bored into Yucca Mountain, as a
test location for the storage of nuclear waste. But opponents say that even this
site can't be certified for 10,000 years.'!fho knows what kind of governrnent
we will have then! That's a long time-10,000 years ago, agriculture had just
been invented
You will hear people say that Yucca Mountain is inadequate, that the nuclear waste problem is unsolved because we can't guarantee that we can store
it for 10,000 years. They are assuming that the waste must not offei any risk.
When plotted versus the radioactivity of the mined uranium, as earlier, the relative risk is put in perspective. Don't forget that the original uranium, before it
was mined, was in the ground unprotected. Look again at the plot: after 100
years, the radioactivity is only L00 times worse than before the uranium was
mined. If it only had a 10Y" chance that t}o/" would leak, that's the same as
saying Lo/o gets out, on average. (That point is marked on the plot.) Then the
danger would be no greater than that of the original uranium! After 300 years,
the radioactivity has dropped to the point that it is only 3 times greater than that
of the original uranium (which, of course, was in tJre watershed of Coloradothe source of drinking water for Los Angeles and San Diego).
'What
do you think? Keep in mind that there is a real public fear of. radioactiviry that makes it very difficult to make a rational decision. Any governor who
accepts radioactive waste storage in his state is very likely to be challenged by
people who feel that any level of radioactivity is too much. As a potential future president, how would you handle this? How can you balance the real risks
versus the perceived risks, and still be reelected?
Some people say avoid all this complication-just put the waste into rockets, and send it into the Sun! But people who say this are ignoring the possibil-

ity of an accident.'What is the probability that the rocket will fail, and fall
back to Earth, releasing all of the radioactivity. That probability may be much
higher than the probabiliry that nuclear waste will leak from the Yucca
Mountain site.
Also remember that it is not a solution to say do nothing.'We have lots of
waste from nuclear plants. Right now, most of it is stored in a building near
the reactor. Something must be done with it.
Is waste storage a technical problem? Many scientists think it is and arc :.:ying to find a clever technical solution. But it is possible that the issue is dominated by the public perception problem. The politician must find a solution
that seems safe even to those who are unaware of the natural radioactivity in
t}le environment. It is a very tough political problem.3a
Coal burning plants bury their waste in the ground. They are not very radioactive, but the ashes are very high in carcinogens.'lfhat if these get into the
groundwater? How safe is coal, as an alternative to nuclear?
'!7hen
the decision was made to define plutonium as waste, and not "reprocess" it into nuclear fuel for reactors, one reason was the desire to avoid the
plutonium economy, which we already discussed briefly when we were talking
about breeder reactors. The fear was that plutonium would become a common
.
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See

www.muller.lbl.gov/TRessayV26-Witch-o{-Yucca-Mountain.htm.
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material, widely used in power plants all around the country, and it might be
easily be diverted to terrorist nuclear weapons.
Another reason to avoid reprocessing is that, according to some calculations,
it isn't worth the cost. It is cheaper to find new uranium than it is to reprocess
the plutonium. At the time that calculation was done, rhe enormous public opposition to waste storage didn't yet exist, so the costs of building facilities such
as Yucca Mountain were not taken into account.
Many people still fear that the proliferation of nuclear marerial, and the possible diversion for use into nuclear weapons, is a strong reason to avoid expansion gf nuclear power. Others argue that the decision not to reprocess was made
at a time when oil was cheap and we could dismiss nuclear power as dangerous and unnecessary. This is an excellent topic for discussion.

The China Syndrome
The term China syndrome, originally invented by someone with a strange sense
of humor, describes the worst conceivable nuclear reactor accident. (Most people seem to think that there is something worse: a reactor becoming a nuclear
bomb. But, as I described earlier, that is not possible because the uranium is

not sufficiently enriched.)
In the China syndrome, the water that is usually being boiled by the chain
reaction suddenly leaks away. There is no water to boil. !7hat would happen in
this "loss of coolant" accident? Can you guess?
The fust thing is surprising to most people: the chain reaction stops. The reason is that the cooling water is also a moderator; it slows neutrons. So when the
water is gone, the neutrons are not moderated. That means that most neutrons
are absorbed on U-238, which does not give a chain reaction. So the chain reaction stopped.

lnteresting flub by a senator: When the Chernobyl nuclear reactor underwent a similar accident, the Russians announced that the chain reaction had stopped. The chairman of the Senate lntelligence Committee
announced on television that this was a "blatant lie." I cringed. He was
confusing the chain reaction with the decay of the remaining fission fragments. He knew that the radioactivity hadn't stopped but didn't realize
that the Soviets were being completely honest. The fact that the chain
reaction had stopped was importan! it meant that the-level of power
being produced had dropped enormously. (Remember this, if you become a senator!)

The chain reaction stops, but there is still the "waste heat" from the fission
fragments.'without the cooling waterJ the reactor gets hotter and hotter. The
fuel finally melts. It melts through its container,
a puddle at the bot"rrJfor*,
tom of the steel reactor vessel. The fuel puddle keeps
on getting hotter and hotter' The steel reactor vessel melts. The fuel falls into the ground. It keeps on ger-

lng hotter. The soil and rock melt. The fuel just keeps on going-all the way;,to
China."

. No, obviously it won't reach China. (Besides, China isn't on the other side of
It won't get too far, because it spreads out,

the Earth from the United states.)
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