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NOVEL OUTCOMES

• Characterization of the differences 

between AmLi sources

• Spectra specific to different series 

of AmLi sources, and to individual 

sources
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Presenter
Presentation Notes
Bullet 1. Historical papers only looked at one source. We looked at many and characterized the differences between manufacturers or series of manufactures. Bullet 2. If you have a Gammatron c-series source you can use the spectra we’ve found and know its more specific to your source than a generic AmLi spectra



OUTLINE

• AmLi applications – Active neutron interrogation

• Physics considerations 

• Current AmLi spectra

• Measurements – Source variations

• Simulations

• Spectra fitting

• Limitations
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APPLICATIONS

• The IAEA uses an AmLi source in the Uranium Neutron Coincidence 
Collar (UNCL) to verify compliance with nonproliferation treaties

• The UNCL requires calibration with known uranium samples. The AmLi 
spectrum isn’t known well enough to allow simulated calibrations
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AmLi source UNCL UNCL with fuel
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Presentation Notes
AmLi sources are used to induce fission in Uranium samples, and those fissions are measured to give you uranium mass. Bullet 1. Figures. Bullet 2.  If you could simulate calibrations you could make measurements on different geometric or material configurations, things without known standards,  A better amli spectrum allows modeling calibrations which expands the application and capabilities of these detectors
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Isotope Energy (MeV)

Am-241 (α) 5.486, 5.443

Li-7 (α,n) 4.38

O-18 (α,n) 0.85

U-238 (n,f) ~1

PHYSICS CONSIDERATIONS

• Alphas lose energy 
traveling through 
AmO2 particle of 
unknown size • Energy reduction 

below Li threshold 
enhances O 
contribution

• Unknown Li matrix 
material affects 
neutron 
production and 
thermalization 

• Large variation in 
spectra from each 
element
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This is the process of how the neutrons are generated. First, alphas move through an AmO2 particle which has an unknown size, so the alphas lose an unknown energy.  If they lose more than 1 MeV then theyre below Li threshold.  Then the alphas exit the AmO2 particle into this matrix of unknown Lithium particles, which affects interactions and the generated neutron thermalization.  All of the Lithium compounds shown here are cited in the literature, and so is a small amount of Be contamination, although we didn’t see any from gamma measurements so we’ve ignored it. And then looking at the spectra,  the O neutron spectra is significantly different than Li. So all of these unknowns make it impossible to analytically calculate the spectrum. And the unknowns may vary from source to source



CURRENT SPECTRA

• Measured single sources
Tagziria 2003 2004
Obninsk 1998
Birch 1984
Ing 1981
Owen 1982
…and more

• Calculated initial spectra
Geiger and van der Zwan 1971 
Tagziria 2012
Beddingfield 1999 2015 
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Measured:
 Tagziria 2003
 Obninsk 1998

Calculated:
 GVZ 1971
 Beddingfield 2015

Selected AmLi spectra. The high-energy 
tail is key for a good fit

Presenter
Presentation Notes
Looking at the current spectra in the literature, there are many but they’ve only measured 1 source. They can be broken down into the low energy lithium portion and the high energy oxygen tail. The high energy tail is important for U-238 contributions because the cross section increases exponentially at high energies.



MEASUREMENT OVERVIEW

• 5-Ring Multiplicity Counter (5RMC) 
gives singles rate by ring

• Higher neutron energy is required to 
reach the outer rings

Sources Type

Cf-252 3 A7-series

3 Cf-series

AmLi 3 Gammatron C-series

8 Gammatron N-series
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Presentation Notes
This is the 5 ring multiplicity counter which we used to measure the sources.  It gives the singles rate by ring, and dividing by the total singles rate divides out the source activity and gives you the ring ratio.  This is the top down view where the rings are numbered 1-5 where 1 is in inner ring. And it takes higher energy to move through the polyethylene and reach the outer rings. We measured 6 Cf sources for benchmarking, because Cf has a consistent well known energy spectrum.  Then we measured 11 Gammatron AmLi sources. 



MEASUREMENT RESULTS – VARIATION BETWEEN SOURCES

Statistical uncert. 0.11%

Standard deviation 0.12%

Chi-squared 1.41 E-6
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Statistical uncert. 0.01%

Standard deviation 0.63%

Chi-squared (C) 1.73 E-5

Chi-squared (N) 6.22 E-5
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Presentation Notes
These graphs are the inner ring ratios.  The counting statistics are mostly negligible. The average is the black line so you can see right away theres a difference between C and N series sources.  To quantify the variation between sources we did a chi-squared fit test for all 5 rings.  The chi-squared for the source with the poorest agreement to the average is recorded. Much higher for AmLi sources than Cf.  Cf is considered ‘well known’ energy so that’s what we compare to. Chi-squared on the order of 1E-6 became targets for the spectra we generate.



MEASUREMENT RESULTS – TARGETS FOR SPECTRA FITTING

Ratio C-series N-series

R1 0.495414 0.490165

R2 0.353878 0.354726

R3 0.114653 0.117043

R4 0.028918 0.03027

R5 0.007147 0.007798

Ratios also exist for 
individual sources
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Presentation Notes
This is the inner and outer ring ratios for the AmLi sources along with the averages.  The outer ring had the worst counting statistics and they’re plotted to give you an idea.  You get the ring ratios 1-5 which is the agreement targets  for the spectra fitting. We have these ratios for individual sources and also averages for a series.



SIMULATIONS

• 5RMC MCNP model benchmarked to Cf-252 measurements
Chi-squared ring ratio agreement of 9.0E-6

• 5RMC neutron energy 100-bin monoenergetic response function for 
AmLi matrix – MCNP6

• Alpha energy for different particle sizes – MCNP6
• Li (α,n) neutron energy spectra for different particle sizes – SOURCES4C

• Energy spectra * response function = ring ratios
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Presentation Notes
So first the 5RMC model was benchmarked to the Cf-252 measurements. The chi-squared value was 9E-6 which shows the model has some bias. So that means any spectra that we generate have this bias built in, and to use them in something like the UNCL they may need to be slightly adjusted. Then we simulated the response of each ring to 100 different neutron energies to generate a response function.  We also simulated the alpha energy exiting different sizes of AmO2 particles and the neutron spectra resulting from those alphas.  Taking an energy spectra * the response function gives you the ring ratios, so we changed the energy spectra repeatedly until the ‘simulated’ ratios matched the measured ratios. 



SIMULATIONS
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Presenter
Presentation Notes
In this graph the solid lines are the minimum and maximum neutron energy spectrum for 1-7 microns . The spectrum we generated to fit the ring ratios was bounded by these dotted lines which are an extended range to account for unknown effects, and improve the fitting. The right image is the 5RMC efficiency for each ring and the totals for the matrix we used. 



SPECTRA FITTING

• Minimize chi-squared of simulated and measured ring ratios - adjust oxygen 
contribution and spectra within expanded limits

Parameter C-series N-series

Oxygen contribution 6.7% 8.1%

Chi-squared fit 1.3 E-6 1.4 E-6
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Presentation Notes
These are the generated spectra, which are the main result from this work.  They’re a combination of Li and O spectra and They have the same general shape as the spectra from the literature. Their Chi-squared agreements are in the table here and are very precise. They’re within the variation of Cf sources. 



LIMITATIONS

• Chi-squared value only relates to Cf-252 agreement, no physical meaning

• MCNP model bias of chi-squared 9.0 E-6, with 1.4 E-6 disagreement between 
Cf-252 sources

• We assume the spectra fitting accounts for the unknown AmO2 particle size, 
matrix composition, other effects

• Need to benchmark simulations to UNCL measurements and characterize 
spectrum effects on U-235 mass in a UNCL
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Presentation Notes
There are still some limitations to our results.  The chi-squared value only relates to cf-252 agreement, because of all the normalization it doesn’t really have a physical meaning. The MCNP model has some bias which is hard to remove at the accuracy we’re looking at, and its specific to the 5RMC.  We assume the spectra fitting accounts for the unknown particle size, matrix composition, and other effects. Finally, we need to make sure the spectra agree with UNCL simulations and measurements, maybe theres some effect we won’t capture without the neutrons interacting with uranium.  Also its easy to say the chi-squared fits well but we haven’t shown that the different really matters we need to convert these different spectra into differences in U-235 mass.   So that’s something we’re looking to work on next.



CONCLUSIONS

• Characterized the variation in AmLi sources compared to Cf-252
• Generation of spectra that are precise enough to distinguish between sources

• Improved accuracy in modeling AmLi active interrogation systems
Measurement of non-calibrated samples

• Future work – find effects on UNCL measurement results
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Presentation Notes
To conclude we’ve characterized the variation in AmLi sources between different manufacturers and within manufacturers, and we’ve compared that to Cf-252 variations. Then we generated spectra that are precise enough to distinguish between these sources.  So this results in improved accuracy in modeling AmLi active interrogation systems, brining us closer to the goal of measurements of non-calibrated samples.  The next steps are to rework this study based around the UNCL system to see if we can accomplish that goal.
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COMPARISON OF SPECTRA

0 1 2 3 4
0.01

0.1

1

10

Pr
ob

ab
ilit

y 
(M

eV
 -1

)

Energy (MeV)

 Tagziria 2003
 Obninsk 1998
 GVZ 1971
 Beddingfield 2015

17

0 1 2 3 4
0.01

0.1

1

10

Pr
ob

ab
ilit

y 
(M

eV
-1
)

Energy (MeV)

 C-series
 N-series



SUMMARY SLIDES FOLLOW:
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MONTE CARLO FITTING OF THE AMLI NEUTRON SPECTRUM

• AmLi sources are used for active interrogation of fresh uranium fuel for treaty verification

• Characterization of the differences between AmLi sources
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Source Chi-squared agreement

Cf-252 1.41 E-6

AmLi C-series 1.73 E-5

AmLi N-series 6.22 E-5
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MONTE CARLO FITTING OF THE AMLI NEUTRON SPECTRUM

• Spectra specific to different series of 

AmLi sources, and to individual 

sources

• Improved accuracy in modeling AmLi 

active interrogation systems

Parameter C-series N-series

Oxygen contribution 6.7% 8.1%

Chi-squared fit 1.3 E-6 1.4 E-6
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