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Introduction

Photoneutron production is not a unique concept, but intentional 
photoneutron production for applications have yet to be explored with 
the anticipated NNSS Scorpius electron linear accelerator1,2,3,4,5,6 

Photoneutrons can be produced using an electron linear accelerator 
quipped with a Bremsstrahlung target and a photoneutron converter2

Short pulse neutron sources can be used for neutron imaging 
applications of fast events such as dynamic experiments7,8,9,10
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Introduction - Photoneutron Physics
►Mechanism of photoneutron production 

■ Loss of energy by the electrons hitting a Bremsstrahlung 
target
●Photons are generated 

■ Photons interact with target nuclei causing instability 
resulting in neutron emission

Electron Beam

Bremsstrahlung Target 
and Photon Emission

Photonuclear Target 
and Neutron Emission
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Introduction – Neutron Imaging
►Neutron imaging, like x-ray imaging, is a radiographic 

testing method using neutrons11

►Neutron imaging is a non-destructive experimental 
method that enables viewing the inner structure of 
object of interest12

►Neutrons have high-penetration depth in metal and rock 
materials with high-sensitivity to elements such as 
hydrogen and lithium12

Radiograph of a camera – neutrons (top) and x-rays (bottom)11
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Introduction – Research Questions
Can the neutrons produced from photonuclear reaction using a 20 MeV electron 
linear accelerator (Linac) be used to produce bimodal neutron and x-ray 
imaging?
Objectives:
1. Create computational model using MCNP6 code to analyze photoneutron 

production and predict neutron yield for experimental proof of concept.
2. Conduct measurements of neutrons at the Idaho State University’s 

Accelerator Center (IAC) using current mode neutron time-of-flight (nTOF) 
detectors. Compare the computational data with the experimental data.

3. Carry out proof of concept computational modeling using MCNP6 code of an 
object imaged by the neutrons produced by the photoneutron target.
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Objective 1
►Computational models in this study use a Monte Carlo code MCNP6

■ The code was developed by Los Alamos National Laboratory (LANL)16

■ Used to track particles through a system based on a series of inputs including material properties, 
cross-section libraries, source properties18

■ F2 tallies are the primary tallies for these simulations17:

F2 =
1
A�𝐴𝐴

𝑑𝑑𝑑𝑑�
𝐸𝐸
𝑑𝑑𝑑𝑑�

4𝜋𝜋
𝑑𝑑Ω 𝜙𝜙(𝑟𝑟𝑠𝑠,𝐸𝐸,Ω)
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Objective 1 – Proof of Concept Model Setup
►Cells

■ Bremsstrahlung Target
● 5/8 in x 5/8 in x 1/4 in
● Tungsten

■ Photoneutron Target
● 5/8 in x 5/8 in x (1/4-1 in)
● Tungsten and Depleted Uranium (DU)

►Tallies
■ F2 tally on target surfaces facing away from the source
■ Units: particles/cm2/source electron

►20 MeV electron point source that moves along y-axis
►Mode (N P E) – the model tracks neutrons, photons, and electrons

■ Photonuclear physics is turned on for this computation
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Objective 1 – Preliminary Results - Photons
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►F2 tally at the Bremsstrahlung 
target’s surface

►Shows average photon flux at 
each energy bin per a single 
source electron

Photopeak observed at 511 keV
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Objective 1 – Preliminary Results - Neutrons

0.75 in thickness is observed to yield the most neutrons for both materials
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Objective 1 – Preliminary Results - Tabulated

Material 𝐓𝐓𝐓𝐓𝐓𝐓𝐓𝐓𝐓𝐓𝐓𝐓𝐓𝐓𝐓𝐓𝐓𝐓 (𝐢𝐢𝐢𝐢) 𝐓𝐓𝐓𝐓𝐓𝐓𝐓𝐓𝐓𝐓 𝐒𝐒𝐒𝐒𝐒𝐒𝐒𝐒𝐒𝐒𝐒𝐒𝐒𝐒 𝐅𝐅𝐅𝐅𝐅𝐅𝐅𝐅
𝒏𝒏𝒏𝒏𝒏𝒏𝒏𝒏𝒏𝒏𝒏𝒏𝒏𝒏𝒏𝒏

𝐜𝐜𝐦𝐦𝟐𝟐

𝐞𝐞𝐞𝐞𝐞𝐞𝐞𝐞𝐞𝐞𝐞𝐞𝐞𝐞𝐞𝐞

Total Error (%)

Tungsten 0.25 3.70 × 10−5 0.53
0.50 4.86 × 10−5 0.38
𝟎𝟎.𝟕𝟕𝟕𝟕 𝟓𝟓.𝟏𝟏𝟏𝟏 × 𝟏𝟏𝟏𝟏−𝟓𝟓 0.34
1.00 4.94 × 10−5 0.31

Depleted 
Uranium

0.25 7.09 × 10−5 0.3
0.50 9.97 × 10−5 0.51
𝟎𝟎.𝟕𝟕𝟕𝟕 𝟏𝟏.𝟎𝟎𝟎𝟎 × 𝟏𝟏𝟏𝟏−𝟒𝟒 0.22
1.00 1.03 × 10−4 0.22

Total neutron surface flux drops between 0.75 in and 1 in thickness
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Objective 1 – ISU IAC Model Setup

►Surfaces
■ Room contains concrete walls, collimator, 

targets, detectors, and air
■ Bremsstrahlung Target

● 1/10th in thick
● Tungsten

■ Photoneutron Target
● ¾ in thick, 252 in away from Bremsstrahlung 

target
● Tungsten

►Same source, mode, and physics 
as proof-of-concept model
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Objective 1 – ISU IAC Model Setup
►Tallies

■ F2 tally taken at photoneutron target facing away 
from the source

■ F4 tally taken at four detector cells
● Detector cells filled with air
● Detectors surrounded by a cell filled with lead
● Lead surrounded by a cell filled with polyethylene
● Detectors are 94 in away from the photoneutron target
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Objective 1 – Preliminary Results – ISU Setup
Material Thickness 

(in)
Total Surface 

Flux 
(neutrons/cm2

/electron)

Total Error 
(%)

Tungsten 0.75 2.08 x 10-8 1.62

Estimated neutrons/pulse
Given I=25A, dt = 100 ps, f = 60 Hz19

𝑒𝑒−

𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
=  25

𝐶𝐶
𝑠𝑠

 𝑥𝑥
1𝑥𝑥10−10𝑠𝑠
𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

 𝑥𝑥 1.609 𝑥𝑥10−19
𝑒𝑒−

𝐶𝐶
For neutrons:

𝑛𝑛
𝑐𝑐𝑚𝑚2

𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
= 4.03𝑥𝑥1010 𝑒𝑒−

𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
2.08𝑥𝑥10−8 𝑛𝑛

𝑐𝑐𝑚𝑚2
𝑒𝑒−

=
838 𝑛𝑛

𝑐𝑐𝑚𝑚2

𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
 

50294 neutrons/cm2/s generated at target surface
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Objective 2
►Since the neutron energies are anticipated to be less than 100 MeV, time of 

arrival to detectors can be estimated assuming non-relativistic neutrons:

𝐸𝐸𝑛𝑛 =
1
2
𝑚𝑚𝑛𝑛𝑣𝑣𝑛𝑛2

■Rearranging the equation in terms of time:

𝑡𝑡 = 𝑅𝑅𝑛𝑛
𝑚𝑚𝑛𝑛

2𝐸𝐸𝑛𝑛

1
2
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Objective 2 – Measurement Setup (A)

PN Target

4 nTOF 
Detectors

►Target and detectors setup in the 
detector hall

►Detectors are shielded with lead and 
polyethylene to shield them from 
gamma rays
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Objective 2 – Measurement Setup (B)
►Photoneutron target setup in the accelerator hall 

(top)
►Detector array setup in the detector hall by the 

collimator (bottom)
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Objective 2 – Preliminary Results

Potential neutron candidates at 300 - 400 ns
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Objective 3
►Additional work is needed for this objective and will start upon completion of 

the objective one and objective two
■ This model will follow a similar concept to the model of the ISU IAC
■ French Test Object (FTO) will be added into the fold for imaging
■ Collimation for the neutrons
■ Imaging detectors will be accounted for and radiography tallies will be used 
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Proposed Timeline
Objectives Subtasks Month Year

Literature Review Literature Review Ongoing 2023-2024

Objective 1 - Computational Model

Proof of Concept Computational Model - 4 MeV May 2023
Proof of Concept Computational Model - 20 MeV May 2024

ISU/IAC Predictive Model July 2024
ISU/IAC Revised Model August 2024

Objective 2 - Experiments

Proof of Concept Measurement - 4 MeV June 2023
ISU/IAC Measurement Campaign 1 - 20 MeV March 2024
ISU/IAC Measurement Campaign 2 - 20 MeV August 2024

nTOF Data Analysis August/September 2024
Model and Experiment Comparison August/September 2024

Objective 3 - Neutron Imaging Model Computational Imaging Model Developed September/October 2024

Miscellaneous

2023 NNSS Detectors Workshop Presentation May 2023
2024 NNSS Detectors Workshop Presentation May 2024

CAARI-SNEAP 2024 Invited Speaker Presentation July 2024
Paper 1 - Computation Model In Progress 2024

Paper 2 - Neutron Measurements (co-author) In Progress 2024
Paper 3 - Neutron Imaging Using Photoneutrons November 2024

Dissertation Defense November 2024
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Course Completion

• Completed 9/9 required 
course credits

• Completed 12/12 elective 
course credits

• Completed 9/18 dissertation 
credits – enrolled for an 
additional 9 Fall 2024
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