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Overview

The nuclear security and nonproliferation context 

RFQs / cyclotrons → dual-particle multiple-monoenergetic radiography 

Compact neutron generators → neutron die-away and delayed neutrons 

Linacs / laser-driven sources → detection of photofission
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Aspects of nuclear security and nonproliferation

Monitoring of nuclear fuel cycle

Monitoring 
nuclear treaty 
compliance 

Arms control
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Aspects of nuclear security and nonproliferation

Cargo 
screening / 
detection of 

concealed SNM 

Nuclear forensics

 PNNL
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Active interrogation sources based on compact accelerators

Bremsstrahlung sources

Compton scattering sources

Ion-driven 
nuclear reactions

Neutron generators
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Active interrogation sources based on compact accelerators

Bremsstrahlung sources

Compton scattering sources

Ion-driven 
nuclear reactions

Neutron generators
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Ion-driven nuclear reactions can be used to 
efficiently produce characteristic gamma rays 

11B(d,n)12C 
Q = 13.73 MeV  
Ethr = 1.63 MeV

4.438 MeV - E2 (2+ → 0+)

15.1 MeV - M1 (1+ → 0+)
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Ion-driven nuclear reaction-based sources for active interrogation

15.1 MeV transmission image 

14 

100 cc U cube in 40 cm Fe block imaged with 
15.1 MeV gammas (MCNPX simulation)  

Single point-like dual-
particle source

Multi-particle 
spectroscopic 

detectors

Multi-particle multiple-
monoenergetic source
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Dual-energy gamma transmission radiography → 
effective atomic number and areal density

Measurement 1: Compton dominant (4.4 MeV)

Compton PP

Measurement 2: PP dominant (15.1 MeV)

ln [I(E1)/I0(E1)]

ln [I(E2)/I0(E2)]
=

µ(E1)

µ(E2)

measured known 
nuclear 

data
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Dual-energy elemental discrimination

difficult to 
distinguish 

among high-Z 
materials

Calculated from NIST 
XCOM
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Dual-particle spectroscopic transmission radiography

• One could use two sets of detectors optimized for each particle 
• Alternative: use the same detector for both particles 
• Basic requirement: neutron-gamma discrimination

J. Nattress33

Discriminating the two particle types

neutron/� discrimination

11B(d, )�12C

� 
neutron
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Dual-particle transmission radiography
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P. Rose, A. Erickson, M. Mayer, J. Nattress, and I. Jovanovic, Sci. Reports 6, 24388 (2016)
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Multi-particle, multiple-monoenergetic radiation source

Multi-monoenergetic 
gamma-ray source 

Multiple-monoenergetic 
tunable neutron source 
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Testing of objects composed of various materials

Material Z
Al 13 18.1
Cu 29 17.1
Sn 50 25.1

W alloy 64.7 25.3
Pb 82 22.5
Bi 83 30.3

Areal Density  
(g/cm3) J. Nattress43

Experimental setup at the University of Notre Dame

FN Tandem 

accelerator: 

10 MV 

terminal 

voltage, 3 

MeV deuteron
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Experimental results: material ID based  
on photon/photon transmission

U

Al

Fe

Cu

Sn

Pb

J. Nattress et al., Phys. Rev. Applied 11, 044085 (2019)
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ln (I↵(E1)/I↵0 (E1))

ln
⇣
I�(E2)/I
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0 (E2)

⌘

16

Neutron + gamma transmission discriminants → greater material contrast 

theory

gamma 
contrast

J. Nattress et al., Phys. Rev. Applied 11, 044085 (2019)
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Combining gamma and neutron spectroscopic radiography

J. Nattress et al., Phys. Rev. 
Applied 11, 044085 (2019)
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Mixed-material objects and shielding 

Z
eff 

or the 
effective 
element is a 
function of 
energy and 
particle 

J. Nattress52

Single- mode dual-energy radiography cannot determine 

mixed objects or indicate the presence of shielding 

I
0

I
1

Z
eff

or the 

effective 
element is a 
function of 
energy and 

particle 
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Inconsistency in multimodal Z-reconstruction → 
mixed elemental or non-natural isotope composition
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FIG. 8: Single-mode versus dual-mode R-values and the
R-values calculated for two shielded scenarios (1)

1.1 cm of uranium shielded with 10 cm of LDPE and
(2) 1.1 cm of uranium shielded with 10 cm of iron.

and lead objects which represent a low-, mid, and high-
Z object. At each of the discrete neutron and photon
energies, 106 particles were directed in a beam with the
exact size and shape of the respective object perpendic-
ular to the object’s face. The number of particles that
traversed the target unimpeded were tallied. From these
results, the five di↵erent R-values and their correspond-
ing uncertainty in Z were calculated. Figure 9 shows the
uncertainty in Z for each of the five R-values for alu-
minum, tin, and lead.
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FIG. 9: Uncertainty in Z calculated from each of the
five R-values for aluminum, tin, and lead using a fixed
source particle number of source particles, N (N=106).

For each element, the dual-mode metrics outperform
the single-mode metric and improves the precision of the

reconstructed object’s elemental composition. The opti-
mal dual-mode metric changes as a function of Z, which
should be considered when designing an experiment for
a specific material or application. Depending on the el-
emental precision required, radiation sources and com-
binations of particles and energies could be specifically
tailored for a given application. Although only three ma-
terials were analyzed, the greater elemental reconstruc-
tion power of the combined neutron/photon attenuation
metric over the pure photon metric is evident.

V. CONCLUSIONS

A new transmission radiography technique that com-
bines neutron and photon transmission was explored uti-
lizing a d-BN source. It has been shown that, by using
the experimentally measured transmission of two parti-
cle types, improved sensitivity to changes in elemental
composition and a higher precision in elemental recon-
struction is achieved as compared to a single-particle ap-
proach. Four preliminary metrics were developed based
on neutron and photon transmission and show promise
for improved material discrimination. Reconstruction
of the elemental composition for various materials us-
ing combined neutron-photon transmission radiography
yielded agreement with simulations that make use of
known, tabulated cross section.
By measuring the neutron TOF, the incident neutron

energy spectrum can be determined. If the neutron light
output distribution contains suitably distinct features,
unfolding algorithms can be utilized to perform neutron
spectroscopy without TOF. The EJ-309 detector may
not be the ideal detector to use for neutron spectrum
unfolding. Detectors that deliver more prominent fea-
tures in their respective light output distributions such
as deuterated liquids or solids [28–30] or capture-based
detectors [31] could result in improved neutron spectrum
deconvolution.

ACKNOWLEDGMENTS

This work was supported by the U.S. Department of
Homeland Security (2014-DN-077-ARI078-02 and 2015-
DN-077-ARI096). The research of J.N. was performed
under appointment to the Nuclear Nonproliferation In-
ternational Safeguards Fellowship Program sponsored by
the National Nuclear Security Administration’s O�ce of
International Safeguards (NA-241).
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Active interrogation sources based on compact accelerators

Bremsstrahlung sources

Compton scattering sources

Ion-driven 
nuclear reactions

Neutron generators
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Detection of delayed neutrons from fission
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FIG. 1. Beta-delayed neutrons observed after the AI beam
incident on a natural uranium target after beam is turned o↵
(t=0) for the composite detector (a) and EJ-309 (b).

buildup data from both detectors for a uranium target
was fitted to

Rb(t) = B + C
6X

i=0

Yie
�t/⌧i , (2)

where B is the maximum delayed neutron rate and C is a
scale factor. The tungsten data was fitted to a constant
to show that throughout the run there was no buildup of
neutrons between the pulses. The results can be seen in
FIGs. 3a and 3b. A buildup can be seen with the 238U
target for both detectors. Due to the relatively high en-
ergy cut that had to be applied to EJ-309 data, the build-
ing data statistics for this detector were limited.[Details
of discrimination must be described in Supp Info.] With
both detectors, buildup is not observed with a control
target that does not undergo fission (tungsten). The ef-
ficiency of the composite capture-gated detector increases
as the neutron energy is reduced, while maintaining the
same ability to reject the � background. As a result,
the intrinsic detection e�ciency for any neutrons that
undergo scattering prior to reaching detector is further
increased.

In conclusion, we demonstrated the detection of fission
in 238U induced by 11B(d, n)12C, a low-energy nuclear re-
action source that produces both the abundant gamma
rays and fast neutrons. In this way, the same AI source
that can be used to perform gamma imaging can also
supply a suitable probe to confirm the presence of SNM.
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FIG. 2. Beta-delayed neutrons observed after the AI beam
incident on a tungsten target after beam is turned o↵ (t=0)
for the composite detector (a) and EJ-309 (b).

It has been shown that detection can be performed not
only using gamma-blind detectors such as 3He, but also
using particle discriminating detectors readily scalable to
achieve high coverage, including the EJ-309 liquid scin-
tillator and a specially developed composite glass-plastic
scintillation detector. Those detectors also permit spec-
troscopic measurements, which will benefit rejection of
higher energy neutrons that could be attributed to back-
ground, whose rate increases as the coverage and the ab-
solute e�ciency of the system increases.

As with any method, there are ways to circumvent this
technique by using enough shielding. Fortuitously, the
use of a composite detector becomes more e�cient the
lower the energy of the neutron if shielding slows down
the neutrons. This is a unique advantage that compos-
ite detectors have over liquid organic neutron detectors
which lack sensitivity to discriminate gammas from neu-
trons at low energy. Use of radiography combined with
detection of delayed neutrons will provide a more robust
means to ensure material identification. The observation
of both the buildup and decay of beta-delayed neutrons
from AI has been proven with this composite detector.
The EJ-309 detector was more challenging due to its in-
ability to accurately discriminate .1 MeV neutrons. The
buildup was not as prominent as with the composite de-
tector. The temporal and yield profiles for di↵erent fis-
sionable isotope can be added to a more complete fit to
indicate the amount and type of material. The fact that
the �2/d.o.f. improved with the exclusion of the first five

Uranium Tungsten

J. Nattress29

M. Mayer, J. Nattress, and  I. Jovanovic, Appl. Phys. Lett. 108, 264102 (2016).

decay of 
delayed 
neutrons

buildup of 
delayed 
neutrons

Delayed neutron detection for SNM identification 

M. Mayer, J. Nattress, and I. Jovanovic, 
Appl. Phys. Lett. 108, 264102 (2016)

F. Sutanto, J. Nattress, and I. Jovanovic, 
J. Appl. Phys. 122, 054901 (2017)
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235U and 238U have unique delayed neutron time profiles → isotopic discrimination

Simulation

Simulation
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238U / 235U differentiation using buildup and decay of delayed neutrons

buildup decay

J. Nattress, K. Ogren, A. Foster, A. Meddeb, Z. Ounaies, and I. Jovanovic, 
Phys. Rev. Applied, 10, 024049 (2018) 

K. Ogren, J. Nattress, and I. Jovanovic, Phys. Rev. Applied 14, 014033 (2020)
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Multi-generation delayed neutron profile from HEU

 

Figure 13. Time decay distribution for delayed coincidence events for HEU. The red curve is based on tabular 
nuclear data and fitted using only a scaling factor (C) and constant background factor (B). 

This is a calibration-free 
measurement, where the shape of 
delayed emission is predicted 
solely from nuclear data and is 
isotope-specific.

J. Nattress et al., Phys. Rev. 
Applied, 10, 024049 (2018) 

K. Ogren et al., Phys. Rev. 
Applied 14, 014033 (2020)

K. Ogren et al., NIMA 1019, 
165847 (2021)

The time signature is immune to 
shielding.
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Safeguarding the thorium fuel cycle

IAEA SQ 
• 8 kg for 233U vs. 25 kg for 235U 
• Th fuel cycle designs – 233U/235U mixtures 
• 233U & 235U must be quantified separately

2.6 MeV γ
• Typical concentration or 232U in 233U: 100–

2000 ppm 
• Extreme γ environment – 6.04 Ci/SQ @ 100 

ppm
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Experiments with 233U3O8 Zero Power Reactor Fuel Elements Plates 

P211 Neutron GeneratorMC-15 3He detectors

S670 4He 
detector 1188 g 233U3O8
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First demonstration of 233U delayed neutron and differential die-away measurement 
with industrial-scale quantity, using active interrogation

O. Searfus, P. Marleau, E. Uribe, H. Reedy, and I. Jovanovic, Phys. Rev. Applied 20, 064038 (2023)
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Active interrogation sources based on compact accelerators

Bremsstrahlung sources

Compton scattering sources

Ion-driven 
nuclear reactions

Neutron generators
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Detection of prompt photofission neutrons

• reduced dose 
• adjustable fission threshold 
• detect fission neutrons

Prompt neutrons 
more abundant than delayed neutrons 
different spectrum from photoneutrons 

but: coincident with high gamma flux 
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Detection of prompt photofission neutrons with a 9 MeV linac and 4He detector

Active background: (γ,n) 
neutrons from collimator

bremsstrahlung 
endpoint

source

4He detector 
poor sensitivity to gammas!

9 MeV  
linac 
beam

2.7 kg DU
3 kg PbO

3 kg Fe

Collimator
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Prompt photofission neutrons isolated via spectroscopy

Detector insensitive to 
gammas – no PSD 
analysis needed!
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Optimization of uranium-lead discrimination
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Spectral discrimination over time

Using the spectral ratio, Pb and 
DU are distinguishable with >3σ 
separation within minutes of 
irradiation.
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Conclusion

Nuclear security and nonproliferation continue to be a major challenge 
that continues to drive technological innovation in nuclear 
instrumentation and nuclear analytical methods. 

Compact accelerators play a critical role in supporting those applications. 

dual-particle multiple-monoenergetic radiography 

neutron die-away and delayed neutrons 

detection of photofission


