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Liquid drop model

� Our terms involve:
� Binding energy per nucleon BE1 = � a1A
� Surface energy reduction term BE2 = a2A2=3

� Coulomb repulsion term BE3 = a3
Z2

A1= 3

� Asymmetry term BE4 = a4
( N� Z) 2

A

� Putting all of these terms together gives

BE = � a1A + a2A2=3 + a3
Z2

A1=3
+ a4

(N � Z)2

A

where we can re�ne our initial estimates of the magnitudes ofthese
terms by using a best �t to all stable nuclei to �nda1 = 15:5 MeV,
a2 = 16:8 MeV, a3 = 0:72 MeV, anda4 = 19 MeV (Serway calls
theseC1-C4 and gives slightly different values after Eq.13.7).
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Curve of binding energy
Again, the net effect is BE= � a1A + a2A2=3 + a3

Z2

A1= 3 + a4
(N� Z)2

A
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The inverse curve
In this inverted curve of the negative binding energy, nuclei like to roll
up the hill. Notice the “bumps” near magic numbers
2 � [2; 8; 20; 28; 50; 82; 126].

This �gure from Georgia State'sHyperphysicsweb site

http://hyperphysics.phy-astr.gsu.edu/hbase/nuclear/nucbin.html
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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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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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Fission: neutron moderation

Cross sections for neutron capture by235U 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

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


Curve of binding
energy

Fission and fusion

Fission

Fission reactors

Ionizing radiation

Quantifying
radiation

Early X-ray
experience

Hiroshima and
Nagasaki

Bystander effect

Low-level risks

Nuclear accidents

Controlled �ssion reactions

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

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

� To sustain a chain reaction we must have at least 1+ � neutrons
trigger �ssion in other235U nuclei.

� In natural uranium, there are too few235U 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 the235U 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 per235U �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 (partially melt) 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 about 1+ � ), and the resulting
increased neutron �ux can further increase the reaction rate by
“burnoff” of 135Xe 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 which135Xe 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
the Soviet Union knew this, but apparently this informationdid 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 from Georgia State's
Hyperphysicsweb site:
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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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Radiation: ionizing, and not

ra�di�a�tion
noun
1 Physicsthe emission of energy as electromagnetic waves or as moving
subatomic particles, esp. high-energy particles that cause ionization.

� the energy transmitted in this way, as heat, light, electricity, etc.

What's the big deal aboutionizing?Don't we get radiation from
microwave ovens, cell phone towers, and power lines?
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Ionizing energies

� Ionization means we break chemical bonds.

� H-C bond: 3.5 eV per molecule.

� K band microwaves (police radar guns):f ' 20 GHz or
E = hf = ( 4:14� 10� 14 eV � sec) � (20� 109 sec� 1) = 0:000 083
eV per photon.

� 60 Hz power line:E = hf = 2:5 � 10� 13 eV or
0.000000 000 000 25 eV.

� So don't worry about radiation from power lines, microwave ovens,
or cell phone towers!

� National Academy study:
http://books.nap.edu/catalog.php?record_id=5155
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Quantifying radiation

� We're only talking about photon and particle energies above5–10
eV!

� What's easy to calculate? Energy absorbed per mass. The SI unit is
the Gray (named after a British radiation biologist): 1 Gray=1
Joule/kg. Older unit: 1 rad=1 erg/g. 1 Gray=100 rad.

� 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.

� I will try to use milliSieverts or mSv throughout these slides.

� To get some numbers out there: 5000 mSv kills half of those
exposed (LD50). Natural background:� 3 mSv/year. Quantities
matter!
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Radiation in the Garden of Eden

� Radiation has been part of the planet since before life began.

� Life has evolved in the presence of ionizing radiation. We (and
bacteria and earthworms and: : :) have repair mechanisms (DNA
single-strand breakage repair) to deal with low-level radiation.

� Radiation from the sun: shielded in part by earth's magnetic�eld,
and by atmosphere.

� Radiation from radioactive rocks, soils. Great variation!

� Estimated background doses in US: Florida: 2 mSv/year.
Northeastern Washington state: 17 mSv/year. (NY Times, July 19,
2005).

� Cosmic ray dose with altitude: Denver (5000'): add 0.2 mSv/year
to sea-level dose. Santa Fe (7000'): add 0.45 mSv/year to sea-level
dose.
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Cosmic ray �ux

You're getting drilled
right now, right here!
This �gure: from
Wikipedia.
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Magnetsdoprotect us!

Well, the Earth's magnetic �eld does: : :
The Northern Lights are telling us something!

http://srag-nt.jsc.nasa.gov/docs/TM104782/techmemo. htm
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Can't feel it, so harmless!

Mihran Kassabian, Philadelphia Hospital, 1903–1904: brain irradiation
to treat epilepsy. Two patients died, but epilepsy was reduced: : :
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Mihran Kassabian

Hands of Kassabian soon before his death in 1910. So as not to discredit the use
of X-rays in medicine, it is said that he used an assumed name when he checked
into the hospital to have some �ngers amputated [Brown,Am. J. Roentgenology
164, 1285 (1995)]
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Radiation today

Still dominated by the Garden of Eden!
Medical X rays: 10.4%

Occupational 
exposure: 
0.4%

Consumer products: 2.9%

Fallout: 0.4%

Nuclear
power:
0.2%

0.9%

Natural
sources

Radiation therapy: 3.8%

82.0%

Source: 2005 BIER report (NAS).
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Radiation deaths?

Total deaths in US in 1999: 2,400,000

� Heart disease: 725,000

� All cancers: 550,000 (23%)

� Respiratory diseases: 188,000

� Stroke etc.: 170,000

� Accidents: 98,000

� Diabetes: 69,000

How much of a role does radiation play in cancer deaths? What event
can we learn from to measure this?
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Little Boy and Fat Man
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Hiroshima today I
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Hiroshima today II
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Hiroshima today II
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Hiroshima and Nagasaki survivors

� Best data source: about 80,000 survivors of Hiroshima and
Nagasaki. 41,719 received doses greater than 5 mSv. Radiation
dose estimated for each survivor based on location.

� Half of the 80,000 were still alive in 2001!

� Statistically, would have expected 12,000 to have died of cancer
withoutany extra radiation exposure.

� About 700 “extra” deaths. Our best data on human risks from
radiation exposure.

� Summarized inNY Times, Nov. 27, 2001.
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Hiroshima and Nagasaki data

� Assume linear extrapolation from high dose data to low doses.
Main risk is leukemia. Approximate risk due to radiation is 5
excess deaths per year per million people for an exposure of 10,000
mSv, 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 (http://www.nas.edu ). Latest is
“Health risks from exposure to low levels of ionizing radiation:
BEIR VII - Phase 2.”
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The Bystander effect

When your neighbor gets blown away, you might get splattered!

� Single alpha particles
directed on single cells;
measure mutation rate.

� Addition of 1 mM
octanol strongly
supresses the effect;
inhibits
gap-junction-mediated
intercellular
communication.

� Implications for
nonlinearities in
extrapolation of dose to
low values.

Zhouet al., Proc. Nat. Acad. Sci.98,
14410 (2001).
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Low risks are hard to measure
� Consider Denver (3 million ppl):� 0:3 mSv/year or 300� Sv extra

radiation dose due to higher altitude. Extra deaths after 40years of
exposure:

(3� 106 ppl)�(300
� Sv
yr

)�(40yr)�
�

5 deaths
1010 ppl � 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 detect 18x excess deaths over
�uctuations of

p
1500x deaths, and we de�ne detectability in terms

of n 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? If an extra
2,000 people in Denver smoked, we would have a similar increase
in annual cancer deaths.
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Other example data

� Pilots: 169 cancer deaths when 153� 12 expected

� Nuclear industry: fewer cancers deaths than expected, except 119
leukemia where 104� 10 expected

� Don't have source for these numbers: : :
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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 26 decays/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 about 1=e ' 32% of the tritium left in
your body 12 days later.

� Conservative calculation: drink nothing but tritium-laced water
from the worst well, leading to 70,000 picocuries of tritiumper 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

or 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 is 1:7 � 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:137Cs.
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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 Three
Mile 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 of135Xe in the graphite as long as the
power is low.

� April 26, 1986, in Kiev during the last few years of the Soviet
Union. Test of turbines used to power coolant system done at 1am.
Water pumps turned up to high (extra neutron moderation) which
necessitated removal of control rods to an unallowed degree. Low
power operation led to135Xe “poisoning,” or excess neutron
absorption.

� Water pumps turned off;135Xe burns off; reactor heats up; control
rod tubes get warped from heat so they can't be inserted. Reactor
power increases from 0.2 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 of137Cs 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 �nally admits 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 inthe
thyroid as high as 2.5 Gray due to137Cs uptake.

� Particulates spread around a 30 km radius. Gaseous products
spread 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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