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What is a radiochemist?

ORNL Physics Division

NIST



Definition does create challenges…
 Considered a subarea of chemistry. 
 Nolisting for nuclear and 

radiochemists in the Standard 
Occupational Classification system. 

 However, there is a classification 
for nuclear engineers. 

 Other broad categories that may 
include radiochemists are nuclear 
technicians, nuclear medicine 
technologists, and nuclear power 
plant operators.

 For the purposes of the 2012 NAS 
Report report, the committee defined 
individuals employed as nuclear and 
radiochemists as those who work on 
projects that apply the principles and 
theory of nuclear and radiochemistry 
in basic research and in applications 
including nuclear energy, medicine, 
weapons, and waste disposal.

“I know it when I see it” 
Supreme Court justice Potter Stewart
(Jacobellis v. Ohio, 1964).



US radchem workforce brittle

Assuring a Future U.S.-Based Nuclear Chemistry Expertise, National Research Council (2012)



UK nuclear workforce decline

Assuring a Future U.S.-Based Nuclear Chemistry Expertise, National Research Council (2012)



Studies of the pipeline
 1978: The American Chemical Society’s (ACS) Division 

of Nuclear Chemistry and Technology (DNCT) first 
noted a decline in nuclear and radiochemistry faculty 
and students in chemistry departments

 1988:  National Research Council, Training 
Requirements for Chemists in Nuclear Medicine, 
Nuclear Industry, and Related Areas.

 2004:  DOE/NSF Nuclear Science Advisory Committee, 
Education in Nuclear Science

 2008:  AAAS/APS, Nuclear Forensics: Role, State of the 
Art, Program Needs

 2012:  National Research Council,  Assuring a Future 
U.S.-Based Nuclear Chemistry Expertise



Assuring a Future U.S.-Based Nuclear Chemistry Expertise, National Research Council (2012)

US nuclear chemistry PhD’s



PhD’s (keyword based)

Assuring a Future U.S.-Based Nuclear Chemistry Expertise, National Research Council (2012)



US peer-reviewed contributions in 
radiochemistry declining

Assuring a Future U.S.-Based Nuclear Chemistry Expertise, National Research Council (2012)



Not all was bad news

 The 1978 ACS/DNCT study led to 
change
– 1984: DOE/ACS Summer School in 

Nuclear and Radiochemistry
 The 2004 NSAC report and the 

AAAS/APS nuclear forensics report 
prompted federal action
– Investments in nuclear education by NRC, 

DOE, NNSA, and DHS



Nuclear engineering PhD’s 
trending up

Assuring a Future U.S.-Based Nuclear Chemistry Expertise, National Research Council (2012)



UT is similar to the national data

UT Nuclear Engineering Fact Sheets (multiple years)



Faculty base was a concern

 2008:  46 active faculty identified 
– Across 20 universities
– Producing 114 PhD’s
– 7 universities were “singlets”
– 5 universities were “doublets”
– Largest program was Washington 

University in St. Louis, with 6 faculty in 
nuclear medicine program



Additionally, academic radiochemistry 
programs face significant challenges

 Perceived risk
 Expense of compliance
 Lack of faculty base
 General shift from experimental 

science to modeling and simulation
 Increasing challenges using the 

national labs
 Budgets and budget cycles



2012: Findings

 Faculty base was extremely vulnerable
 Little or no undergraduate curricula
 Programs with only one faculty were 

unsustainable
 Funding was limited and unpredictable
 Data sources for tracking the academic 

health of the field are poor or missing
 Specific programs were helping, but not 

fast enough



Federal research in the field

 Nuclear energy
– NRC, DOE

 Nuclear medicine
– NIH, DOE

 Nuclear security and 
nonproliferation
– NNSA, DHS, DoD, State, OGA

 Nuclear waste disposal and 
environmental cleanup
– NNSA, DOE, EPA



National Security findings
 In 2005, a GAO report raised serious concern of a “looming 

human capital crisis,” indicating that a significant percentage 
of international safeguards experts were close to retirement, 
and that there was an inadequate supply of workers being 
developed to address this gap. 

 A recent study conducted by the Oak Ridge Institute for 
Scientific Education (ORISE) identified 250 international 
safeguards specialists who worked on Next Generation 
Safeguards Initiative-sponsored projects in FY 2009, and 
found that 41 percent of the workforce specializing in this area 
were 55 years of age or older and less than 20 percent of these 
same specialists were 44 years of age or younger.

 The future demand for nuclear and radiochemists is likely to 
be impacted by the implementation of new arms control and 
nonproliferation treaties as well as by the verification 
requirements negotiated to supporting treaties.



Overall conclusions – Demand 
and Supply

(5-year data) BS MS PhD

Demand 200 93 306

Supply 250 50 65

Assuring a Future U.S.-Based Nuclear Chemistry Expertise, National Research Council (2012)



Nuclear security at UT



Nuclear security requires a “whole of 
society” model for success

Nuclear Security:
The totality of activities undertaken to ensure that:
 The beneficial applications of nuclear/radiological 

materials and devices are not diverted to illicit or 
malicious purposes.

 Arms control priorities can be achieved through support 
and development of technologies for declaratory policy 
verification.  

 Nuclear weapons and related technology are 
appropriately controlled and monitored, and weapons-
usable materials can be accounted for and secured.

 Advances are made toward meeting other goals and 
objectives (such as for nuclear weapons safety, threat 
interdiction, render safe, and forensics) that mitigate 
threats, increase proliferation resistance, and support 
deterrence.

 Consequences of radiological or nuclear incidents, 
including attacks, are mitigated or minimized.



The central issues of nuclear security cannot be 
satisfactorily addressed by any one entity…

We are building a new model

 How do we assure that R/N material technology is where it is 
supposed to be, being used for its intended purpose, and 
properly protected – anywhere in the world?

 How do we detect things outside the bounds of appropriate 
use?

 How do we effectively deal with bad events?
 How well can we understand the line between what we do 

know and what we think we know? 



We are bringing a unique synergy of government, 
academia, and industry to bear on the hardest 
problem of our time…



UT established the Institute for Nuclear 
Security in 2012

 The Institute fosters multi-
organizational collaborations 
to conduct interdisciplinary 
work critical to national and 
global needs in nuclear 
security. 



Key objectives of the pillars

Lead the world in the 
fostering new 

practitioners of nuclear 
security to address critical 

sustainability needs

Create new scientific 
understanding and 

transformative technologies that 
define the forefront of the nuclear 

security field 

Develop new capabilities, 
tools, and analytical 

activities that expand the 
options available for the 

nuclear security 
enterprise

Support a healthy 
national and 
international 

dialogue in nuclear 
security policy and 

law

Meet critical 
national needs, and 
learn from them so 
as to shape our 
supporting 
activities



Radiochemistry plays a key role

 Isotope 
Production
 Characterization
 Interpretation
 Diagnosis and 

Impact 
Assessment
 Forensics



NNSA established the UT Radiochemistry 
Center of Excellence in 2013



Research objectives

 Advanced Radiochemical Separations
– Improving the specificity, timeliness, 

detection limits, and/or operational 
suitability of radiochemical separations. 

 Radiochemical Probes For Physical 
Phenomena 

 Bulk Actinide Oxide Materials Processing and 
Behavior 

 Nuclear Cross-Sections



What am I not covering?
 Simulated nuclear debris development (for realistic 

starting points)
– 2 patent disclosures, one paper submitted, add’l paper in 

progress
 Nuclear melt glass dissolutions

– paper in progress
 Instrumentation development

– GC to ICP-TOF-MS interfacing and sample introduction
• 2 patent disclosures, one paper in progress

– GC to traditional nuclear chemistry measurements (α, γ
spec, IRMS)

 Ancillary uses
– 1 patent pending



Why gas-phase separations?

 High risk, poorly characterized
– Much unknown thermodynamic data
– Modeling is not mature
– Experimental approaches frequently not well defined or 

reproduced

 But have attractive possibilities
– Fast and no solvent to be removed
– Potentially carrier free or nearly so
– Separation factors???

J.R. Garrison, D.E. Hanson, and H.L. Hall. Journal of 
Radioanalytical and Nuclear Chemistry, 2012. 291(3): p. 9.
D. Hanson, J. Garrison, and H. Hall. Journal of Radioanalytical and 
Nuclear Chemistry, 2011. 289(1): p. 213-223. 



Background
 Separations are important part of 

nuclear forensics.
– Post-Detonation Scenarios1

– Current liquid methods are time-
consuming

 Need for Rapid Separations
– Experiment with gas 

chromatography/mass spectrometry 
separations2 for thermochemical 
separations3

1Development of Synthetic Nuclear Melt Glass for Forensic Analysis” Molgaard, Auxier et. al. 
Under Review. J. Nucl. Rad. Chem. 
2 “Assessing thermochromatography as a separation for nuclear forensics: current capability 
vis-a-via forensic requirements”, Hanson  et. al   2011, J. Nuc. Rad. Chem. 
3Synthesis and detection of a seaborgium carbonyl complex, Even et al., 2014, Science, 



Background (Cont.)

 Ligands for ease of volatilization and 
rapid separation

1,1,1,5,5,5 – hexafluoro – 2,4 
– pentadione (denoted hfac)

6,6,7,7,8,8,8-heptafluoro-2,2-dimethyl-
3,5-octanedione (denoted hfod)

2,2,6,6-tetramethyl-3,5-
heptanedione (dentoed
hdpm)



Initial measurements will use 
stable elements
 Coupling column 

separation system 
to ICP-TOF-MS

 Allows early work 
to test system 
before going hot

 Transition to hot 
work in about 18 
months
– Replace ICP with 

rad detection



The potential payoff

J.R. Garrison, D.E. Hanson, and H.L. Hall, Journal of 
Radioanalytical and Nuclear Chemistry, 2012. 291(3): p. 9. 



Experimental strategy
Dissolve Ln oxides 
use of HCl, HNO3, 

H2SO4

Prepare NH4[ligand]
Hhfac + NH4OH 
NH4[hfac] + H2O

Combine NH4[hfac] with LnCl3
X NH4[lig] + LnCl3  Ln[hfac]x + X NH4Cl 

Extract Ln[hlig]4 into 
organic phase and dry

Structural Characterization and 
Purity Determination:
FT-ATR-IR (NDA), P-XRD (NDA), 
SC-XRD (~ 5 mg), ICP-TOF-MS (~1 
mg), MP  (~2 mg), NMR (~1 mg)

Separate using 
thermochromatographic 
methods. 



Synthesis of Ln[hfac]4 Compounds



Ln[hfac]4 GC-MS Results

Dy

Left to 
Right: Tm, 
TmF

Left to 
Right: Sm, 
SmC, SmO



Separation Efficiency

 Resolution
– Equation: ∆tr/wav > 1.5

• ∆tr is the difference in retention times for two 
compounds

• wav is the average base of the same two peaks
– Resolution

• Compounds Sm and Tm resolution factor is 3.25
• Compounds Eu and Tm resolution factor is 5.30

– Separation largely based upon physiosorption
interactions



Work complete so far
 Successfully characterized the Ln[hfac]4∙NH4 compounds of La, Sm, 

Gd, Dy, Tm, and Lu by SC-XRD and MS (both GC-MS and ICP-TOF-
MS separately)

 Also have characterized the compounds by melting point, 
elemental analysis, P-XRD, FT-ATR-IR, liquid NMR, and SS-
NMR (not presented)

 Single crystal and powder XRD done for most of the metal-ligand 
complexes, some structures also predicted by modeling and 
validated experimentally

 Successfully separated selected compounds
 GC to ICP-TOF-MS interface designed and built
 Solid sample injection system designed and built
 Surrogate debris simulants developed
 Lab prep for going “hot” complete



Future Work

 Demonstrate end-to-end separation of all 14 
Ln[hfac]4, Ln[hfod]x, Ln[hdpm]x, compounds

 Explore other possible ligands
– Successfully synthesize, characterize, and separate the 

6,6,7,7,8,8,8-Heptafluoro-2,2-dimethyl-3,5-octanedione 
(fod) and the 2,2,6,6-tetramethyl-3,5-heptanedione (dpm) 
compounds

 Determine Fractional Distillation of RE compounds 
and separation thermodynamics 



Funding and Collaborators
 Funding: Provided the 

U.S Dept. of Energy, 
National Nuclear Security 
Administration, Scientific 
Stewardship Academic 
Alliances Program 

 UT Dept. of Chemistry:
– Derek L. Mull, Dr. David M. 

Jenkins (FT-ATR-IR, future SC-
XRD work)

– Matthew L. Marsh, Ashlyn 
Jones (undergraduate 
researcher, synthesis)

 UT Dept. of Nuclear 
Engineering: 
– Dr. Lawrence Heilbronn
– Adam Stratz (synthesis),
– Steven Jones and Jon Gill (ICP-

TOF-MS) Bredesen Center for 
Interdisciplinary Research



Student outcomes
 MS’s completed

– Dan Hanson
– Jon Garrison

 MS’s in process
– Jerrad Auxier
– Josh Chandler

 UG researchers
– Matthew March 

(2014 Coryell Award 
ACS/DNCT)

– Ashlyn Jones

 PhD’s in process
– Dan Hanson
– Steve Jones
– Dave Schappel
– Adam Stratz



Returning to the broader picture…

 Federal investments are making a 
difference
– Graduate research training
– Direct fellowships
– Internships/lab fellows
– Federal university R&D

 But…
– The field is still incredibly vulnerable



In memoriam, 2014…

W. Frank Kinard
College of Charleston

Heino Nitsche
University of California



And one last bit of bad news

 Update on the Nuclear Chemistry 
Summer Schools

 This is traditionally the time of year that we announce the 
dates for the summer schools. I regret to inform the Division 
that at this time we have not received any funding for the 
fourth year of the five year grant that will allow us to hold the 
summer schools in 2015. 

DNCT Newsletter, October 2014




