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Chapter 13  “... but What is it Good for?”

As in other scientifidields, nuclear scientists generallyork with agreat interest

and excitementfor the science. Understandintpe building blocks of nature and the
physicallaws that governthem is the ultimatgyoal. Onthe otherhand, members of the

public are the taxpayekgho finance most research in basic scieand, understandably,

often want to see something ma@ncrete emergdom their investments, some further
benefit tosociety. Inthe century sinceRutherford discoveredhe nucleus, numerous
applications take advantage of one or more offdlewing: 1) the properties of nuclei, 2)
measurement techniques developed in nuclear physics, 3) particle accelerators, and 4) other
tools of nuclear science such as detectors.
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Fig. 13-1. Applications of nuclear science.

These applications benefit disciplines as diverse as medibiodogy, art,
archaeology, energynaterials s@nce, space exploration, ati environmentMany of
these applications are detailed in Fig. 13-1. Only, a sample of them will be described in this
chapter. The energy applications of nuclear science are described separately in Chapter 14.
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Chapter 13—“... but What Is it Good For?”

The following examples are illustrative of the wide variety of applications of nuclear
science. Wiile some of these applicatiorage very specific and havéttle effect on our
daily lives, many of these applicatioase allpervasive. We probably use somlectricity
generated by nucleaeactors,protectour homes with smoke alarms, and hallebeen
affected by the geopolitics of nuclear weapons.

Smoke Detectors

Most common smoke detectofBig. 13-2)contain a small amount 6f'Am, a
radioactive isotope. 2*!Am is produced and recovered from nucleaactors. Alpha
particles emitted by the decays?tAm ionize the air (split the air
molecules into electrons and positilans) and generate a small
current ofelectricity that ismeasured by a current-sensitive circulit
When smoke entetthe detector, iondecome attached to tisenoke
particles, which causes a decreaséhendetectocurrent. When this
happens, aralarm sounds. These detectors provide warning foFig. 13-2. A common
people to leavburning homes safelyMany lives have beesaved smoke detector.
by the their use.

Because the distance alpha patrticles travel in air is so short, there is no risk of being
exposed to radiation by having a smoke detector ifnthese.Since ionization-type smoke
detectors contain radioactive materials, th&yould be recycled or disposed of as
radioactive waste. It is important to follow the instructions that comethatemokealarm
when they need to be discarded.

Nuclear Medicine
Radioisotopes for diagnosis and treatment

Onemajor use of radioisotopes is imuclear medicine. Of the 3@illion people
who are hospitalized each year in the Unifdtes,1/3 aretreatedwith nuclear medicine.
More than 10 million nuclear-medicine procedures are performed on patients and more than
100 million nuclear-medicindgestsare performectach year in thé&nited States alone. A
comparable number of such procedures are performed in the rest of the world.

There are nearly oneundred radioisotopes whobetaand/orgamma radiation is
used in diagnosis, therapy, amvestigations in nuclear medicine. Thmost used
radioisotopes were discovered before Wokldr 1l using the earlycyclotrons of Ernest
Lawrence, withthe initial applications to medicineeing developed b¥yis brotherJohn
Lawrence. Some of the most well known radioisotopes, discovered by Glenn Seaborg and
his coworkers,are 134 (discovered in1938), %°Co (1937),°™Tc (1938), and®*'Cs
(1941). By 1970, 9(ercent of the 8 million administratiopgr year of radioisotopes in
the United Statestilized either*3!l, ¢°Co, or®*™Tc. Today,’™Tc, with a half-life of 6
hours, isthe workhorse of nuclear medicine. It account®r more than 10 million
diagnostic procedures a year in the Unidtes. It is used for brain, bone, liver, spleen,
kidney, lung and thyroid imaging as well as for blood-flow studies.
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134 with a half-life of 8days, is used tdiagnose andreatthyroid disorders.
Seaborg’s mother was one tbe first to benefit fromthe use of this radioisotopthat her
son had discoveredratallyill from hyperthyroidism, (@elated conditiorfrom which her
sister died), diagnosis and treatment Withled to hercompleterecovery and a lonlife.
Former President George Bush and First Lady Barbara Bush arenstabk people who
were successfullyreatedfor Graves' disease, thyroid disease, with*!l. Radioactive
iodine treatment is so successful that it has virtually replaced thyroid surgery.

Fig. 13-3. a) PET scan image of the human brain. b) MRI image of the human brain.

A very effective role for radioisotopes in nucleaedicine is thaise of short-lived
positron emitters such asC, 1N, 20, or '8F in a process known as Positron Emission
Tomography (PET). Incorporated inchemical compoundsthat selectively migrate to
specificorgans inthe body, diagnosis igffected by detecting annihilation gammag/'s—
two gamma rays of identical energy emitted when a positron and an electron anegicitate
other. Thesegammarays have thevery useful propertythat they are emitted in exactly
opposite directions. When both are detected, a computer system may be used to reconstruct
wherethe annihilationoccurred. Byattaching goositron entter to aprotein or a glucose
molecule, and allowing the body to metaboiizenve canstudythe functional aspect of an
organ such ashe humanbrain. The PETimage shows where the glucose haseen
absorbed (Fig. 13-3a).

PET imaging becomes even more valuableen wecan observethe functional
image compared to the anatomicabhge. MagneticResonance Imaging (MRI)—originally
known as Nuclear Magnetic Resonance Imaging—can provide veileddmages of the
anatomy ashown inthe secondimage shown in Fig. 13-3bThese techniques provide
researchers a better understanding of what is healthy tissue versus what is diseased.

Cancer therapy

The radioisotopé°Co emits gammaays that areused to destroycancercells.
Hundreds of thousands @mericanswho suffer fromcancer have been treatedtims
way. Every year millions of cubic meters otdical products anaquipment are sterilized
by irradiationworldwide. **'Cs has found substantiapplications as a gamma-ray source
in medical therapy, similar in its use to thaf%fo.
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Cancer treatmenivith beams of massivens directly from an accelerator has
gained increasing utilization in the laktcade. Unlikegammarays, which distributetheir
energy equally in healthy as well as canceiils, massivearticlessuch as protons or
alpha patrticles will deposthe bulk of their energy just before theyop. Ifthe energy is
well-chosen, most othe energy will be dumped into the tumor and not into the
surrounding healthy tissue. Using three dimensional water degraldenns,the shape of
the tumor can be mapped out and selectirebdiated.Dedicated accelerators are now
being built to continue thigork at nedicalcenters. Inthe UnitedStatesthe Loma Linda
Medical Center in California isnow operating a proton synchrotrdar therapy, and a
second facility is being built at Massachusetts General in Boston.

Boron Neutron Capture Therapy (BNCT) is under development fdrehgnent of
glioblastoma multiforma, a brain cancer which afflicts some 12,500 people a year in the US
alone and is almost impossibletteat by currently availablmeans. In BNCT, boron is
synthesized into compounds that are selectively taken up by cancerous cells in the brain and
not by healthyones. In subsequemtadiation by low-energyeutrons (from aeactor or
accelerator), the following neutron-capture reaction occurs:

B +n- "B - Li+ “He.

The recoiling lithiumand helium nuclei havehort ranges anldrge energyosses.These
particles destroy the cancerous cells and spare the surrounding healthy tissue.

Radioactive Dating

The technique of comparing the abundance ratio of a radioasbv@pe to a
reference isotope tdetermine the age of a material is called radioaadi&gng. Many
isotopes have been studied, probing a wide range of time scales.

The isotope“C, a radioactive form of carbon, is produced in the upper atmosphere
by neutrons striking*N nuclei. The neutron is captured e 1*N nucleus and knocks
out aproton. Thus, wéave a different element*C. Theisotopel“C, is transported as
4c0,, absorbed by plants, and eaten by animals. If we were to measure the ¥idoof
12C today, we would find &alue of about on&*C atomfor each one-trillion*>C atoms.
This ratio is the same for all living things—the same for humans as for trees or algae.

Once living thingdie, they no longer can exchange carlvath the environment.
The isotope“C is radioactive, and beta-decays with a half-lif& a0 yearsThis means
that in55,730 yearspnly half of the 1*C will remain, andafter 11,460 yearspnly one
quarter of the"*C remains. Thusthe ratio of*4C to 12C will change from one in one-
trillion at thetime of death to one itwo trillion 5,730yearslaterand one in four-trillion
11,460 years later. Very accurate measurements of the amotf@ oémaining either by
observingthe beta decay of*C or by acceleratomass spectroscopy (usingparticle
accelerator to separatéC from *4C and counting the amount of eadltipws one todate
the death of the once-living things.
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Perhaps younave heard of Ice &h, aman living in the Alpswho died and was
entombed in glacial ice until recently when the ice moved and melted. dih's tmody was
recovered and pieces of tissue were studé@dtheir “C content by acceleratonass
spectroscopyThe bestestimatefrom this dating technigusaysthe man lived between
3350 and 3300 BC.

The boat of gpharaoh wadliscovered in a sealed crypt and reassembled in a
museum near thpyramids (see if. 13-4). Its wood waslatedusing *“C to be about
4,500 years old.

Fig. 13-4. The pharaoh’s funerary boat. © National Geographic Society

Other methods of dating are used for non-livihings. “°K decays with analf-life
of 1.3 x 1@ years to"°Ar which can be trapped irocks. A potassium-argon method of
dating, developed in 1966, measures the amoufifofarising fromthe “°K decay and is
compared to the amount K remaining in therock. Fromthe ratio, the timesince the
formation of the rock can be calculated.

The age ofour galaxy and earth alscan be estimatedsing radioactivedating.
Using the decays of uranium and thorium, our galaxy has been found to be between 10 and
20 billion years old and the earth has been found #.®éillion years old.The Universe
must be older than our galaxyithin experimentakrror, this esimateagrees witithe 15
billion year estimate of the age of the Universe.

Neutron Activation Analysis

There are at least 50 elements occurring in nature that have radioactive isotopes with
one neutron more than their stable isotopes. This nthahthe radioactivepeciescan be
made byneutron bombardment. This proceduretyipically done in a nucleareactor,
although other neutrosourcescan sometimes based. The stablenucleus absorbs one
neutron and becomes a radioactiveleus. Bydetecting the decay of thesaclei, which
can be done with great sensitivity, aten measure the concentration of the staldment
of interest in the sample.

A simple example ofneutron activation analysis involvesthe measurement of

iridium in soils. This isthe measurement that led to teory that the extinction of the
dinosaurs, 65million years ago, wagaused by thempact of anasteroid orcomet
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somewhere on Earth. An impact would produce so much dehthe iair that eartlvould

receive a large reduction sunlight and thus fewer plants woulgow. With less food
available, there would be a devastating reduction in number of animals. This reduction was
so severe that most species, including the dinosaurs, became extinct.

In 1979, a group o$cientists reportethat neutronactivationanalysis haghown
unusual amounts of the element iridium in Italian Cretaceous-Tepiamydary sediments.
Since iridium is a metal which has very low abundanceanth,they attributed thexcess
iridium to a impact of a 10-kilometer diametasteroid. Thiswork, which melded the
disciplines of physics (NobdlaureateLuis Alvarez), geology (hison, Walter Alvarez)
and nuclear chemistifflsadore Perlman, Franksaro and Helen Michel), galvanized the
scientific world because the concepts presented could be tested by many diverse
techniques.

Since theinitial report, anomalous amounts of iridium have bdennd at the
Cretaceous-Tertiary boundary in ov@00 sites worldwide.Many experiments have
confirmed its impact origin.

Industrial Applications

The applications ofradioisotopes in industrnare nunerous. Many types of
thickness gaugesxploit the fact that gammays are attenuatesvhen they pass through
material. By measuring the numbergsimmarays, the thicknesscan bedetermined. This
process is used in common industrial applications such as:

1. the automobiléendustry—to tessteel quality in the manufacture odrs and to
obtain the proper thickness of tin and aluminum

2. the aircraft industry—to check for flaws in jet engines

3. construction—to gauge the density of road surfaces and subsurfaces

4. pipeline companies—to test the strength of welds

5. oail, gas,and mining companies—to map thentours oftest wells and mine
bores, and

6. cable manufacturers—to check ski lift cables for cracks.

The isotop€*'Am is used inmany smoke detectofsr homes andusinesses (as
mentionedpreviously), in thickness gauges designed wasare and control etal foil
thickness during manufacturimpgyocesses, to easure levels of toxic lead in dried paint
samples, and to help determine where oil wells should be drilled.

The isotope?®2Cf (a neutron eitter) is used for neutroractivationanalysis, to
inspect airline luggagéor hiddenexplosives, togauge the moisture content sdil and
other materials, in bore hole logging in geology, and in human cervix-cancer therapy.

In addition,there are manifoldises in agriculture. Iplant researchradiation is

used to develop new plant types to speed up the process of developing supieidural
products.Insect control is another important applicatipest populationgre drastically
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reducedand, insomecases,eliminated byexposingmale insects to sterilizingloses of
radiation. Fertilizer consumptionhas been reduced through research witdioactive
tracers. Radiation pellets ansed ingrain elevators to kilinsects andodents.Irradiation
prolongs the shelf-life of foods by destroying bacteria, viruses, and molds.

The useful application of radioisotopes extends taatte and humanities. Neutron
activation analysis is extremely useful in identifying the chemical elements presemsn
pottery, andother artifacts fronthe past. Atiny unnoticeable fleck of paint from an art
treasure or a microscopic grain of pottery sufficeeet@al itschemicalmakeup. Thus the
works of famous painters can be “fingerprinted” so as to detect the work of forgers.

Neutron scatterindias proved to be a walble toolfor studyingthe molecular
structure and motion of molecules of interest to manufacturing léadprocesses.
Accelerators and reactors produce low-speed neutrons with wavelength appropriate to “see”
structures ofthe size of magnetimicrostructures anddNA molecules. Neutrons can
penetrate deeply intbulk materials anduse their magnetic moment @trong interaction
forces topreferentially scatter frormagneticdomains or hydrogen atoms in locgain
nucleosomes. Neutrorage also used inmaterialssurface and ietrface studiestaking
advantage of their reflectivitgroperties. Intense sources of neutromtude: thelPNS at
Argonne National Laboratory in lllinois and LANSCE Lais Alamos National Laboratory
in New Mexico.

Removal of Land Mines

Wars have been fought around the globe, and land minesuaedextensively by
the battling parties. There may be up to b@ilion abandoned mines just waiting imaim
and kill unsuspecting civilians. Techniques similar to airp@apongetectors have been
considered for finding and neutralizing these mines without loss of life.

A promising technology involves nuclear quadrupoésonance. Nitrogen, a
common component in explosives, has a nucleus wittlligsoidal shape . Depending on
what kind of crystalline structuréhe nitrogen nucleifind themselvesin, their non-
sphericity produces a unique set of very narrowly spaced energytieatis characteristic
of the crystallinesolid itself. An explosive compounchn therefore be identified by the
subtle effect of its constituent nitrogetoms. Thistechnique could also ftérentiate
explosives from scrap metals in the groundbre details may béound inthe reference at
the end of this chapter.

Radioisotope Power Generation
Long lived power sourcesare neededor equipment that istoo remote or
inaccessibldor replacement. By choosingradioactive elemenwith a long halflife, we

can create a long lived power source. The appropriate element should:

1. produce weakly penetrating radiation that can be easily shielded,
2. a specific power of at least 0.2 kW/kg,
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3. have good corrosion resistance,
4. Dbe insoluble in water, and
5. be made of reasonably available material.

Among the transuranium elements, oxides of the alpha-emitting nuciidegt, , = 87.7

years) and*'Cm (, , = 18.1years)areuseful fuels. A few grams tolkigrams of such
nuclides, in appropriately shielded containers, provide inteogeces oheatwith power

levels up tohundreds of wattssince the alpha particles astpped very easily anttheir

decay energy converted into thermealergy. Usinghermoelectric devicewithout moving

parts, it is possible to convert the resultant heat flow into usable electricity.

Such power sourcemesmall, lightweight, andugged.
One of their uses is inthe SNAP (Space NuclearAuxiliary
Power) units used to power satellites, asrenimportantly, to
power remote sensing instrument packages. A satellite that used B
SNAP source is shown inigc 13-5. SNAP sourceffueled by Fig. 13-5. A picture
23%py) served aghe power sources fomstrument packages on  of a satellite that was
the five Apollo missions, th¥iking unmanned Marsander, and powered by nuclear
the Pioneer, Wyager andCassini probes to Jupiter,atarn, eneny.
Uranus, Neptune, Pluto, and beyond.

In addition to space applications, radionuclpaver sourcehave beerused as
terrestrial sources of energy wherever qoewt and long-lived sources,not requiring
maintenance, araeeded. Inthe early1970s, ?*®Pu batteries were used #s power
sources forcardiac pacemakersOver 3,500 units were implanted andmost remain
functioning. Due to alower cost and easiaonstruction lithium batteries have largely
supplanted the plutonium.

Nuclear Weapons

Without a doubt, the development of nuclear weapons isapplcation of nuclear
science thahas had aignificant global influence. dflowing the observation of fission
products of uranium by Hahn and Strassmann in 1988araumfission weaporbecame
possible in the eyes of a number of nucke@entists. It wad\lbert Einsteinwho signed a
letter to Franklin Roosevelt, President of the United Statesalartéd him to the potential
development of a nucleaveapon. Thusbegan theManhattan Project, resulting in
production of the first nuclear weapons.

In 1945, abomb usingthe fission of 2>®U was dropped on Hiroshimayhile a
bomb using the fission 6f°Pu was dropped on Nagasakhe awesome destructichat
was produced by twauclear devices changed the facemaifare forever. Not only did
thesetwo explosions enthe most destructivevar in history,but thepossessor ofhese
weapons of mass destruction seemed invincible to any adversary.

The legacy of nucleaveaponsemains in thesoil aroundus, where wecan still
measure minutamounts of fallout fronthe atmospheric nucleaests ofthe 1950s and
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1960s. The weaponsneed constant maintenance because radiation damage affects the
materials and triggering devicdbat must act together to make thaveapon work.
Furthermore, the isotope tritium, which is used in weapoatirallydecays. Storage and
disposal ofthe weapons istechnically difficult but probably amanageableproblem.
However, it is adauntingpolitical and sociaproblem. It is echallenge to maintain these
weapons, taignificantly reduce theinumbers, talean up thevaste, and to insurthat

these weapons never will be used again.

Nuclear weapons are with us to this day and could be with the fature. Even if
all conflicts among nationgnd, some nuclearweapons nght be retained. Earth is
vulnerable to impacts from comets aadteroids. Some scientists have propothed
nuclear weapons could possibly be used to deflect them from hitting our planet.

Space Applications: Radiation-Induced Effects

Radiation-induced spacecraft anomalies have l@gwn since the Explorer |
launch on Januargl, 1958, when &eiger counter put aboard by J.Aan Allen
suddenly stopped counting. It turned dbat the countewas in fact saturated by an
extremely high count rate. This led to the discovery of the Van Allen belts.

The innerbelt, beginning atbout 1,000 kmabove thesurface ofthe Earth,
contains primarily protons with energies between 10-100 MeV. The offset between Earth’s
geographical and magnetic axes causes an asymmetry in the radiation belt above the Atlantic
Oceanoff the Braziliancoast,allowing the innetbelt to reach a minimum altitude of 250
km. This “South Alantic Anomaly” isimportant because it occupies a regibmough
which low-orbitingsatellitesspend asnuch as 30% of theitime. During a solaflare,
which can happeranytime,the number ofprotons suddenly increases by madnan a
million.

The first spacecraft loss due to total radiatimseeffects occurred unexpectedly in
1962. A satellite, Telstar, wdgunched just one day after a higltitude nucleaweapons
test. This weapons test produced a large number of beta particles, which caused a new and
very intense radiatiobelt that lasted until the early970s. Elstar andsix other satellites
were lost within a seven-month period after this weapons test. Telstar was well-studied and
the loss was traced directly to breakdown of diodes in the command decoder due to the total
radiation dose.

Radiation effectsstudies done ahccelerators measure either total-destects,
displacement damage, or single event eff@8EE). ASEE occurs when one ion passing
through a semiconductor causes enough damage to upset the circuit waonie 1978,
the first SEEs were observed at groulayel when Intel Corporation discoverethat
anomalous upsets occurring dynamic random access computer memories were being
caused by alpha particlegnitted from trace amounts of thorium and uranium in the
materials from which the device’s packages were madeadiquickly found that massive
ions, protons, and neutrons could all induce SEEs.
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SEEs can result in the flip of a memday as in the case afpsets withittle other
effect on the circuit, or they can be more catastrophic, causing the chip to either latchup and
have to be poweredown toreset thecircuit, or it mightburn outaltogether or rupture a
gate.

Biology Studies

Radiation biologiststudy the effect of radiation on livingssue. This field has
direct analogies to the SEudies. Her@mne is studyinghe damageustained byells in
the cosmic ray environment gpace, a sgle eventeffect. These studieare necessary
before we send astronauts to Mars.

Materials Studies

In 1959, it wasdiscoveredthat mica, that was exposed to fission fragments,
showed “nuclear tracks” when viewed under an ordinary microscope. This discovery led to
a new class of nuclear physics detectors as well as a wide rapgecidal applications in
earth science, oceanography, biology, medicine, archaeology, and space science.

By exposingthin sheets oplastic or othematerial tomassiveions, tracks can be
made through the material and then etched to make very fine “micropore” filters (30 nm to 8
um hole size). These have been made at reactors since about 1970 and are used primarily in
the biomedical field, with other applications in geophysics, meteorology, and brewing.

Another use for these sheets of plastic is to meaadi@n levels. Bycounting the
number of ion tracks left in the plastic, one can measure the radon concentration.

Books and Articles:

P. Morrison and K.Tsipis, “New hope inthe Minefields,” Tech. Rey. 100 (7), 38
(1997).
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