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Fission Product distributions
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Long-lived fission products in evaluations

238U - evaluated libraries rel. uncertainties

ENDF/B uncertainties 
follow closely these 
experimental data

most other 
measurements have 

uncertainties 1-OM larger



Measurement campaign at EBR-II - 1970s-80s

Results of measurements at 
Idaho National Lab reactor 
(ETR and EBR), and only 
published in a series of INL 
technical reports
Isotope Dilution Mass 
Spectrometry on 239,241Pu 
and 235U targets irradiated 
with thermal & fast neutrons
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Why are they so precise?
Uncertainty Budget
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IAEA - TECDOC 1168  (2000) 



Why are they so precise?
● MS measurements make no use of 

Nuclear Data to extract the 
absolute yields

● The fission rate does not need to 
be determined as long as the 
majority of the yields can be 
measured (normalized to 100% / 
mass peak)

● The uncertainties were estimated as 
the standard deviation of repeated 
measurements (possibly not fully 
considering systematic effects)
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Uncertainty Budget



National Synchrotron Light Source II

Vision: as one of the newest, most advanced 
synchrotron light sources in the world, NSLS-II 
strives to be an extraordinary hub for the use of 

synchrotron light to solve the world’s most 
challenging scientific problems.

DOE-SC User Facility

● 29 beam-lines offer the widest spectrum—from 
infrared to hard x-rays—of synchrotron light 
among all DOE-SC facilities

● Research focuses on 6 Science Areas 



Concept

XRF can measure ppm-level 
concentrations of elements in a 
matrix: low-yield fission products 
and full normalization (no fission 
rate), with no limitations on the 

measured elements

Setup calibration: we don't rely on 
decay data to determine absolute 

yields

11



Concept
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Measure Fission 
Product Yields of 

long-lived isotopes 
with  s-XRF

Irradiate fissile targets 
(or others) in a suitable 

neutron flux

let reaction 
products decay…



Spin-off
measurement of capture cross 
sections for low-abundance isotopes
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technique is sensitive to any 
decay/reaction that changes the 
atomic number of the products



Feasibility study: 
Experimental setup

NSLS-II 28ID-2 beamline

Ex-ray= 68 keV

Ge detector

sample

beam-stop

collimator

beam
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• Samples from ATR at Idaho 
National Lab (NSUF): test the 
method on irradiated samples

• Thin samples manufactured at 
Argonne National Lab: test 
sensitivity to fission products 
signal on 'thick' actinide backing

• Standard samples: estimate 
linearity & calibrate system for 
quantitative analysis

Feasibility Study - samples
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Results - studies of attenuation

 

Fit of the attenuation of X-rays in Ag

In bulk materials (“thick sample”), the 
X-ray intensity is “(~!!) proportional” to 

the material concentration

Beckhoff, B., Kanngießer, B., Langhoff, N., Wedell, R., & 
Wolff, H. (Eds.). (2007). Handbook of practical X-ray 

fluorescence analysis.

Sitko, Rafał. "Quantitative X-ray fluorescence analysis of 
samples of less than ‘infinite thickness’: difficulties and 
possibilities." Spect Acta B 64.11-12 (2009): 1161-1172.16



Results - NSUF samples

measured fraction (Cd) = (20.27 ± 0.10)%

Ag - high flux

Ag
CdPd
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Ag - low flux 
(2-4)

measured fraction = (10.92 ± 0.10) %
measured fraction = (11.01 ± 0.09) %
measured fraction = (12.89 ± 0.10) %

Ag
CdPd
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Results - NSUF samples



Results

measured (Ta)  = (3.79 ± 0.12) %
measured (Ta)  = (4.27 ± 0.14) %

Hf

measured (Lu) = (1.09 ± 0.13) %
measured (Lu) = (0.74 ± 0.15) %

Hf

Ta
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Results - ANL samples

multiple thickness 
(thin-targets)
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Results - ANL samples
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INL samples:
• the ratio between “high” and “low” irradiation follows expectations
• even if we get the order of magnitude, the amount seems lower than what was estimated 

(non-thermal reactions and full neutron-spectrum simulation needed)
• Relative intensities of different clusters doesn’t follow a standard ‘efficiency’ curve (~HPGe) → 

MATRIX EFFECTS (i.e., sample-dependent attenuation/enhancement of X-ray lines)
standard Ag samples:

• attenuation follows expected non-linear curve. 
• With INL samples we are in the ‘bulk’ / ‘thick-target’ regime

ANL samples:
• we can distinguish signal from FPs over Actinides 'background'

Summary: Lessons Learned
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BACKGROUND ATTENUATION
(MATRIX EFFECT)



• Geant4 simulation of the experimental setup to 
study the matrix effects on samples

• MCNP simulation to estimate expected 
concentrations in irradiated samples

• Efficiency calibration with standard sources

• Test of measurement of fission products

Outlook
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Results (2) - efficiency calibration
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Results (2) - efficiency calibration

estimate energy-dependent photopeak 
efficiency:
> cluster overlapping peaks
> estimate change in intensity wrt expected BR
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X-ray intensities and energies from 
literature1.
Rigid fit of a multi-Voigt distribution 
scaled to match data. Background 
estimated and included in the fit.
5 free parameters: σ, γ, S, 
background scaling and small 
energy offset. 

Analysis (1): Fitting procedure

1 Elam, William Timothy, Bruce D. Ravel, and J. R. 
Sieber. "A new atomic database for X-ray 
spectroscopic calculations." Radiation Physics and 
Chemistry 63.2 (2002): 121-128.
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X-Ray Diffraction also 
shows effect of 

irradiation
29

Results (5) - X-ray Diffraction



• irradiation history and 
total fluence from 
NSUF / INL

• create a simplified 
network of 
capture/decay

• assume ½ thermal 
neutrons2

Analysis -- Estimate expected amounts

2 Idaho National Laboratory, Advanced 
Test Reactor User Guide, Rev. 24. Tec. 
Rep. INL/EXT-20-50097, INL, 2023.

 Considered .
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 Ignored .
• irradiation cycles
• capture from 

shorter-lived isotopes
• fast-neutrons-induced 

reactions



Concept

Long-term goal: use the Light 
Source to quantify the amount of 
fission products in a sample

NSLS-II combined with the Ge-XRF 
detector at NE can allow us to reach 
low-yield fission products

Measure Z-distribution (XRF) of 
long-lived or stable fission products - 
it provides ‘anchor point’ used in a 
FPY evaluation.

calculated X-ray peaks from the fission products in a 238U sample irradiated in a fast neutron spectrum
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Measurement of Fission 
Product Yields using 
X-Ray Fluorescence
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