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Background

The FIND System
The Field-deployable Imaging Neutron Detector (FIND):
• Lightweight (24 kg) double scattering neutron detector.
• Designed for use by homeland security agents in locating rogue
nuclear sources.

• Consists of two 3 × 3 arrays of stilbene scintillators and silicon
photomultiplier.
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Double Scatter Technique

When a neutron n-p scatters within the scintillator material it deposits
energy in the form of light, which are then measured by the photo
multipliers.
From these two energy measurement (E1 and E2 ) as well as the time of
flight, FIND calculates the incident energy (En ) and the angle between
the incident trajectory and the scattered trajectory (φ̄).
φ̄ can have any orientation around the scattered trajectory.
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Back-Projection
• System calculates an angle φ
• Neutron must originate on the
cone with half angle φ.
• FIND projects these cones into
an image plane as event circles
(back-projection).
• FIND’s image plane consists of
26 × 20 pixels.
• Multiple event circles should intersect
around the neutron’s origin.
• Over many events and many
back-projections a distribution is
generated on the image plane.
• Current model uses a likelihood
response map to increase sharpness
of distribution.
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Limitations
Pure back-projection of neutron data has some notable limitations:
• Multiple nearby neutron sources appear as one source.
• Distributed sources appear less defined.

A way to alleviate this problem would be to implement a new imaging
algorithm that can resolve these more complex sources.
The objective of this thesis was to implement one such algorithm: the
Maximum Likelihood Expectation Maximisation (MLEM).
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Principles of MLEM

MLEM
MLEM is an iterative reconstruction algorithm
The List-Mode MLEM formula:
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• Index i is a particular event/event circle.
• Index j is a particular image pixel.
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• ij is the set of event circles that intersect pixel j.
• ji is the set of pixels that are intersected by event
circle i.
• tij is the probability of event i coming from neutron
at pixel j.
• sj is the sensitivity function.
• λnj is the distribution value of pixel j for iteration n.
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Example

• A = Back-Projection (0 iterations)
• B = 2 iterations
• C = 10 iterations
• D = 40 iterations
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Probability (tij )
Neutron (E , r )
n n
Source

Image Plane

i = (E1, r1, E2, r2)
j = (rn)

Event Circle
So

S0 = |rn - r1|
Sc = |r1 - r2|

ϕ
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d1

h

ds1

Σ = Macroscopic scattering
cross-section of the
stilbene scintilator.

Sc
ds2
(E2, r2)

Probability neutron
from pixel j is
emitted towards the
first scintillator of
event i

Probability
neutron deposits
energy Ep in first
scintillator.

Probability neutron
scatters at depth d1 in
first scintillator.
(Beer-Lambert Law).

Probability neutron
scatters towards the
2nd scintillator of
event i.

Probability neutron
scatters at depth ds2 in
second scintillator.

Probability neutron
deposits energy E2
in second
scintillator.
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Probability (Simplification)
If tij = wui vij :
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• Sc , En , E1 , and E2 only depend on i
• φ̄ is constant over j  i

• d1 , ds1 , ds2 , and h are constant
• Only So depends on i and j.
So our MLEM equation can be simplified all the way down to:
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Sensitivity Function (sj )
sj :

tij :

The probability that a neutron emitted
from pixel j will be double scatter in
any pair of scintillators.

The probability that a neutron emitted from pixel j will be double scatter
in a particular pair of scintillators as defined by event i.

Therefore:
sj =
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where s1 and s2 is the sum over the positions of each front and back
layer scintillator respectively.
• Sensitivity Function for source at 300 cm: ∼ 10−7
• Emission rate for neutron source (252 Cf): ∼ 108 emissions/sec
• Samples rate for FIND: ∼ 10 events/sec
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Implementation and Results

Results
Centered Neutron Source

Pure BackProjections

Likelihood
Imaging

1 Iteration pf
MLEM

3 Iterations

7 Iterations

1 Iteration of
MLEM

3 Iterations

7 Iterations

Off-Axis Neutron Source

Pure BackProjection

Likelihood
Imaging

• Values under 10% of the maximum are set to white.
• Each iteration takes roughly 30 sec. to compute.
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