
The curve of binding energy

In this inverted curve of the negative binding energy, nuclei like to roll up the hill. Notice the “bumps”

near magic numbers2 � [2; 8; 20; 28; 50; 82; 126].

This �gure from Georgia State'sHyperphysicsweb site
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Nuclear �ssion

Uranium releases about 2.5 neutrons per decay, and around 215 MeV total energy. This makes chain

reactions possible! Note that two are prompt while one is delayed. See also Serway Fig. 14.5.
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Fission: neutron moderation

Cross sections for neutron capture by235 U vary by orders of magnitude depending on the neutron

energy.

You're much more likely to capture a neutron and induce �ssion if the neutron is at low energy!

You can slow neutrons down by inelastic scattering in carbon, hydrogen or (better yet)

deuterium—also known as heavy water.

Australian Uranium Information Centre – p. 3/31

http://www.uic.com.au/uicphys.htm


Controlled �ssion reactions

� 235 U is �ssionable by slow neutrons;238 U is not.

� Natural uranium is 99.27%238 U, 0.72%235 U, and 0.0055%234 U.

� To sustain a chain reaction we must have at least1 + � neutrons trigger �ssion in other235 U

nuclei.

� In natural uranium, there are too few235 U nuclei around to sustain a chain reaction if water is

used as a moderator. (If we use heavy water, there is; the Canadian CANDU reactors).

� In light water reactors, one must enrich the235 U concentration to 2.5–3.5%. Graphite

moderators also require enriched uranium.

� What's the difference between a controlled reaction and onethat runs away? It's the� in

1 + � . Fortunately about 0.7% of the neutrons per235 U �ssion are released slowly (time

constant of several seconds) so neutron-absorbing materials like cadmium control rods can

adjust� on convenient timescales.
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Fission reactors

� Water moderators: if the reactor overheats and the water evaporates, you lose moderation so

the reaction will go subcritical. Nuclear reactors cannot explode like nuclear bombs!

However, you also loose cooling so you can damage (partiallymelt) the metal rods that

contain the fuel.

� Graphite moderators: water is used mainly as a coolant, though it also absorbs some neutrons.

Boiling of water canincreasereaction rate (remember we're talking about1 + � ), and the

resulting increased neutron �ux can further increase the reaction rate by “burnoff” of135 Xe

which is otherwise a very strong absorber of neutrons (3 million barn cross section!).

� Curiously in graphite reactors this means that there is a minimum power level below which
135 Xe will build up and kill the chain reaction. Graphite reactors cannot be operated below a

certain power level! This was discovered in Hanford, Washington in 1944 as part of the

Manhattan Project, and certainly nuclear scientists in theSoviet Union knew this, but

apparently this information did not �lter down to all of their reactor operators.
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The �rst engineered nuclear reactor
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Boiling water reactors

The water that cools the core is allowed to boil and turn steamturbines. Pressure is 70 atmospheres

where boiling temperature is only 285� C so Carnot ef�ciency is somewhat reduced. Easier to make,

but now your turbine runs on radioactive steam. Picture fromGeorgia State'sHyperphysicsweb site:
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http://hyperphysics.phy-astr.gsu.edu/hbase/nucene/reactor.html


Pressurized water reactors

Separate loop for reactor cooling and steam turbine. Greater complexity. Pressure is 160 atmospheres

where boiling temperature is 315� C. Picture from Georgia State'sHyperphysicsweb site:
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Ionizing radiation

� In what follows we will speak of radiation dose. SI unit: 1 Gray=1 Joule absorbed ionizing

energy per kg of material. Common unit: 100 rad=1 Gray.

� Different radiations� , � , 
 and neutrons have slightly different Relative Biological

Effectiveness or RBE. RBE factors range from around 1 to around 10 for the most part. 1

Sievert=(1 Gray)�RBE, and 1 REM=(1 Rad)�RBE. REM=Röntgen Equivalent Man.

� Even in pre-technological civilization people would get 100-200 mrem per year depending on

location. In modern society we add to that a bit; one estimatefor the U.S. (see BEIR VII) is

87% “natural” and 13% “human-caused” (medical x rays, powerplant releases,etc.). Airline

�ights: around 0.5 mrem/hour, especially near poles (for example, New York to Tokyo).

� Life has evolved with radiation in mind. We have repair mechanisms (DNA single-strand

breakage repair) to deal with low-level radiation.

� LD50 refers to the lethal dose to 50% of people exposed to it in a short time and without

medical treatment. LD50 is around 5 Sievert or 500 rem for people, or several thousandtimes

the background dose of 100-300 mrem/year (or 1-3 mSv/year).
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Tritium in water

� Leakage from a holding pool for reactor fuel rods at Brookhaven led to tritium in water at a

maximum concentratoin of 70,000 picocuries per liter.

� Tritium undergoes beta decay:3H ! 3 He+ e� + �� + 0 :0186 MeV

A typical electron carries off about half of the energy released (the energy released in the form

of neutrinos is not absorbed in the body). Therefore one deposits 9 keV of energy in the body

per tritium decay event.

� The radioactive decay half-life of tritium ist1=2 = 12 :33 years. Therefore, in one liter of

water one will see beta decays at a rate of

7 � 104 � 10� 12 curies
liter

� 3:7 � 1010 decays/sec
curie

= 2590
decays/sec

liter

If one uses a 10% ef�cient detector which collects 10% of the emitted electrons (e.g., mixing

in a scintillating liquid with the water), one will detect 26decays/sec from the liter of water.

This is not easy to do, for one must carefully shield out cosmic rays.
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Tritium continued

� If one were to drink tritium-laced water just once, it turns out that there is a “biological

half-life” of 12 days for tritium which means that you would have only about1=e ' 32% of

the tritium left in your body 12 days later.

� Nonetheless, we will do the most conservative calculation we can imagine: we will assume

that one steadily drinks nothing but tritium-laced water atthe concentration found in the worst

well, so that one eventually gets a concentration of 70,000 picocuries of tritium per liter of

water in the body.

� Assume that the body is 100% water (actually it's more like 80%), and since a liter of water

has a mass of 1 kg the dose in a month (3600 � 24 � 30 = 2 :6 � 106 seconds) is

2590
decays/sec

kg
�9� 103 eV�1:6� 10� 19 Joules

eV
�2:6� 106 sec

month
= 9 :7� 10� 6 Joules

kg � month

� The dose per month is then 10� Gray, or 1 mrad. Because the relative biological effectiveness

(RBE) of low energy electrons is 1.7, the dose is1:7 � 10 = 17 � Sievert, or 1.7 mrem in that

month.
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Three Mile Island

� Two nuclear power reactors near Harrisburg, Pennsylvania.TMI-2

began operating on March 28, 1978.

� March 16, 1979: release of the movie “The China Syndrome,” about

a near-meltdown of a nuclear power plant.

� On Wednesday, March 28, 1979, 4:00 am (one year after plant

operations began): hiccup in water �ow to core. Cooling system

automatically shut down. Pressure release valve opened, but then

stayed open. Emergency water feed pumps kicked in, but valves

from them to the core had been closed for a test 42 hours before!

� By 7 am, the water level drops below the tops of fuel rods and an

emergency is declared. Enormous national press attention.

� Release of about 13 MCi of radioactive noble gases. However,only

about 15 Curies of chemically reactive gas released:137 Cs.
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TMI site
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TMI schematic
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TMI consequences

� Cleanup of TMI-2: 1979 to 1993, costing about $1 Billion. TMI-1 began operating again in

1985.

� Maximum dose someone would have received at plant boundary was 1,000� Sv. Average

dose to 2 million people in vicinity of the plant: 20� Sv. See

http://www.nrc.gov/OPA/gmo/tip/tmi.htm

� No excess cancer risk has been found in population near ThreeMile Island. See “Normal

cancer rate found near Three Mile Island,”New York Times, Nov. 1, 2002, p. A25.
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Chernobyl accident

� Chernobyl reactor: graphite moderator with water cooling.With water reactors, loss of

coolant means the loss of the moderator and the reaction shuts off. Not so with graphite: : :

� Recall that with graphite moderators, one can have “poisoning” of the reaction by buildup of
135 Xe in the graphite as long as the power is low.

� April 26, 1986, in Kiev during the last few years of the SovietUnion. Test of turbines used to

power coolant system done at 1 am. Water pumps turned up to high (extra neutron

moderation) which necessitated removal of control rods to an unallowed degree. Low power

operation led to135 Xe “poisoning,” or excess neutron absorption.

� Water pumps turned off;135 Xe burns off; reactor heats up; control rod tubes get warped from

heat so they can't be inserted. Reactor power increases from0.2 to 30 gigawatts. Fuel rods

melt, and steam blows off roof. All of this takes place over about 43 seconds.
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Chernobyl II

� Graphite catches �re, and �re department called in.

� Radiation release:� 100 MCi, including 2.5 MCi of137 Cs which is in same column of

periodic table as sodium so it is readily taken up by the body.

� 2 pm the following day (April 26): evacuation of nearby town of Pripyat ordered.

� April 27 (two days after accident): monitors in Sweden pick up radioactivity, and

investigations point to the USSR. That night the USSR �nallyadmits that an accident took

place, but no details given til May 1.

� 5000 tons of sand, lead, and boric acid in bags tossed from helicopters onto the destroyed

reactor in the coming weeks. By December a crude concrete sarcophagus covers the core, but

it is crumbling and unstable today: : :
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Chernobyl photo

From Wikipedia:
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Chernobyl accident: continued

� The control room operators received fatal radiation doses.Of the �re�ghters, 21 received

between 6 and 16 Gray (20 died), 21 received between 4 and 6 Gray (7 died), 55 received

between 2 and 4 Gray (1 died), and 140 received between 1 and 2 Gray (none died). Estimates

are that 24,000 people in the surrounding area received doses of around 0.5 Gray. Some

children had doses in the thyroid as high as 2.5 Gray due to137 Cs uptake.

� Particulates spread around a 30 km radius. Gaseous productsspread throughout USSR and

Europe. AFrench estimateis that about 670 excess cancer deaths can be expected, peaking in

about 2020 (especially thyroid cancer in exposed children).

� For more info, see December 1986Physics Today, or

http://en.wikipedia.org/wiki/Chernobyl_disaster .
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Tokaimura accident

� Nuclear fuel reprocessing: take used fuel rods and extract239 Pu produced by neutron

irradiation of238 U to obtain more �ssionable material.

� Reprocessing plant in Tokaimura, Japan, September 30, 1999: accidental accumulation of a

critical mass in one vessel (liquid solution). Air in room momentarily turned blue from

nitrogen �uorescence following ionization pulse.

� Three workers were involved. Hisashi Ouchi: 18 Gray (died Dec. 21, 1999). Masato

Shinohara: 10 Gray (died April 27, 2000). Yutaka Yokokawa: 2.5 Gray (released from

hospital December 1999).

� See

http://www.iaea.org/worldatom/Press/P_release/1999/ jap_report.shtml
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Nuclear waste disposal

� Nuclear waste is hot and nasty stuff.

However, it's compact and contained.

� U.S. does not yet have an agreed-upon,

operating permanent repository for high

level waste. There are both technical

questions (how do you guarantee

containment for millions of years?) and

especially political questions (not in my

backyard or NIMBY).

� There may have been a “natural” �ssion re-

actor in an underground uranium deposit in

Gabon, Africa some two billion years ago!

The local ecosystem hasn't seemed to no-

tice. See Cowan, “A Natural Fission Reac-

tor,” Scienti�c American, July 1976, p. 36.
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What to say about nuclear power?

� Nuclear power produces electrical energy without signi�cant release of CO2 into the

atmosphere. This is of increasing signi�cance in minimizing future global warming.

� Fraction of electricity generated from nuclear power varies from country to country. US: 20%.

France: 78%. Germany: 28%. Japan: 26%.

� Reactors cannot explode like nuclear bombs. Water reactorsshut off with loss of coolant,

though with much economic damage (Three Mile Island). Graphite reactors can run away

with much greater radiation release and destruction (Chernobyl).

� In normal operation, nuclear power plants emitlessradiation than coal-burning power plants!

See McBrideet al., Science202, 1045 (1978), Table 4. Burning coal releases thorium which

can be incorporated by plants (food chain) or inhaled along with coal combustion particulates.

Estimated radiation dose from living near a coal plant: 320� Sv/year. For comparison,

estimated dose from living near a pressurized water nuclearreactor: 130� Sv/year.
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Low level radiation

� What happens if you receive a chronic low-level radiation exposure? Since all life is exposed

to 1,000–3,000� Sv/year, it's hard to sort out the effect of an extra 500–1,000 � Sv/year.

� The best information to date is to extrapolate from the risk determined from high exposures:

survivors of the atomic bombings of Hiroshima and Nagasaki,Japan. Dominant risk from

radiation exposure is leukemia. Approximate risk due to radiation is 5 excess deaths per year

per million people for an exposure of 1 rem=0.01 Sievert=10,000� Sv, or

5 deaths
1010 people� yr � � Sv

� The risk is continuously being re-evaluated. Linear extrapoliation to low dose is very

controversial. Frequent reviews by a panel at the National Academy of Sciences

(www.nas.edu). Latest is “Health risks from exposure to lowlevels of ionizing radiation:

BEIR VII - Phase 2.”
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Low risks are hard to measure

� Consider Denver (population 3 million):� 300 � Sv/year extra radiation dose due to higher

altitude. Extra deaths after 40 years of exposure:

(3 � 106 people) � (300
� Sv
yr

) � (40yr) �
�

5 deaths
1010 people� yr � � Sv

�
= 18 deaths

� 40 year olds: cancer death rate is about 50 per 100,000 per year, so in Denver we would

expect about 1500 cancer deaths per year anyway among the non-retired population.

� We need to take data forx years to detect18x excess deaths over �uctuations of
p

1500x

deaths, and we de�ne detectability in terms ofn standard deviations (n tends to be between 2

and 5, depending on the tolerable “false alarm” rate). If we usen = 2 , we have

18x = n
p

1500x ! x = n2 1500
182

= 19 years

� What if Denver has a higher cigarette smoking rate? Theexcesscancer death rate for smokers

who quit at an age of 40–49 is 150 per 100,000, so if an extra 10,000 people (just 0.3% of the

population!) in Denver smoked, we would have a similar increase in cancer deaths.
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Radiation exposure examples

� Accidental FedEx shipment: 100� Sv/hour at package exterior. “FedEx shipped a high

radiation package,”New York Times, Jan. 10, 2002, p. A22.

� Food irradiation: kill bacteria for better preservation. Doesnot make food radioactive!

Requires “hot” gamma ray emitters.

� Dirty bombs:

! Use conventional explosives to disperse radioactive material (such as from medical

sources).

! Will likely produce a small-area hotspot (some cleanup possible) plus a large area with

very sparse, dispersed particles.

! “Do you really want to shut down the port of Seattle because you don't want to get 5 or

10 millirem of dose?” [=50 or 100� Sv]. “U.S. plans to offer guidance for a dirty-bomb

aftermath,”New York Times, Sep. 17, 2004, p. A20.
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Goiânia, Brazil, September 1987

� Cancer therapy clinic abandoned but therapy source left in place:137 Cs, 2000 Ci in 1971,

1375 Ci in 1987. Dose rate at 1 meter: 4.6 Gy/hour.

� Squatters and scavengers occupy the abandoned buildilng. Irradiation source partly

dismantled. “Cool! What's that blue glow?” Source sold to a junkyard owner who thought he

might make a ring for his wife. Source gets broken up. People started to get sick; junkyard

owner's wife brought remains of source to a doctor at a hospital; accident response kicks in

two weeks after initial incident.

� Squatters who sold source to junkyard: one has arm amputateddue to radiation burns. Two

junkyard workers die. Junkyard owner's wife dies. Six-year-old child dies; sat on �oor with

radioactive dust; buried in a lead-lined cof�n.

� For more detail, seehttp://en.wikipedia.org/wiki/Goiania_accident and

links therein.

– p. 26/31



Nuclear fusion

� The power source of stars, including our sun (see Serway Eq. 14.10):
1
1H+1

1H! 2
1H+0

1e+ + �
1
1H+2

1H! 3
2He+


1
1H+3

2H! 4
2He+0

1e+ + �
3
2He+3

2He! 4
2He+1

1H+1
1H

Net effect: four protons combine to make an alpha particle and two positrons, releasing 25

MeV of energy. Works at high temperature (1:5 � 107 K) and high pressure in sun's interior.

� These reactions are a little easier to drive (work at lower temperature and pressure; Serway

Eq. 14.11):

D-D: 2
1H+2

1H! 3
2He+1

0n+3.27 MeV

D-D: 2
1H+2

1H! 3
1H+1

1H+4.03 MeV

D-T: 2
1H+3

1H! 4
2He+1

0n+17.59 MeV

Deuterium (21H) is cheap; can get 0.12 g from 1 gallon of water for about $0.04. Tritium is

hard to get and hast1=2 = 12 :3 years and is produced mainly in nuclear reactors.
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Nuclear fusion

� From the curve of binding energy, if we can cause light nucleito fuse we can release even

more energy per nucleon.

� Requires high density and high kinetic energy(=temperature) to overcome the Coulomb

barrier.

� Fusion products have a short half-life and thus don't present a long-term nuclear waste

problem. However, all reactor materials get �ooded with neutrons so just about everything is

made radioactive.

� One approach: extreme heating of a fusion pellet using lasers (interial con�nement fusion or

ICF). We talked about NIF at Livermore: : :

� Another approach: magnetically con�ned plasma (magnetically con�ned fusion or MCF).

� The challenges are daunting! “Fusion is thirty years away”—a statement made beginning in

the 1950s. “Fusion is the energy source of the future, and always will be.”
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The Lawson criterion

Required temperature/density combination for energy breakeven. See also Serway Fig. 14-13.
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Joint European Torus

Oxfordshire, UK, 1983–1999 with some continued operation.An inside view when “cold” and when

operating:

– p. 30/31



ITER

ITER: International Tokamak Engineer-

ing Reactor. Planned for France, 2016.

Goal is to demonstrate methods to extract

energy, and to perhaps reach momentary

“engineering” breakeven.
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