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Figure 9

before it was first found on Earth.
In 1885, the Swiss mathematical physicist Johann 

Balmer discovered a mathematical relationship between 
the wavelengths of light present in the visible hydrogen 
emission spectrum (the bright lines in Figure 9). Johannes 
Rydberg generalized Balmer’s expression to derive the 
Rydberg formula,

   = RH (     −     ),

In 1913, Danish physicist Niels Bohr proposed a mod-

el of the hydrogen atom that attempted to explain why 
energy emitted from atoms is quantized, as observed in 
atomic spectral lines. Bohr’s hypothesis had several key 
assumptions:

C  Electrons revolve about the nucleus in circular or-
bits.

C  Electrons can only occupy certain stable orbits, or 
energy levels, at specific distances from the nu-
cleus. Electrons do not radiate energy as a result 
of their circular motion. (It is important to note, 
again, that existing electromagnetic theory re-
quired charged particles undergoing circular mo-
tion to radiate energy, so this assumption violated 
the known laws of physics at the time.)

C  Electrons can move to higher energy levels by ab-
sorbing electromagnetic radiation, or move to lower 
energy levels by emitting electromagnetic radiation 
(Figure 10). In each case the frequency of the radia-
tion corresponds to the difference in energy between 
the two levels and the Planck relation E = hf.

The (a) emission spectrum and (b) absorption spectrum for hydrogen in the visible range.
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where λ is the wavelength of emitted light,  
RH = 1.097 � 107 m−1 is the Rydberg constant, and m 
and n are positive integers. For example, the wave-
length of the red line in the hydrogen spectrum has 
a wavelength of 656.3 nm, which corresponds to  
m = 2 and n = 3. Although the Rydberg formula perfectly 
matched with the observed wavelengths of light emitted 
by the hydrogen atom, the physical explanation for the 
relationship was unknown at the time.
The Bohr Model of Hydrogen
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weaponization. Since the 1980s, breeder reactors have 
been largely abandoned in the United States due to con-
cerns about safety and expense.
Challenges of Nuclear Power

The enormous power-generating capability of nuclear 
reactors comes with a number of serious risks that must 
be carefully managed. The byproducts of uranium-235 
fission tend to be highly unstable and emit hazardous 
radiation upon undergoing radioactive decay. Without 
extensive safeguards in place, these radioactive product 
materials (often termed “radioactive waste”) can be ac-
cidentally released into the atmosphere during plant op-
eration or leaked out during the disposal process. 

Due to their extremely long half-lives, many radio-
active waste components can be hazardous to humans 
and the environment for hundreds or thousands of years. 
Plutonium-239, for instance, has a half-life of 24,000 
years. These waste materials must be isolated and stored 
for as long as they pose a threat to humans and the en-
vironment. Other fission products have half-lives of only 
a few years or less, and can be temporarily stored until 
their radioactivity no longer poses a threat. Long-term 
strategies for the management of radioactive waste are 
the subject of ongoing debate around the world.

Nuclear power plants also have limited lifetimes of 
around thirty years due to the accumulation of radioac-
tivity over time, as well as the degradation of structural 
materials from exposure to ionizing radiation. Defunct 
nuclear power plants must therefore be decommissioned 
by completely dismantling the plant and removing all ra-
dioactive material from the site, often at great expense.

Other energy production methods such as coal, oil, 
and natural gas each have their own sets of advantages 
and disadvantages. Coal power plants, for instance, re-
lease greenhouse gases into the atmosphere and carry a 
risk of radon exposure for plant workers. Nuclear power 
causes less atmospheric pollution than burning fossil fu-
els such as coal or oil and releases only one greenhouse 
gas, water vapor, which has no harmful effects as it 
quickly precipitates out as rain or snow.

Nuclear power is as much a political and economic is-
sue as it is a scientific issue. The use of nuclear power 
in the U.S. has fluctuated in response to economic fac-
tors, safety concerns, and public perception (Figure 32). 
In 2014, nuclear power accounted for 19.5 percent of the 
total electricity generated in the United States.9 (By con-
trast, around 75 percent of electricity generated in France 
is provided by nuclear power.) Following the Three Mile 
Island disaster in 1979, many orders for nuclear power re-
actors in the U.S. were cancelled. As of 2015, no nuclear 
power plants have been ordered for construction in the 
U.S. since the mid-1970s, although recently construction 
of additional reactors has begun at existing power plants. 
Despite this stagnation, the United States remains the 
world’s largest supplier of commercial nuclear power, 

boiling water reactor, water acts as a moderator, coolant, 
and source of steam to drive the turbine. A pressurized 
water reactor contains a primary loop of water that serves 
as reactor coolant, which in turn heats a secondary loop 

ter reactors is that any leakage of fuel into the primary 
loop will not pass radioactive materials through to the 
turbine. Most nuclear reactors in the United States are 
pressurized water reactors.

tor source took place in 1951 at the EBR-I reactor in 

bulbs. In 1954, the first nuclear power plant connected to 
a power grid began operation in the Soviet Union. Since 
that time, nuclear power has steadily grown to represent 
a sizable fraction of worldwide energy production. As of 
2015, 438 nuclear reactors are generating power in thirty 
countries around the world. Nuclear power accounted for 
10.9 percent of the world’s electricity production in 2012.8

Breeder Reactors
Plutonium is a byproduct of nuclear reactors, even 

though it is not a fission product. Previously we men-
tioned that 238U, the most common isotope of uranium, 
tends to absorb neutrons without undergoing nuclear 
fission. Instead, it becomes 239U, which undergoes beta 
decay with a half-life of 23.5 minutes to become 239Np. 
Neptunium-239 is similarly radioactive and undergoes a 
second beta decay into plutonium-239. Plutonium-239 is 
a dangerous carcinogen if ingested or inhaled. It is also 
a key fissile material used in the production of nuclear 
weapons. Because the properties of plutonium are differ-
ent from those of uranium, plutonium can be separated 
from uranium using chemical techniques. During World 
War II, nuclear reactors were constructed for the sole 
purpose of generating plutonium-239 for use in nuclear 
weapons.

Although all fission reactors breed plutonium to some 
degree, a breeder reactor is a type of nuclear reactor that 
is specifically designed to breed more fissile material than 
it uses up. How is this possible? Breeder reactors use a 
coolant such as liquid sodium that is not an effective 
moderator, so that the neutrons emitted during fission 
reactions retain a high kinetic energy. Consequently, the 
neutrons are more likely to be absorbed by 238U than to 
cause fission reactions, leading to the steady generation 
of 239Pu. Under the right conditions, breeder reactors can 
even generate power at the same time that they produce 
more fuel than they use up.

Due to the complexity of their operation, breeder 
reactors tend to be expensive to construct and operate. 
Although they initially attracted a great deal of interest 
following World War II, breeder reactors have since fall-
en out of favor over time as uranium fuel supplies have 
proven sufficient to meet demand. Furthermore, breeder 
reactors pose a risk of proliferation of fissile materials for 




