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Nuclear Fingerprints: 
 
Recall the initial scenario you read in Lesson 1 of the man trying to cross the Bulgarian 
border with a container of 99.99% uranium-235. The Bulgarian border patrol found a 
lead container hidden inside a portable air compressor in the trunk of the car. The 
container was sent to the Bulgarian National Academy of Science for examination. It was 
determined by forensic techniques that the lead container had within it a small glass 
container holding highly enriched uranium in the form of a fine powder. All of this was 
determined without ever opening the lead container!  
 
How did the scientists determine the exact type of atoms held within the container without 
even opening the container?  
 
Before answering this question discuss with your group the following questions. Be 
prepared to discuss your ideas and your reasoning, with the class. 
 

 What are some ways that scientists can identify atoms?  
 How do you think scientists identify the isotopes of the atoms present? 
 How can they do this without being near the sample? (Hint: How do we know 

what stars are made of? We’ve never been to one.) 
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Spectroscopy:  Finding an Atom’s Fingerprint 

 
Figure 1: Electromagnetic spectrum chart.   
Image source: Lawrence Berkely National Laboratory website 
(http://www.lbl.gov/MicroWorlds/ALSTool/EMSpec/EMSpec2.html)

Atomic Fingerprints: 
Light is a part of the electromagnetic spectrum. The drawings above and below show 
how gamma rays are part of the electromagnetic spectrum. Many people are familiar with 
the visible portion of the electromagnetic spectrum, which is typically produced by the 
vibration of atoms (for example in a traditional bulb with a filament) or by electrons 
making transitions from one energy level to another in a specific atom (for example, in a 
neon light). The visible white light from a typical incandescent bulb can be spread out 
into a spectrum of color by shining the light through a prism (left bottom spectrum, in 
Figure 2). The light from an excited gas, such as neon atoms in a “neon lamp,” can also 
be spread into a spectrum. A photograph of the spectrum produced by excited neon atoms 
is shown in the top right panel of Figure 2.  

 
Figure 2: (a) In the left image, the top diagram shows the wavelengths and labels of the electromagnetic 
waves. The visible light region is expanded below to indicate the colors of light produced by a typical 
incandescent white light source.  (b) An image of a discrete emission spectrum produced by neon gas 
lamp is shown in the top right. Beneath the image is a graph of light intensity as a function of 
wavelength. The peaks in the intensity directly correspond to the colored lines in the image above it.  

Image sources: http://www.dnr.sc.gov/ael/personals/pjpb/lecture/spectrum.gif  and 
http://fuse.pha.jhu.edu/~wpb/spectroscopy/basics.html
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In all of these cases, the electromagnetic waves are produced by accelerating charged 
particles, like the electrons and protons in the atoms. Because every element has its own 
electronic shell structure, the spectrum of light produced by one element is different than 
the spectrum produced by another. Thus a spectrum serves as a fingerprint for the 
element, which allows scientists to identify what elements are present in a sample. 
 
More energetic forms of electromagnetic waves, X-rays and gamma rays, are also 
produced by charged particles, but the particles must expend 1000 to 1,000,000 times 
more energy to produce these very energetic electromagnetic waves. As with visible 
light, the waves can be produced from acceleration of charged particles or they can be 
produced when charged particles make transitions from one energy level to another. The 
particles emitting this type of radiation are no longer the electrons making transitions 
between specific energy levels as they travel around nuclei, but the particles that make up 
the nuclei within the atoms. These particles within the nucleus also must exist in specific 
energy levels as they travel inside the nucleus. Should a vacancy in a lower energy level 
exist, the particles make transitions to lower energy states and emit electromagnetic 
radiation. This radiation is typically about 1,000,000 times more energetic than visible 
light and is called a gamma ray. As with the atomic spectra, nuclear spectra serve as a 
fingerprint for specific nuclei. Each type of nucleus (or isotope) has a specific gamma 
spectrum, which allows scientists to identify what elements are present in a sample.  
 
When using spectra to identify either elements or isotopes, photographs of spectra are not 
the ideal tool. The tool of choice is a graph of the spectrum in which the intensity (or 
amount) of electromagnetic radiation detected is graphed as a function of wavelength, 
frequency, or energy of the radiation. For example, a photograph of the spectrum from 
Argon is shown in the top panel of Figure 3(a), but a graph of the intensity spectrum is 
shown in the bottom panel. The peaks correspond to the bright lines shown in the image. 
There is also a measureable, but small, intensity of light in areas that appear black in the 
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Figure 3: (a) The visible spectrum of argon gives information about the atom’s electron structure.  The top image 
is a photograph of the spectrum produced by shining the light from an argon lamp through a prism while the 
bottom graph shows the intensity of light produced by the argon lamp at each wavelength.  (b) The graph on the 
right shows the spectrum gamma rays produced by the nucleus of the 41Ar isotope.   

Sources: Argon spectrum image:  
http://www.gc.maricopa.edu/earthsci/imagearchive/Argon%20Spec%20sm.jpg,  
Argon intensity graph http://www.aanda.org/articles/aa/full/2008/03/aa5969-06/img139.gif.  
41Ar gamma spectrum http://www.inl.gov/gammaray/catalogs/ge/pdf/ar41.pdf. 
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photograph. This background light is very low intensity light from other sources that are 
being detected by the system, not from the atomic emission of argon. Nuclear spectra 
look quite similar.   
 
Figure 3(b), shows the gamma-spectrum from 41Ar. Similar to the intensity spectrum 
from the electronic transitions of argon, there are peaks in the spectrum, however these 
represent nuclear transitions in which gamma-rays were emitted with well defined 
energies (labeled as “channel number”). There is also a background curve that arises from 
a mixture of sources (some within the argon sample and some due to the behavior of the 
detector). The peaks that are observed are narrow and sharp. While the background and 
the sharpness of the peaks can vary based on how the spectrum is measured (or the 
detection system used), the actual location of the peaks and their relative heights are very 
consistent from one detection system to another. This consistency allows scientists to 
compare these spectra to spectra from unknown samples in order to identify if the isotope 
in question is present in the sample. 

Identifying Nuclear Fingerprints:  
The Banana Scenario: You are a customs and border protection officer in charge of 
identifying sources of ionizing radiation. A shipment of containers of goods coming off 
of a cargo ship already set off an initial radiation monitor. A gamma spectrum was taken 
and sent to you for analysis. It is stated that the container holds bananas. You know 
bananas have potassium in them. Yum – you’re thinking of lunch, but that must wait until 
later. You need to analyze the gamma spectrum shown in Figure 4. 
Questions: 

Figure 4: Gamma spectrum from Banana 

• What isotope(s) are causing this 
spectrum?  

• Do you let the bananas go 
through?  

Nuclear forensics involves identifying 
which isotopes are present in a 
radioactive substance. Scientists 
determine which isotopes are present by 
either measuring and analyzing the 
gamma rays emitted by a substance, or 
irradiating a substance with gamma rays 
and observing which gamma rays are 
absorbed. This provides them with the 
signature spectrum or fingerprint of the 
isotope(s) contained in the object. By comparing the measured spectrum (fingerprint) 
from the sample with known spectra (fingerprints) on file they can determine the isotopes 
present. Scientists working with US Customs and Border Protection have electronic 
libraries that automatically compare a measured spectrum with those on file, however 
these automated systems have a high failure rate. They have trouble identifying more 
than one radioactive isotope and identifying radioactive isotopes that are shielded. 
Therefore the scientists in charge of analyzing a spectrum do the analysis themselves 
rather than relying on the automated system. A library of nuclear gamma-emission 
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spectra is included in Appendix A: Nuclear gamma emission spectra. This library will 
serve as part of the basic nuclear forensic scientist toolkit for you as you work on solving 
some cases presented in the next section. Online catalogs are available through Idaho 
National Laboratories. 
 
To become familiar with utilizing the library when trying to identify a source of gamma 
radiation, review the spectra in the library. Do any of the spectra look like the banana 
spectrum above? 
 
Two gamma-ray spectra for gamma-radiation from 40K (potassium-40) and 137Cs 
(cesium-137) are shown in Figure 5. Potassium-40 is the second most abundant 
radioactive substance on Earth and makes up a large fraction of the background radiation; 
even though less than 0.01% of the naturally occurring potassium is 40K (93.26% 39K and 
6.73% is 41K). Possiaum-40 has a signature peak in its gamma spectrum for gamma-rays 
with 1460 keV of kinetic energy (or a wavelength of 849 fm = 849 x 10-15 m). Cesium-
137 is shown in Figure 5(b). This isotope is produced in nuclear fission. Small amounts 
of this are found in nature due to natural fission processes, however human activities in 
the 20th century (nuclear weapons detonations and the fallout from Chernobyl) released 
137Cs into the environment and it can also be found in various facilities in which nuclear 
fuel is used and processed. This isotope has a signature gamma-ray peak at 661.2 keV.  
 
While the image below and the spectra library display the two isolated spectra, in realistic 
situations, two isotopes or more are often included in the sample being tested. Thus the 
spectrum produced by the sample would include the characteristic gamma-ray peaks for 
all isotopes that are present. For example, the bananas contain 40K. The spectrum of the 
banana box also shows the signature gamma peaks (fingerprints) of 137Cs.  
 
The spectrum of the container of a bananas with 137Cs hidden inside would be the sum of 
the two spectra, showing both the 40K and 137Cs peaks. Because different amounts of one 
isotope or the other might be present, the intensities (or heights) of the peaks might be 
different, but the location of the peaks would be unchanged. By comparing the sample 
spectrum to the library spectra would allow the “finger print analyst” to identify that both 
potassium and cesium are present and possibly how much of each material is present. 
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Border Crossing Scenarios 
Watch the following video from the Nova “Dirty Bomb” episode: CsCl farm products in 
former USSR along with a discussion of gamma rays and ease of dispersal: 21:49 – 
23:44. 
 

Scenario 1: Car Crossing the Border   
 
You are a US Customs and Border Protections (CBP) Officer. You have learned in your 
training that the best detection of illegal activity is the human being enforcing the law, i.e. 
a person in your position. 
 
You have many tools you can use. If you are uncertain about a person, you can access the 
advance passenger information system Interpol interface to see if that person is wanted or 
under watch by Interpol. You also have available to you at the border (or port of entry) 
the following non-intrusive inspection systems: X-ray and gamma imaging, rail gamma 

imaging, radiation portal monitors, radiation detection pagers. Additional information is 
obtained from video surveillance cameras, infrared devices, and unmanned aerial systems 
to detect illegal border activity. Not all of these items are used for each person or object 
crossing the border, but all are available if a crossing is deemed suspicious. 

 
Figure 6: Radiation portal monitor system in action on the left. On the right, an exposed view showing the 
NaI detectors located in the panels of the portal monitor that are used for spectroscopic identification. 
Image sources: http://www.ornl.gov/info/ornlreview/v39_1_06/images/a09_p14a_med.jpg 
http://rdnsgroup.pnl.gov/images/spectroscopic_portal_monitor.jpg
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While you are working an elderly woman you recognize pulls up. You haven’t been 
working at the border long, but you have seen this woman a number of times and have 
heard that she has been crossing the border for 30 years now. She is a friendly polite 
woman who crosses the border twice a week with her products of candles and candle 
supplies. As she stops the car she tells you of the recent events in her family. She has five 
children that she supports with her business. Two of her five children have their own 
children. Her middle child just got married. She is putting her youngest two children 
through college. 
 
The portal monitor goes off. You ask the woman if she has had any recent medical tests. 
She hasn’t. You ask her to get out of her car and, using your personal radiation detection 
monitor, you scan her. No radiation is detected on her. You then scan the car, your 
personal radiation monitor goes off. A gamma spectrum is needed. You locate the place 
where the highest counts are given and obtain a detector commonly called RIID 
(Radiation Isotope ID). You take a gamma spectrum of the hot spot. The following 
gamma spectrum is obtained:  

 

Figure 7: Spectrum measured when elderly woman’s car is 
inspected at boarder crossing. 

Questions: 
• Look through your 

library. Do any spectra 
in the library have 
peaks that match any of 
the peaks in this 
unknown spectrum?  

• Should the elderly 
woman go through?  

• What are the reasons 
for detaining her or 
letting her through?  

Share your ideas with your 
group and be ready to share 
them with the class. 
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Follow Up:    
 
It turns out that hidden within the trunk full of candle wax is an object containing 90% enriched 
uranium 235U and 10% 99Mo. The elderly woman’s new son-in-law had ties with an underground 
organization that was trying to sell enriched uranium on the black market. The elderly woman was 
set free and her son-in-law was incarcerated along with multiple other members of the 
underground organization.  
 
The enriched uranium not only gives off ionizing gamma radiation, but also ionizing neutron 
radiation. The natural background radiation for neutrons is very low and very consistent so when a 
neutron detector goes off it is taken very seriously. Smugglers would want to slow the neutron 
down so they are more likely to be absorbed by a surrounding material, rather than a detector. 
Smugglers look for high hydrogen content materials to slow down the neutrons and may use boron, 
cadmium, gallium, or some plastics to absorb the thermalized neutrons, however this interaction 
will cause a gamma ray to be emitted. The idea is a simple momentum energy problem. Think of 
neutron as a billiard ball and a hydrogen atom as a ball with twice the mass. The neutron collides 
with the hydrogen atom and slows down, making a nuclear capture of the neutron more likely. The 
absorbing nucleus should have a high electron density. 
 
In real life such an item was confiscated in Hong Kong in 1988, while being sold on the black 
market by a military officer from an Asian country. By analyzing its gamma-ray spectrum (like that 
shown above) it was determined to be 90% enriched uranium 235U, and 10% 99Mo.  
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Scenario 2: Ship at a Port of Entry Kitchen Equipment  
 
You are a US Customs and Border Protections (CBP) Officer working at a port of entry. 
A cargo ship has entered the port. You are one of the officers in charge of inspecting the 
spectra needed from cargo. You have been assigned to inspect containers of kitchen tools 
such as cheese graters and can openers that set off the initial monitors. The following 
spectrum is obtained: 
 

 
Figure 8: Spectrum produced by kitchen utensils. 

Questions: 
Analyze the spectrum and determine what radioactive isotope(s) the cheese graters and 
can openers contain? Is it at levels that would be considered safe? Should you allow the 
container to go through? 
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Scenario 3: Ship at a Port of Entry: Kitty Litter 
 
You are a US Customs and Border Protections (CBP) Officer working at a port of entry. 
A cargo ship has entered the port. You are one of the officers in charge of inspecting the 
spectra of cargo. It is your first day on the job. You have to inspect spectra from 
containers of kitty litter, cat food, and toys. You have already heard about the sensitivity 
of the detectors and how they frequently are set off by kitty litter, which often contains 
potassium. Your brother-in-law, a physicist, has even mentioned that he read in a popular 
magazine about kitty litter setting off the radiation detectors. You recall your hazardous 
materials instructor discussing that kitty litter naturally has a percentage of the 
radioactive isotope 40K, as do bananas, and humans. You use the monitors available to 
scan the container of kitty litter. You obtain the following spectrum: 
 

 

Figure 9: Spectrum produced by a shipment of kitty litter, cat 
food and toys. 

Questions: 
Does the kitty litter 
container have the same 
spectral peaks as that of 
potassium-40? If not, 
what other radioactive 
substance(s) could be 
present? Is it at levels that 
would be considered 
safe? Should you allow 
the containers to go 
through?  
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Scenario 4: University Lab 
A fire has occurred in a university lab, which has been put out by firefighters. It is 
discovered that there were many radioactive isotopes in the lab that need to be accounted 
for. Unfortunately the paperwork has been destroyed. The firefighters realize that 
radioactive materials are present, after they have put out the fire and call you, the head of 
the hazardous incident research team, to help out. Your job is to figure out which 
radioactive substances were involved, determine what has been contaminated, and how to 
clean up the mess. Unfortunately the professor in charge of the lab cannot be reached to 
obtain the information. 

 
Figure 10: Spectrum produced by materials found in research lab after a fire.

Questions: 
• You use your detectors and obtain the following spectrum that you know contains 

more than one isotope. Which isotopes can you identify? 
 

• The firefighters used water and fire extinguishers to put out the fire so the 
radioactive substances were carried by the water, and on the firefighter’s boots, as 
well as on the shoes of anyone who passed by. How will you determine the extent 
of the contamination? How will you obtain all the contaminated material? Do you 
have to dispose of everything? If so, how should it be disposed of? 
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Scenario 5: Truck Crossing the Border Carrying Medical Supplies 
 
A truck carrying medical supplies trying to enter the US from Canada – activates 
radioactive detection sensors. The truck driver shows documentation to the officer that 
supports the following isotopes it is transporting: 40K, 51Cr, and 99Mo. The officer is 
suspicious and decides to take a gamma spectrum and send it for analysis. You have 
received the spectrum shown below for analysis. You know the isotopes in the 
documentation are used for medical purposes.  
 

 
Figure 11: Spectrum produced by shipment of medical supplies crossing the border. 

 
Questions: 

• How does the gamma spectrum obtained compare to the materials listed on the 
truck’s transport list?  

• Identify all the spectral peaks that correspond to the isotopes listed.  
• Are there any peaks that are not due to the isotopes on the list? If so, what isotope 

do you think produced these peaks?  
• Do you think further action needs to be taken or will you allow the truck cross the 

border? 
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Further Follow-up 
A real situation similar to this one occurred, however the medical equipment (a gamma radiation chamber 
with pellets of 60Co was sold illegally to a private hospital in Mexico and then scrapped at a local junkyard. 
The junkyard recycled the metal into rebar, which is used in construction. The contaminated rebar was then 
resold to the United States and other countries, as well as being used in Mexico. It was discovered that the 
rebar was contaminated in 1984 when guards at Los Alamos Nuclear Laboratories detected a truckload of 
the contaminated rebar from Mexico.  
 
http://americas.irc-online.org/pdf/commentary/0508radioactive.pdf
 
Recently (Feb 2009) it was reported that there were 150 incidents of contaminated steel manufactured in 
India and sold to countries such as the United States, Germany, France and Sweden. 
http://www.thehindu.com/seta/2009/02/26/stories/2009022650061400.htm
 
The problem of mixing radioactive isotopes in scrap metal does not only occur outside of the US. The 
excerpt below is from an article dated June 3, 2009, in Scripps News 
(http://www.scrippsnews.com/node/43577) 
 
In 2006 in Texas, for example, a recycling facility inadvertently created 500,000 pounds of radioactive steel 
byproducts after melting metal contaminated with Cesium-137, according to U.S. Nuclear Regulatory 
Commission records. In Florida in 2001, another recycler unintentionally did the same, and wound up with 
1.4 million pounds of radioactive material. And in 1998, 430,000 pounds of steel laced with Cobalt-60 made 
it to the U.S. heartland from Brazil.  
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Scenario 6: Hospital 
 
You are the supervisor of hazardous materials at a hospital. Radioactive 137Cs, which is 
used for medical purposes and contained in lead tubes is missing.  
 
Questions: 
How will you try to find out where it is? What will you do to ensure safety? 
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Appendix A: Nuclear gamma emission spectra 
 
This library contains spectra of 40K, 192Ir, 137Cs, 99Mo, 51Cr, 228Th, 60Co, 226Ra.  In 
addition, it contains the spectrum from Uranium ore, which has a variety of radioactive 
isotopes in the sample.  These spectra are provided by the Idaho National Laboratory as a 
part of their online Spectrum Catalog.  Additional spectra can be obtained online at 
http://www.inl.gov/gammaray/catalogs/catalogs.shtml.  These spectra were measured 
using a NaI detector system.   
 
Spectra taken with a HPGe or Si(Li) detector system are also available at that same site.  
Should you be fortunate enough to have the higher resolution device available for 
measuring spectra from unknown samples, you can utilize this tool to build a library of 
standard spectra. 
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