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Outline

• Today:

• Brief course review

• Applications of nuclear experimental techniques



Course Review

• What have we learned?

• Nuclear Spectroscopy is the driving force behind 

understanding the behavior of the nucleus

• We have developed a host of tools to probe 

interactions in many different nuclear systems, both 

theoretical and experimental

• In particular, the conditions of an experiment must 

almost always be tailored to the measurement

i.e. be conducive to extracting the best results with a 

particular probe



Course Review

• Topics covered (in one slide … !!)

• Production of radioactive ion beams. Two great ‘frontiers’ 

remain to be explored

Medium/heavy neutron-rich nuclei intersecting the r-process & 

superheavy nuclei near the N~184, Z~114 predicted shell closure

• Shell model as ‘zeroth-order’ map of the nuclear landscape 

Decay properties of ground and excited nuclear states

Momentum content of single-particle states probed via direct 

reactions, Mass measurements

• Nuclear astrophysics

Understanding the origins of the observed elemental and isotopic 

abundances in nature relies heavily on nuclear data input



Applications

• Some examples of experimental techniques applied 

outside of fundamental nuclear physics are given below:

Total Absorption Spectroscopy (reactor decay heat)

Medical imaging:

 Nuclear Magnetic Resonance (NMR)

 Positron Emission Tomography (e.g. PET-TOF)

 Isotopic chronometers (e.g. 14C/12C)

National security / stockpile stewardship *

Environmental Monitoring *

 CTBT, NORM measurements

Transmutation of radioactive waste



Applications: National Security

• Since the discontinuation of above ground (1960s) and 

underground (1990s) nuclear weapons testing, the need 

for relevant nuclear reaction data has increased

• Prior to 1992, theoretical simulations of the neutron and 

gamma-flux, total energy and radionuclide yield could 

be benchmarked against results of real detonations

• Simulation codes highly dependent on nuclear data input

• Accurately predicting the behavior of nuclear weapons is 

regarded as very valuable, e.g. in monitoring the 

activities of “rogue nations” or terrorist groups.

Haight/Chadwick/Vieira, Los Alamos Science, Number 30 (2006)



Applications: National Security

• Reactions relevant to 

weapon detonations:

• Fission (235U, 239Pu)

• Knockout (n,2n)

• 2H, 3H fusion

• Capture (n,𝛾)

Haight/Chadwick/Vieira, Los Alamos Science, Number 30 (2006)

n-producer

n-poison



Applications: National Security

• Los Alamos Neutron Science Center (LANSCE), NM, USA

• Intense source of neutrons at relevant (Fission) energies 1-5 MeV

• Used by Fission Time Projection Chamber (TPC)



Applications: National Security

• LANSCE Facility Layout

• Three-stage proton acceleration 

up to 800 MeV (+ve/-ve H-ions)

• WNR Facility includes tungsten 

neutron-spallation source 

(Target 4)

• Beams of pulsed neutrons 

delivered to various experiments



Applications: National Security

• Incident neutron energy determined via time-of-flight 

(TOF) methods

Haight/Chadwick/Vieira, Los Alamos Science, Number 30 (2006), http://wnr.lanl.gov/

• Example (10 m flight-path, 1.8 µs proton pulse): 

• 1 MeV nTOF ~ 0.7 µs (𝛾 ~0.03 µs) with 160 keV wrap-around*

• *High-E n,𝛾 from following pulse arrive along with low-E n



Applications: National Security

• Fission TPC

• Goal: Precision cross section measurements of neutron-

induced fission of (actinide) target materials

Reduce uncertainties below 1%

• Target completely surrounded by gas volume within TPC 

MIRCOEMEGAS design affords excellent spatial resolution with 

which to observe ion tracks

• Fission fragments are distinguished from alpha particles via the 

specific energy loss  −𝒅𝑬 𝒅𝑿 measured along each ion track

• Incident neutron flux may be measured in-situ using 
1H(𝑛, 𝑛′)1H inelastic scattering

M. Heffner et al., Nucl. Instr. Meth. in Phys. Res. A 759, 50 (2014)



Applications: National Security

Fission 

fragments

Alpha 

particles

M. Heffner, FY13 TPC Initial Data Run, LLNL-TR-644564 (2013)



Applications: National Security

M. Heffner, FY13 TPC Initial Data Run, LLNL-TR-644564 (2013)

239Pu target



Applications: National Security

M. Heffner, FY13 TPC Initial Data Run, LLNL-TR-644564 (2013)



Applications: National Security

M. Heffner, FY13 TPC Initial Data Run, LLNL-TR-644564 (2013)

Fission TPC located 6-8 m from Target 4



Applications: Environmental Monitoring

• Radionuclides encountered in the environment have 
several possible origins: 

• Primordial: Produced in supernovae (etc.). Part of the 
gas/dust cloud from which the solar system formed.

• Cosmogenic: Produced via interactions of cosmic rays or 
outflow from supernovae (etc.)


14C produced from atmospheric nitrogen

• Anthropogenic: Produced due to human activity

Nuclear Physics Experiments (e.g. ISOL targets, radioactive 
sources, shielding and other activated materials)

Accidental release from nuclear reactors  

Atomic weapons fallout 



Applications: Environmental Monitoring

• In the media: are we living in a new epoch?

• Q: What are the traceable quantities that mark the 

beginning of significant human impact on Earth?



Applications: Environmental Monitoring

• Best ‘marker’ candidates (Global 

Stratotype Section and Point):

• Reduction in pre-industrial CO2

emissions around 1610

• 𝟏𝟐𝑪/𝟏𝟒𝑪 spike in 1964, following 

atomic weapons testing (1945-

1963) and other isotopes:


𝟏𝟐𝟗𝑰


𝟏𝟑𝟕𝑪𝒔


𝟐𝟒𝟎𝑷𝒖/𝟐𝟑𝟗𝑷𝒖



Applications: Environmental Monitoring

• Plutonium (Pu) isotopic ratios 

have many potential uses:

 Dating of sediments (rocks)

Marker for soil erosion studies

 Compliance/cleanup monitoring

 ‘Fingerprinting’ or identification 

of local sources of Pu (other 

than background)

Half-life (yr)  102 104 103 101 105 10-4 107

M. E. Ketterer et al., J. Anal. At. Spectrom. 19, 241 (2004)

240Pu/239Pu ratios:

Weapons: ~ 0.05-0.06

Chernobyl* ~ 0.19-0.35

Background†: = 0.18

(*samples from Poland)

(†global fallout)



Applications: Environmental Monitoring

M. E. Ketterer et al., J. Anal. At. Spectrom. 19, 241 (2004)

• Counting atoms:

• Alpha/Beta/Gamma spectrometry:

Low activity samples and long-lived isotopes place limits on 

the precision of the measurement

Determination of specific isotope activities requires separation 

of alpha or gamma peaks

• An alternative: mass spectroscopy

• Individual atoms (ions) in a sample may be counted

Radioactive atoms must often be chemically separated prior to 

measurement (sample preparation)

 Isotopes resolved in terms of their mass-to-charge ratio (A/Q)

Contaminant ions at similar A/Q must be well-characterized



Applications: Environmental Monitoring

R. Thomas, A Beginner’s Guide to ICP-MS (2001)

• Example method: Inductively Coupled Plasma Mass 

Spectroscopy (ICP-MS)

Sample

Injector/

Vaporizer

Plasma 

Torch 

(Ar gas)

Extraction

/Focusing

Mass 

Analyzer
Detector

Excited atoms 

and ions

Quadrupole 

mass filter OR 

dipole & 

electrostatic 

analyzer

e.g. channel electron multiplier



Applications: Environmental Monitoring

• Deviations from the expected isotopic ratio from 

fallout can indicate local sources of radionuclides

• Example in figure: weapon tests in Nevada, 1951-1962

M. E. Ketterer et al., J. Anal. At. Spectrom. 19, 241 (2004)

240Pu/239Pu in Arizona 

soil samples†



Applications: Environmental Monitoring

• Recent studies at the University of Surrey (UK) focus on naturally 

occurring radioactive material (NORM) and Technically Enhanced 

(TENORM) measurements in Kuwait, Qatar and Thailand 



Applications: Environmental Monitoring

• High-resolution gamma-ray spectroscopy applied to 

NORM measurements:

• Soil samples collected from region of interest

• Soil activity assayed using HPGe detector within lead-shielded 

chamber, with an additional copper shield to absorb X-rays

• Daughter activity assumed to be in secular equilibrium:

• i.e. rate of disintegration = rate of production

• 𝑁𝐵 =
𝜆𝐴

𝜆𝐵
𝑁𝐴, where 𝜆𝐴(𝑝𝑎𝑟𝑒𝑛𝑡) ≪ 𝜆𝐵(𝑑𝑎𝑢𝑔ℎ𝑡𝑒𝑟)

• Energy, efficiency, summing and background corrections 

must be used to characterize HPGe

H. Al-Sulaiti et al., Appl. Rad. Iso. 70, 1344 (2012)



Applications: Environmental Monitoring

• High-resolution gamma-ray spectroscopy applied to 

NORM measurements:

• Soil samples collected from region of interest

• Soil activity assayed using HPGe detector within lead-shielded 

chamber, with an additional copper shield to absorb X-rays

• Common background lines arise due to activities of:

• 238U series (e.g. 226Ra, 214Pb, 214Bi)

• 232Th series (e.g. 228Ac, 212Pb, 208Tl)

• 40K

• 137Cs

H. Al-Sulaiti et al., Appl. Rad. Iso. 70, 1344 (2012)



Applications: Environmental Monitoring

• Elevated 226Ra concentrations near inshore oil well, Qatar

H. Al-Sulaiti et al., Appl. Rad. Iso. 70, 1344 (2012)



Final notes

• Comments or suggestions?

• Email:

m.bowry@triumf.ca

jhenderson@triumph.ca

• A link to a survey regarding this lecture series will be 

sent around soon via email!

• All lecture slides are accessible via Dropbox

• A new-look GAPS website (not yet live) will also have the 

slides available for download

• Euroschool on Exotic Beams lecture notes:
• Exhttp://www.euroschoolonexoticbeams.be/site/pages/lecture_notes

mailto:m.bowry@triumf.ca
mailto:jhenderson@triumph.ca
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Nuclear Shell Model

• Single-particle 

orbits defined by 

quantum numbers

[𝒏𝒍𝒋]

• Principal 𝒏

• Orbital angular 

momentum 𝒍

• Total angular 

momentum 𝒋

• Occupancy [𝟐𝒋 + 𝟏]

• Parity (−𝟏)𝒍


