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Nuclear Processes Nuclear masses and binding energies

For energy production
two distinct processes involving nuclei can be harnessed

1 fission + splitting of a nucleus
2 fusion + joining together of two nuclei

Mass per nucleon for different elements has minimum @ 56Fe

Figure 4: Schematic diagram of mass per nucleon as a function of the
number of nucleons in the nucleus. Note that we are only illustrating
the general trends. There are for instance a few light elements for which
the mass per nucleon increases with increasing number of nucleons in the
nucleus.

than iron. How were these produced? In the Big Bang only hydrogen and
helium were produced so the heavier elements must have been created in
nuclear reactions at a later stage in the history of the universe. We need
situations were huge amounts of energy are available to produce these
elements. The only place we know about where such high temperatures
can be reached are supernova explosions. We will come back to this later.

6 The solar neutrino problem

If you look back at the chain reactions above you will see that neutrinos
are produced in the pp-chain and the CNO cycle. We have learned in
earlier lectures that neutrinos are particles which hardly react with matter.
Unlike the photons which are continuously scattered on charged particles
on they way from the core to the stellar surface, the neutrinos can travel
directly from the core of the Sun to the Earth without being scattered
even once. Thus, the neutrinos carry important information about the
solar core, information which would have otherwise been impossible to
obtain without being at the solar core. Using the chain reactions above
combined with the theoretical reaction rates, we can calculate the number
of neutrinos with a given energy we should observe here at Earth. This
would be an excellent test of the theories for the composition of the stellar
interiors as well as of our understanding of the nuclear reactions in the
stellar cores. The procedure is as follows
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Nuclear Processes Nuclear masses and binding energies

56Fe is relatively more tightly bound than the other nuclei

Average binding energy per nucleon
is greater for 56Fe than for other nuclei

For elements lighter than 56Fe + mass per nucleon decreases
when combining nuclei to form more heavier elements

For light elements + energy is usually released in fusion reaction

For elements heavier than 56Fe + mass per nucleus increases
with increasing number of nucleons

and energy is liberated in a fission reaction

For any given mass or volume of fuel
nuclear processes generate more energy

than can be produced through any other fuel-based approach
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Nuclear Processes Nuclear fission

Fission of uranium nucleus liberates large amount of energy
which comes from changes in internal energy of reacting nuclei

Splitting of uranium-235 releases over 3× 10−11 J

Mass deficit for the reaction 235U + n→ 141Ba + 92Kr + 3n is:
(140.91441+ 91.92616+ 2× 1.008665− 235.04394)u = −0.18604 u

Since 1 u = 1.66058× 10−27 kg and E = mc2

annihilation of 3.08934× 10−28 kg of mass
produces 2.78041× 10−11 J of energy
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Nuclear Processes Nuclear fission

Only 235U part of uranium (0.7%) undergoes fission
when irradiated with slow neutrons

238U (99.3%) will absorb fast neutrons becoming 239U
but it will not fission

Neutrons must be slow
because they have to stay around nucleus a while to be captured
They don’t really knock the 235U appart during fission

it is really more like they enter nucleus to form 236U
which is very unstable and undergoes fission

During each fission + about 3 n (on average) are produced
Possibility of a chain reaction is then present

except that these fission neutrons are fast
So + not only they fly past 235U without causing further fission

but they also get captured by 238U
We need way of slowing down neutrons produced in fission
Moderating them and then letting hit more uranium
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Nuclear Processes Nuclear fission�� ��Modus operandi is as follows

Arrange a series of uranium rods sitting in moderator

operation is the reproduction constant K, defined as the average number of
neutrons from each fission event that actually cause another fission event. As
we have seen, K can have a maximum value of 2.5 in the fission of uranium. In
practice, however, K is less than this because of several factors, to be discussed.

A self-sustained chain reaction is achieved when K ! 1. Under this condi-
tion the reactor is said to be critical. When K " 1, the reactor is subcritical
and the reaction dies out. When K is substantially greater than unity, the reac-
tor is said to be supercritical and a runaway reaction occurs. In a nuclear reac-
tor run by a utility company to furnish power, it is necessary to maintain a
value of K slightly greater than unity.

Figure 14.8 shows the basic ingredients of a nuclear reactor core. The fuel
elements consist of enriched uranium. The function of the remaining parts of
the reactor and some aspects of its design will now be described.

Neutron Leakage

In any reactor, a fraction of the neutrons produced in fission leak out of the
core before inducing other fission events. If the fraction leaking out is too
great, the reactor will not operate. The percentage lost is large if the reactor is
very small because leakage is a function of the ratio of surface area to volume.
Therefore, a critical feature of the design of a reactor is to choose the correct
surface-area-to-volume ratio so that a sustained reaction can be achieved.

Regulating Neutron Energies

Recall that the neutrons released in fission events are very energetic, having ki-
netic energies of about 2 MeV. It is necessary to slow these neutrons to ther-
mal energies to allow them to be captured and produce fission of other 235U
nuclei, because the probability of neutron-induced fission increases with de-
creasing energy, as shown in Figure 14.9. The energetic neutrons are slowed
down by a moderator substance surrounding the fuel, as shown in Figure 14.8.

Neutron Capture

In the process of being slowed down, neutrons may be captured by nuclei that
do not fission. The most common event of this type is neutron capture by
238U, which constitutes over 90% of the uranium in the fuel elements. The
probability of neutron capture by 238U is very high when the neutrons have
high kinetic energies and very low when they have low kinetic energies. Thus
the slowing down of the neutrons by the moderator serves the secondary pur-
pose of making them available for reaction with 235U and decreasing their
chances of being captured by 238U.

Control of Power Level

It is possible for a reactor to reach the critical stage (K ! 1) after all the neu-
tron losses just described are minimized. However, some method of control is
needed to maintain a K value near unity. If K were to rise above this value, the
heat produced in the runaway reaction would melt the reactor. To control the
power level, control rods are inserted into the reactor core (see Fig. 14.8).
These rods are made of materials such as cadmium that absorb neutrons very
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Figure 14.9 The cross section
for neutron-induced fission of
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is about 500 b.
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You must make sure that:
moderator moderates + slow neutrons
moderator does not absorb too many neutrons
moderator does not become radioactive

because it is also used for cooling
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Nuclear Processes Nuclear fission

For moderator to slow down n + it must consist of light atoms
(n would just bounce off heavy atoms without losing speed)

H (as part of water) is excellent except that it absorbs n

hydrogen + neutron = deuterium

So to use ordinary water
one must eliminate some of the absorption of neutrons by 238U

by making the uranium rod richer in 235U (“enrichment”)
This is a very expensive process
Carbon (graphite) does not absorb neutrons

but it is also pretty heavy so it doesn’t moderate as well
So + if you use graphite you must enrich the uranium
Heavy water (D2O) is excellent

it moderates as well as ordinary water and it doesn’t absorb n
Reactors using heavy water don’t need uranium enriched

they use natural mixture of 238U and 235U
Neither water, graphite, or heavy water

become radioactive when n pass through them
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Nuclear Processes The bomb and all that...

In December 1942 + Fermi constructed first nuclear reactor

It used natural uranium (not enriched)
a graphite moderator (to slow neutrons)

and boron control rods (to control reaction by absorbing n)

Stage was then set for building uranium bomb

For the bomb + one has no moderator⇒ no control rods
but pure 235U (very expensive)

2 pieces of 235U are brought together through small explosion
and are irradiated with n from small radioactive source (in bomb)

Each piece by itself is not enough to “go critical”
but together they can sustain a chain reaction

using small number of slow n emitted during fission
and small probability that fast one will be captured by 235U

Unless you have almost pure 235U + this won’t work
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Nuclear Processes The bomb and all that...

First (test; code name Trinity) bomb was exploded in July 1945

First 235U bomb was dropped on Hiroshima on August 6, 1945

2nd bomb (Plutonium) was dropped on Nagasaki two days later

Plutonium (239
94 Pu) also undergoes fusion with slow neutrons

It is not found naturally
but is made whenever 238U is radiated with fast neutrons

238
92 U + n→ 239

92 U
β−decay−−−−→
23 min

239
93 Np

β−decay−−−−−→
2.35 days

239
94 Pu

Plutonium is highly radioactive but has long half-life of 24, 100 yr
It is lethal in microgram quantities (much less than a speck)

due to both its radioactive and chemical properties

Terrible stuff!
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Nuclear Processes Nuclear power plants

There are 61 commercially operating nuclear power plants
with 99 nuclear reactors in 30 states of U.S.

Most common type in use in U.S. + pressurized-water reactor
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the primary water is condensed. In PWRs, the water in 
the primary does not boil. The high pressure primary 
water is used to boil water in a secondary loop in a device 
called a steam generator. The primary water transfers its 
heat to water that is converted to steam, which drives the 
turbine, which in turn drives the electricity generator. The 
condensing loop, where the steam is condensed back to 
water, is the tertiary cooling loop. (See Figure 2.) Routine 
tritium discharges and emissions are mainly associated with 
the primary water of the reactor.

the whole year, are released to the environment, of which 
85 percent are waterborne effluents (663 curies) and 
the rest are airborne effluents (107 curies).16 The liquid 
effluents are discharged in batches in lakes, rivers, and 
oceans, often through underground pipes. Leaks can occur 
in such pipes and when they do, they contaminate the soil 
and groundwater.

In boiling water reactors (BWRs) boron is not added to 
the water and therefore tritium is not produced in boron-
neutron reactions in the primary water. The tritium in 

BWRs is mainly produced as a result of ternary 
fission in reactors. The Peterson and Baker study 
estimated that 120 curies per 1,000 MWe are 
released per year to the environment, of which 
75 percent is in gaseous form and the rest in 
liquid form.17 Leaks can also occur from BWRs 
that have pipes carrying primary water that are 
buried underground. 

At some plants tritium has leaked out of the 
cooling pool in which spent fuel is put after being 
unloaded from the reactor.18 

Monitoring of tritium 
releases

The NRC requires power plant operators 
to monitor releases of radionuclides on site 

and off site. The onsite and offsite releases from a plant 
are reported every year in the Effluent Report and the 
Environmental Report respectively. 

In the Effluent Report the plant operator is required 
to give quarterly data on the amount of tritium curies 
released from each reactor,19 including the concentration 
of tritium before the water is sent to the underground 
pipe,20 the frequency at which the releases occur, and how 
long the releases last.21 Table 1 gives the annual releases 
from a selected number of plants for the year 2005. 
(The exhaustive list can be found on IEER’s website at 
http://www.ieer.org/sdafiles/16-1/tritiumCreleases.html.) 
However, the reporting is not consistent for plants that 
have more than one reactor. For example, for plants with 
two reactors, three ways of reporting are found:

– each reactor has a different amount of curies (e.g.,   
Millstone 2 and 3)

– each reactor has the same amount of curies (e.g.,   
Braidwood 1 and 2)

– there is only a total amount of curies (e.g., Calvert   
Cliffs 1 and 2)

The second and third methods of reporting indicate 
that discharges from each reactor may not be measured; 
rather only the total discharges from both reactors may be 
measured. This may make it difficult to detect problems 
or to infer their existence from the reported data. 
Further, the amount of tritium discharged from PWRs 
is highly variable. Hence the Peterson and Baker study 
should be regarded only as a rough guideline rather than 
an indication of actual releases from particular reactors. 

Figure 2. Pressurized water reactor diagram. For the animated version, go to 
http://www.nrc.gov/reading-rm/basic-ref/students/animated-pwr.html. 
Source: U.S. Nuclear Regulatory Commission

Tritium is also produced, in greater quantities, in the 
fuel rods of both PWRs and BWRs from ternary fission12 
(fission in which there are three fission fragments). Only 
a tiny fraction of this leaks into the primary cooling water 
along with some other fission products through very small 
cracks and holes that form in a small number of the fuel 
rods.13 The PWR’s cooling water is constantly taken out 
for chemical treatment, volume control, and to reduce the 
radioactivity. Then most of it is sent back into the reactor 
vessel. The chemical treatment is mainly to reduce the 
amount of boron as the reactivity in the fuel decreases 
with time.14 Some of the fission products that leak into the 
primary water of the reactor are removed by passing the 
water through ion exchange resins; however, this does not 
affect tritiated water which, being chemically identical to 
water, just passes right through.15 The part of the cooling 
water which is not returned to the reactor vessel is put in 
holding tanks. It is periodically released to the environment 
after further treatment and dilution to bring the tritium 
concentration to a level deemed “safe” by the nuclear 
industry and the NRC. Fresh water is mixed in with the 
balance of the primary water to make up for the water 
that is withdrawn into the holding tanks.

EPA’s Maximum Contaminant Level 
Goal for all radionuclides, including 

tritium, is zero.

A 1985 study by Peterson and Baker estimated that 
about 780 curies of tritium per 1,000 megawatt electric 
(MWe) from a PWR, operating at 82 percent capacity for 

Fission events in reactor core
supply heat to water contained in primary (closed) loop

which is maintained at high pressure to keep it from boiling
This water also serves as moderator
Hot water is pumped through a heat exchanger

and heat is transferred to water contained in secondary loop
Hot water in the secondary loop is converted to steam

which drives a turbine-generator system to create electric power
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Nuclear Processes Dangers of operating nuclear reactors�� ��Loss of coolant accident
Possible failure of pump or pipe would prevent water from cooling
Unless emergency core cooling system went into effect

core would melt down reactor in about 30 s
If this so + possible release of enormous amount of radioactivity

to outside world
To control power level control roads are inserted into reactor core
Roads are made of material such as cadmium

that absorb neutrons very efficiently
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Nuclear Processes Dangers of operating nuclear reactors�� ��Radioactive waste disposal
As a result of fission process

radioactivity of nuclear fuel irreversibly increases a billionfold

� ��6WRUP

+HDOWK�ULVNV�RI�QXFOHDU�SRZHU

Pea in foreground (diameter 1 cm)
represents original radioactivity of nuclear fuel

Sphere in distance (diameter of 10 m) + represents radioactivity
of same amount of fuel 150 days after shutdown of reactor
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Nuclear Processes Dangers of operating nuclear reactors
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Cumulative quantity of radioactivity generated worldwide
by civilian nuclear power + measured in nuclear bomb equivalents
During 1960s, 1970s and 1980s

quantity of radioactivity increased fast (exponentially)
During last two decades + growth has been almost linearly

for global nuclear generating capacity leveled off during 1990s
If world nuclear generating capacity increases in next decades

world radioactivity inventory would grow exponentially again
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Nuclear Processes Nuclear fusion

Reactions that take place in Sun cannot take place on Earth

To hold H cloud together by gravitation (against expanding forces)
until slow interaction pp→ D + e+ + ν takes place

requires a mass of material equal to M�

So if we would attempt to burn “protons” here
“fire” would keep going out

There are other nuclear fusion reactions
which release enormous amount of energy

These play no role in nuclear chemistry of the Sun
because of tiny amounts of necessary materials present there

We shall discuss two of these

They involve isotopes of hydrogen, deuterium (D), and tritium (T)
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Nuclear Processes Nuclear fusion

D-T reaction

D + T→ 4He + n + 6 billion Btu/oz of (D + T)

Compare to an energy release of 1, 000 Btu/oz of oil burnt
D-D reaction

It is more complicated
it releases about 1/4 as much energy
It is very important in the very long run
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Nuclear Processes Nuclear fusion�� ��Why D-T?

To make a nuclear fusion reaction go
nuclei must be brought close enough together to touch

All nuclei are positively charged
so we must accelerate them to high speeds

to overcome effects of electric repulsion
Since positive charge of nucleus increases with its mass (more p)
it is clear why it is easiest to overcome electrical repulsion

for lightest nuclei
We have seen this in sun’s life cycle
where fusion of helium (charge +2 each) or carbon (+6 each)

require higher temperature than fusion of hydrogen
So + we want to fuse hydrogen if we can
But we have seen that p fusion goes only via weak interaction
So + we may inquire if fusion of D or T (same 1 + charge)

can go via strong interaction
Answer is yes!
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Nuclear Processes Nuclear fusion�� ��What about availability?

Deuterium is stable and very plentiful:
1 out 6, 000 atoms of hydrogen in water is 2H (a.k.a. deuterium)
So + a gallon of H2O yields about a spoonful of heavy water D2O
It is relatively easy to separate off
Tritium is another problem
It is a radioactive gas + decaying with a half-life of 12 years

(to 3He + electron + neutrino) so it doesn’t occur naturally
It can be produced in small quantities at ordinary nuclear reactors
through the bombardment of lithium with neutrons

n + Li→4 He + T

At present + world supply of lithium is equivalent (in eventual Btu)
to that of all fossil fuels (a few hundred years)

By that time + one will have learned to run D-D reaction
where resources are almost infinite (sea-water!)
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Nuclear Processes Nuclear fusion�� ��Given this + basic fact is...

To overcome electrical repulsion + D and T
must approach one another at relative speed of about 1200 km/s

For Sun +this involves heating D-mixture
to temperatures of tens of millions of degrees K

Such high temperatures are attainable on Earth
in proximity of nuclear explosion

Basic problem + once D-T mixture is heated to 50× 106◦K
how you get reaction going
before mixture is cooled through contact with environment?

International Thermonuclear Experimental Reactor (ITER)
aims to show principle of producing more energy from fusion

than is used to initiate it

Something that has not yet been achieved in any fusion reactor
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