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Project Objectives 
• This project is funded by NNSA’s Office of Global Threat Reduction, which 

implements the long-standing U.S. policy to minimize and eliminate the use of 
highly enriched uranium (HEU) in civilian applications by working to convert 
research and test reactors and radioisotope production facilities to the use of low 
enriched uranium (LEU). 

• Develop a target testing methodology  
– Build upon the annular target design work and testing previously performed by 

ANL and ANSTO/CERCA (circa 2004) 

• Establish maximum target LEU-foil mass and optimize foil thickness 

• Develop a LEU-foil target qualification document 

• Develop a bounding target failure analysis methodology  (failure in reactor 
containment) 

•  Optimize Safety vs. Economics 
– Goal is to manufacture a safe, but relatively inexpensive target to offset the 

inherent economic disadvantage of using LEU in place of HEU 

• Develop target material specifications and manufacturing QC test criteria 

 

 



Team Structure 

NNSA HQ 

Y-12 
-Project Management 

-Target Fabrication 

MU 
-Target Analysis 

-Equipment 

MURR 
-LEU Target Irradiation 

-PIE 

ANL 
-Initial Design 

-Chemistry 
-Chemical 
Equipment 

ORNL 
-Analysis 

-Acid dissolution 
- Foil irradiation 

-Electro-chemical 
dissolution 



High Level Test Plan 

• Y-12, ORNL, MURR -Develop target quality control specifications 
to NQA-1 standards (March 2013) 

• Y-12 -Manufacture targets for testing (April 2013) 
• ANL -Manufacture chemical dissolution equipment (April 2013) 
• MURR, Y-12 -Manufacture assembly and disassembly 

equipment (April 2013) 
• Y-12 – Manufacture Targets (April/May 2013) 
• ORNL, ANL -Install chemical dissolution equipment (April/May 

2013) 
• ORNL, MURR -Install disassembly equipment (April/May 2013) 
• ORNL, MURR -Irradiate targets (Summer 2013) 
• ORNL, MURR -Perform chemical processing and PIE of targets 

(Summer/Fall 2013) 



Prior Work in this Area 

• Targets of this type have been irradiated by ANSTO, 
PT BATAN, CNEA,  and MURR. 

• Additional irradiations and development were 
scheduled to occur at the ICN facility in Pitesti 
– Cost and schedule constraints led to a FY13 

decision point to use local irradiation sites (HFIR 
and MURR) to complete the technology readiness 
prove in of the targets. 

– Initial studies contracted to ICN were satisfactorily 
completed by ICN, and added value to the project. 

• Current path forward is to irradiate 6 targets and 2 
additional foils to support the technology readiness 
acceleration of the targets and associated chemical 
processing. 
 



Test Matrix 

# ID Reactor Type Enrichment Clad 
Diffusion 
Barrier 

Dissolution 
Method 

1 HDTC1 HFIR Capsule 0.072% Ni Ni Plate (10u) Acid 

2 HDTC2 HFIR Capsule 0.072% NI Ni Plate (10u) Acid 

3 HDTH1 HFIR Annular 7.50% Al Al PVD (20u) Electrochem 

4 HDTH2 HFIR Annular 7.50% Al Al PVD (20u) Electrochem 

5 HDTM1 MURR Annular 19.75% Al Ni Foil (10-20u) 

6 HDTM2 MURR Annular 19.75% Al Ni Plate (10u) 

7 HDTM3 MURR Annular 19.75% Al Al foil (20u) 

8 HDTM4 MURR Annular 19.75% Al Al PVD (20u) 



LEU-Foil Target Manufacturing, Irradiation & 
Processing 

Target Life Cycle Target Life Cycle 

Component 
Specifications

LEU-Foil

Incoming 
Component 
Inspections

Target Assembly

Irradiation Rig and 
Reactor Loading

Coolant

Target Irradiation
150 – 200 h

Pool Decay
≤ 12 h

Target Transport 

Target Disassembly

Target Life Cycle 



Annular Target 
Disassembly Device 



3D Annular Model Setup in Abaqus 

• The analysis is setup in 
Abaqus as a fully coupled 
thermal stress problem. 

• Zero residual stress. 
• Perfect contact. 
• Fission gas and swelling 

effects 



Longitudinal Results 



Annular Assembly – Draw Plug 

• Design of Experiments for Robust Design and Analysis 
 Quality Characteristics 

(Responses) 

•Forming Pressure 
•Residual Stresses 
•Roundness 
•Presence of Defects 
(cracks, gaps, heat affects 
from weld, etc.) 

• Experiment is ongoing 
– Expected completion is summer 2013 

• Outcome is tolerance guidance for 
drawings and optimized process 

TABLE 1.  FACTORS AND THEIR ALTERNATE LEVELS 

Factors 
Number of Levels 

1 2 3 

A. Amount of Deformation, inch 0.009 0.010 0.011 

B. Depth of Relief Area, (tR), inch 0.006 0.007 0.008 

C. Cutting Gap,(g) inch 0.500 0.300 0.150 

D. Distance from Target End to 

Relief area, (We) inch 
1.372 0.750 0.500 

 



Assembly - Hydroforming 

• Alternative to draw plug 
– Inner surface of inner tube is clean 
– Initial results look promising 
– Several issues need to be addressed 
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Target disassembly and Fission Gas Collection 
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Hot cell 
He 

Valve 

Quick 
disconn
ect 

LN2 
in 
dewa
r 

Heat 
exchanger 
with sorbent • Modify tube cutter 

• Build box that can be attached in hot cell 
• Determine helium flow rate 
• Design heat exchanger and select sorbent 

– Tracer runs/testing 



MURR  Facility 

Previous target disassembly 
experience  in a hot cell   

Hot cell in which experiments will be performed 

5-g LEU-Foil 

 5.0-g LEU-Foil Annular Targets – Irradiated / Disassembled 

Foil Supplier Fission Recoil Barrier Configuration 

Y-12 15 m thick Ni-foil 

Y-12  20 m thick Al-foil 

Y-12  20 m thick Al-physical vapor deposited 

KAERI  10 m thick Ni-electroplate 

 

   
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Two target designs are being used to test 

two different dissolution processes 

 Nickel capsule for nitric acid system  
– Sealed “Rabbit” style capsule fabricated entirely from 

high purity nickel with LEU foil pressed against the 
inside of the nickel housing. 

– Accommodates a small foil (natural uranium metal) 

– Can be irradiated for short durations in the HFIR 
hydraulic tube. 

– Can be completely dissolved in the nitric acid system. 

– Is capable of being irradiated at 2.5 x 1015 n/cm2-sec 

 Annular target for electrochemical system 
– Aluminum clad LEU foil in an annular shape. 

– Coolant flow on both sides provides excellent heat 
removal. 

– Accommodates a full-sized foil which is required 
for the electrochemical system. 

– Foil is 7.5% enriched 

– Capable of being irradiated at 2 x 1015 n/cm2-sec 
for one full HFIR operating cycle (25 days) 
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Enrichment of target LEU driven by heat 

removal capability, decay heat produced 

and 
131

I content during decay 

dimension value 
foil length 5.00 cm 

foil thickness 0.0125 cm 

foil width 1.40 cm 

foil volume 0.178 cm3 

foil density 19.05 g/cm3 

foil mass 3.39125 g 

Ni 

He 

water 

0.36 cm 

0.45 cm 

0.55 cm 

0.71 cm 

U 
foil 

clad 

MCNP model of nickel capsule 
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Various HFIR positions were evaluated for ANNULAR 

target using full HFIR MCNP model 

ISVXF-22 
CL = +17.8cm 

m621 

ISVXF-18 
CL = -17.8cm 

m591 

ISVXF-15 
CL = 0.00cm 

m561 

OSVXF-12 
CL = -17.8cm 

m531 

OSVXF-10 
CL = +17.8cm 

m510 

OSVXF-8 
CL = 0.00cm 

m491 

OSVXF-4 
CL = +8.9cm 

m451 

ISVXF-1 
CL = -8.9cm 

m421 

dimension value 

foil length 9.00 cm 

foil thickness 0.0125 cm 

foil width 7.80 cm 

foil volume 0.8775 cm3 

foil density 19.05 g/cm3 

foil mass 16.7164 g 

water 

aluminum 

beryllium 

uranium 

Neutron flux varies by location.  Average flux is 2 x 1014 
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7.5% enrichment selection driven by 300 Ci 
131

I and 

24W shipping limits (Settled on Position 491) 
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7.5%Enriched Mo-99 Production and Decay 

in the Selected Position 
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Acid Dissolution 

• The nitric acid dissolver system is designed to 
dissolve 250 g of irradiated LEU for Mo extraction.  

• Off gases are collected in a reservoir, and I2 and 
NOx are trapped. 

• I2: Ag-Zeolite  
• NOx: NaOH-based scrubber 
• Other reaction gases and fission gases: reservoir 

• Captured gases may be flushed from the reservoir 
after short-lived species have decayed.  

• Dissolved product solution will be used as the feed 
in a recovery process using a titania column. 

• Modification of operations for REDC experiments 
• Foil used will be at natural enrichment and not full-

sized to limit radioiodine production during 
irradiation. 

• Nickel rabbit will be used to hold the foil. Rabbit will 
be wholly dissolved without prior removal of 
irradiated foil.  

Experiment will occur in Radiochemical Engineering Development Center (REDC) hot cell bank. 
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Electrochemical Dissolution 

Nickel
Foil

1 M  NaHCO3

Ni/SS
clips

Uranium
Foil

Stirrer

Ni Mesh
Basket

_ +• In-line filters will trap any solids that 
aren’t dissolved or that are 
precipitated.  

• Vacuum pumping will be used to move 
liquids, and system will be maintained 
at sub-atmospheric pressure to limit 
radioiodine leakage to the hot cell 
environment. 

• 1 production-style target will be 
dissolved for the test; actual system 
would need 10x scale-up. 

• Experiments performed in 
hot cell at the Irradiated 
Fuels Examination 
Laboratory (IFEL) 

• Two Step process for 
dissolution   
• Al recoil barrier chemically 

dissolved 
• LEU foil dissolved 

electrochemically 

• Precipitation removes 
carbonate, most of the U, 
and the insoluble FPs 

Impurity Precipitation  Vessel 

Dissolution 
Vessel 

CaO 
port 

Irradiated LEU
foil target

NaOH/
NaAl(OH)4

Dissolution 
of Al barrier

U precipitation

U electrolysis

NaOH

1 M 
NaHCO3

CaO
solid

Filtrate Solution

U, CO3
2-, and 

insoluble FP

Contains the 
desired Mo
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Experimental Sequences 

Acid Dissolution Equipment 

Electrochemical Dissolution Equipment 



Frontend Process Development 

 GTRI is looking at two options to recover Mo from LEU-foil 
targets for use in alkaline processes 
– Acidic dissolution followed by Mo recovery on a TiO2-sorbent column 

– Electrochemical dissolution of U in carbonate media 



Nitric-Acid-Dissolution Frontend System 

 Goal: design dissolver and Mo-recovery system with capacity to dissolve 250 g irradiated 
LEU for Mo-99 production and provide an alkaline Mo feed to current purification 
processes.   
 

 Status: the dissolver and Mo-recovery column have been designed.  Components are 
currently being tested to optimized the design in preparation for a full-scale demonstration 
at ORNL this summer.   
 

 Key design criteria: 

– Water vapor, reaction products, and fission gases must be contained within the dissolver system at 
< 120oC, < 2 atm (absolute) under both normal and off-normal (loss of cooling) conditions. 
 

– To ensure efficient reflux of dissolver solution (minimize loss of acidity) the LEU foil decay heat 
(~5800 kJ/hr) and exothermic heat of dissolution (~1600kJ) must be dissipated by a reliable coolant 
system. 
 

– Gas-trap components must be designed to trap/neutralize nitrogen oxide and acid gases (NO, NO2, 
HNO2, HNO3), as well as trap iodine for extraction of important isotopes.  Noble fission gases will be 
passively contained. 

– The Mo-recovery operation should take no more than 1 hour after end of dissolution. 
 

– Dissolver and Mo-recovery system components designed for remote operation in a hot cell. 
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Ambient Pressure, Nitric-Acid-Dissolver System 



Dissolver and 
condenser section 

Experimental Set-up for Ambient Pressure, Nitric 

Acid Dissolver and Off-gas Reservoir  



Mo-Recovery-Column Processing Conditions 
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Column specifications 

• Sorbent 40 µm titania 

• 3.5 I.D. x 5 H. (cm) column 

• 63 g of sorbent, 48 mL bed volume 

 

Process conditions 

• 500 mL of 450 g/L uranyl 

nitrate, 7 mM Mo, 1 M H+ 

• 60°C 

• Pressure drop, ΔP ˂ 0.5 atm 

Step 
tloading     

(min) 

Volume 

(mL) 

flow rate 

(mL/min) 

us       

(cm/min) 

Solution 

volume 

(BV) 

Load 20 500 25.0 2.60 

Wash, 1 M HNO3 8 385 48.1 5 8 

Wash, H2O 3 144 48.1 5 3 

Strip, 0.1 M NaOH 26.7 770 28.9 3 16 
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Frontend Process Development Status 

 Mockup testing completed which resulted 
changes in design for better hot-cell 
operation 

 Dissolver and Column  tested with DU 

– Mo-recovery column tested with both tracers 
and solution from dissolution of slightly 
irradiated DU foil (γ,f reaction on U-238) 

– Entire acidic frontend process to be tested 
with irradiated foil in April   

 Mockup testing completed which resulted 
changes in design for better hot-cell 
operation 

 System will be transported to Oak Ridge 
National Laboratory for full-scale 
demonstration using DU foil and one fully-
irradiated LEU foil.   

– LEU foil will be irradiated in HFIR 

3.2m 

1.5m 



29 

Low Temperature Low Pressure Alkaline 

Dissolution Process  

 

 Two step dissolution chemistry:  

– Dissolution of Al fission recoil 
barrier in NaOH. 

– LEU foil dissolved by anodic 
oxidation in NaHCO3. 

 Precipitation of uranium, 
carbonate and base insoluble FPs 
by addition of CaO 

 Mo is not precipitated and 
passes through the filter. 

 Filtrate should be an acceptable 
feed for current Mo-purification 
processes 

 

 

Irradiated LEU
foil target

CCD-PEG

TRUEX

CCD-PEG

TRUEX
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TRUEX

NaOH/
NaAl(OH)4

CaCO3, Ca(OH)2, 

An, FP’s

Dissolution of 
Al barrier

U precipitation

TALSPEAKTALSPEAKTALSPEAK99Mo sorption

CCD-PEGCCD-PEGCCD-PEGU electrolysis

NaOH

1 M 
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solid
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Mechanical 
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Dissolver 
• Mockup test using DU completed on March 22, 

2013.  
• 18.9 g DU foil with 1 g of Al foil  
• A sweep gas of nitrogen under vacuum  
• 1.2L of 1M NaOH for aluminum dissolution – 5 

min. Solution discarded. 
• 1.2 L of 1M NaHCO3  
• T = 80-90°C controlled with a heat gun 
• Voltage ≈ 7V; current ≈ 30A 
• Foil completely dissolved in 2.5 hrs 

Basket 
with  

Al + DU 
foil 
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Precipitation Step 
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• Maintained under vacuum with N2 sweep 
• Entering uranium solution determined to be    

U(VI)Carbonate – no U(IV) 
 
 
 
 
 
 
 

• 100g addition of CaO 
• Slurry mixed for 20 min 
• Yellow precipitate captured using a Whatman 10μm 

filter 
• XRD suggests mixed Na-Ca-(UO2

2+ )-(CO3) phase 
• pH of product solution 13.1 – no visible U(VI) 
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Future work for Electrochemical Dissolution 

 

 Irradiated DU foil from LINAC to be tested April 2013 – ANL  

 Hot-cell demonstration with full-size high-burn-up LEU foil to be conducted 
summer 2013 – ORNL  

 



Conclusion 

• This year the HDT project team will be completing extensive 
testing of the complete annular HDT target cycle. 
– Leveraging the HFIR and MURR reactors 
– Utilizing ANL and ORNL chemistry expertise 
– Implementing manufacturing techniques developed by Y-12 

and MU/MURR 
 


