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Motivation

Nuclear Non-proliferation and
International Safeguards

• Continuous surveillance and accounting of

sources within a storage vault or vessel
• Search for undeclared sources in an access

restricted setting
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Monzano Alarm and Nuclear Material Consolidation Project

Treaty and Disarmament Verification
• Counting warheads instead of delivery

vehicles (upgrading New Start)
• Verify Russian ICBMs are not MIRVs
• Verify SNM is separated from high explosives
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Cylindrical, Time-Encoded Imaging

• A detector is placed in the interior of a cylindrical mask

with open and closed elements

• As the mask rotates, the count rate observed by the detector

is modulated in time

• Temporal analog to spatial coded aperture
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Adaptive Imaging
• Leverage collected data to inform where to collect next set of data

• Angular resolution is geometry dependent

• Moving the detector changes the Experimental Data

angular resolution

• Protocol
• Conventional: Collect data at

center for 100% of allotted time
• Adaptive: Collect data at center

for 10% of total time (initial data)
and at "best" position(s) for
remaining 90% of allotted time

• Task: Best angular resolution
• Proxy: Cramer-Rao lower bound

• No cost to moving detector

• Raw digitized pulses

Adaptive Imaging

• Detector position

Reconstruction

• MLEM

Update Algorithm

• Task: Best angular

resolution



Proxy for Angular Resolution: Cramer Rao
0.4

• The Cramer Rao lower bound (CRLB) provides a lower bound on the 035

variance of an unbiased estimator
• Independent of reconstruction method, only dependent on the

assumed source distribution, background, and system response

• Intuition: The "sharper" the likelihood function, the easier it is

to estimate the parameter(s) of interest
• Measures sharpness via curvature (second derivative)

• Find CRLB for all candidate detector positions based on initial data
from the center and move to the one with the smallest CRLB value

• Unknown parameters
• Source strength, source position, background
• Estimate via maximum likelihood (ML)
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Example: Single Point Source Initial Scan
• Source: 1.85 mCi Cf-252 at (180°, 90cm)

• Subsampled to 96.0 [iCi
• Total measurement time: 15 minutes

• Collect neutron data with 2" Stilbene at

center (10% of total time)

• Estimate unknowns
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• Create CRLB map using ML estimates

• Black points: candidate detector positions

• Red point: detector position with lowest

CRLB

• Move detector and collect next set of data

(90% of total time)
xio, Image from Initial Scan CRLB Map
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Example: Single Point Source — Comparison
• Conventional: 100% of allotted time with detector

at the center
• Adaptive: 10% of allotted time with detector at

center and 90% with detector at (12, 0) cm

• Measured counts decrease because of inverse

square effects
• Angular resolution improved —25% in line with

CRLB predictions
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Two Point Sources Initial Scan
• Source: Two 1.85 mCi Cf-252

• At (175°, 90cm) & (185°, 90cm)
• Subsampled to 48.0 pCi each
• Total measurement time: 15 minutes

• Estimate unknowns from initial scan

assuming two sources
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• Utility function for combining CRLBs for

each source
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Two Point Sources Comparison
• After 25,000 neutron counts, the conventional system fails to resolve two equal intensity point

sources separated by 10°.
• In the adaptive imaging case, the two sources are clearly resolved.
• Adaptive detector movements lead to better angular resolution.
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Demonstration using Special Nuclear Material
• Conducted a 4-day measurement campaign at Idaho National Lab in June 2019
• Experiment setup includes 16 high Pu-240 content plates and MOX fuel pins

• Complex arrangement of sources: point sources, two point sources nearby, extended

sources, different radial distances, and large activity differences
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Special thanks to David Chichester, Jay Hix, Scott Thompson, and the entire team at INL that made this
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x108
1.35

Demonstration using SNIVI
• Conventional c-TEI

• 1" CLLBC crystal

• 250-450 keV gammas

• T = 36.7 minutes
• -VOX source is 10x times

hotter than all other sources
• Cannot resolve two point

sources

• Cannot estimate radial

distance to sources

15 
x107

5

Slice at 140cm
250-450 keV Gammas
Cy = 4.4e+05
T = 36.7 minutes
MLEM iter.: 200

A__ _A]
60 120 180 240 300
Source Azimuthal Position [deg]

360

Slice at 90cm
250-450 keV Gammas
Cy = 4.4e+05
T = 36.7 minutes
MLEM iter.: 200

60 120 180 240 300 360

Source Azimuthal Position [deg]

50
0

1.3

:A 1.25

1.05

Slice at 180°
250-450 keV Gammas

Cy = 4.4e+05
T = 36.7 minutes
MLEM iter.: 200 -

150 

250-150
=

T = 36.7 
MLEM iter

75 100 125 150 175
Source Radial Distance [cm]

. A rt.]. .t 1]..t

u.tcs
200

200

60 120 180 240 300 360
Source Azimuthal Position [deg]

10`

15

5

Linear Scale 11



1.35 
x 108

Demonstration using SNIVI
• Conventional c-TEI
• 1" CLLBC crystal
• 250-450 keV gammas

• T = 36.7 minutes
• -VOX source is 10x times

hotter than all other sources

• Cannot resolve two point

sources

• Cannot estimate radial

distance to sources
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3.5 
x108

Demonstration using SNIVI
• Adaptive c-TEI

• Resolved two point sources
• Ability to provide distance

to source estimates
• 22 detector positions (red)

were arbitrarily chosen for

this reconstruction
19
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3.5 x106

Demonstration using SNIVI
• Adaptive c-TEI

• Resolved two point sources
• Ability to provide distance

to source estimates
• 22 detector positions (red)

were arbitrarily chosen for

this reconstruction
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Comparison
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Conclusions
• Devised an adaptive imaging algorithm to reconstruct higher resolution images
• Laboratory experiments showed improved angular resolution

• CRLB indicates —20% gain for point source and —40% for two point sources
• Demonstrated these benefits by imaging a complex arrangement of SNM at INL

Future Work
• Expand CRLB based algorithm to include multiple point sources and sequential detector

movements
• Incorporate optimization for time spent at each detector position
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More on Cramer Rao Lower Bound
Unknowns: source strength, source position, and

background
Ns: Number of sources

ND: Number of detector positions

NO,d: Number of observations at detector position d

No = EL1NO,d: Total number of observations

a: Ns x 1 vector of source strengths
cit: Ns X 1 vector of source positions

b: ND X 1 vector of backgrounds for each detector position

- Background is treated as constant for all observations at a

given detector position

t: ND X 1 vector of measurement times for each detector
position

Measurement time is held constant for all observations at a

given detector position

yd: No,d X 1 vector of observations at detector position d

Yd = gicr[l]A[: + lb[d]) t[d]

3,72' yTi AlT : No x 1 vector of observationsy = [
= [aT b7]T

ln(f (ylt9')) = 721 yi ln(yi) — — ln(yi!)
r a2

1(e) = —E koaoTln(f (Y161'))]
1 (0) = zNi 0 (17" eT)(1 oTT) 

=1 T,

cr.t[d] a AP,4)[i]] .

a = cbUfit[d];a ai

aT
a cp 

= 

a 4) '
aYi
abd
a A[l,o[j]] A[ix p J-F6,0]-A[ixp J-00]

a p

C ov 0(6) > 1(0)-1

= t[d]



Theoretical Basis Alternative Explanation
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With Source Radius

• Resolution advantage from offsetting decreases as the source radius decreases

• Detector is offset to 11.25 cm
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Experimental Data C. Sosa, "The Importance of Light Collection

Efficiency in Radiation Detection Systerns That Use

Organic Scintillators", UM Thesis, 2018.

• Stilbene is a organic scintillator
• Coupled to photomultiplier tube (R6231-100-001)

• Sensitive to gamma rays and fast neutrons

• Pulse shape discrimination to separate the two

• DT5730, 2 ns sampling, 14 bit digitizer

• DT5533 0-1500 (neg) high voltage supply
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Bayesian PSD

• Replication of work by M. Monterial

• PSD via charge integration method

• Used Cf-252 data to find marginal probability
distributions
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Large and offset detector model (c TEI)

• Solution: break apart the mask and detector into
smaller elements and find the response for each
• Mask slices are thin such that they are planes

• Detector response found via simulations

• As a function of energy, particle, and mask material

• Modified ray tracing (no mask rotation necessary)
N d-1

o = As; A[: , j]= D[i]e-Amt'mt-

i=o

em (Om
Nm-1 tma[om (71D v

m=0 COS (Om (11Di) isj))

x

Ray 1
Ray 0

Ray 2

(x„, y„) —> (r„, 0„)

N. P. Shah, J. VanderZanden, and D. K. Wehe, "Design and Construction of a 1-D, Cylindrical, Dual-Particle,

Time-Encoded Imaging System," Nucl. Inst. Methods Phy. Res. A, 2019. 24



Position Dependent Angular Resolution (Offset)

• PSF is shift
variant

• Detector-to-
mask distance
changes with
source position

• Thick mask
elements distort
open elements

0.12

0.1

0.06

0.02

0.12

0.1

&c
0.08

:1
0.06

0.04

0.02

-Gamma
-Neutron

2.4 mCi Cf-252, 3m, 30 min
Gamma: 700784 (389.3 g/s)
Neutron: 226662 (125.9 n/s)
Gamma FWHM: 4.r
Neutron FWHM: 4.5°
100 MLEM iteratiom

100 200 300
Azimuthal Angle [deg]

0 
0

 Garnrna
-Neutron

2.4 rnCi Cf-252, 3rn, 30 min
Gamma: 742950 (412.8 g/s)
Neutron: 245344 (136.3 n/s)
Gamma MIMI: 17.2°
Neutron FWITM: 11.9°
100 MLEM iterations

135°

100 200 300
Azimuthal Angle [deg]

0.12

0.1

C.)
be

• 0.04

0.02

0.08

0.06

0.12

0.1

5, 0.08

;-; • 0.06

fg 0.04
*;

0.02

-Gamma
-Neutron

2.4 mCi Cf-252, 3m, 30 min
Gamma: 679167 (377.3 g/s)
Neutron: 218599 (121.4 n/s)
Gamma FWHM: 6.2°
Neutron FWHM: 5.5°
100 MLEM iteratiom

4

100 200 300
Azimuthal Angle [deg]

-Gamma
-Neutron

2.4 mCi Cf-252, 3m, 30 min
Gamma: 799396 (1332.3 g/s)
Neutron: 260096 (433.5 n/s)
Gamma FWHM: 18.3°
Neutron FWHM: 13.6°
100 MLEM iterations

100 200 300
Azimuthal Angle [deg]

0.12

0.1

g 0.08

0.06

j 0.04

0.02

40

35

?.)4
30

cr;
25

20

15

10
-180 -120 -60 0 60 120

Azimuthal Source Position [deg]

Ganiwa
-Neutron

2.4 mCi Cf-252, 3m, 30 min
Gamma: 689595 (383.1 g/s)
Neutron: 223232 (124 n/s)
Gamma Fwl-rm: 10.3°
Neutron FWHM: 8.5°
100 MLEM iterations

90°

100 200 300
Azimuthal Angle [deg]

180



. 0(y,Ak,A+1,5e) is application specific
• Tractable

• Constrain A vs include cost of moving to A+1

I*, Ak, A+1, X'‘\

) 

=

Task(y, Ak, A+1, 5e) + 13Cost(Ak, A+1)

• Algorithm? Brute force? ...

Tailoring the System Response

• Conventional: y = Ax; A is lc x Jc. Typically for MATADOR, lc = 360 and Jc = 360

• Adaptive: -v Ax; A is la x J a. Adaptive: la =?? and hi = Jc = 360

AD1,M1,1

• What row (or block) should we add to our system ADlymendy1response matrix to accomplish ... . 
AD2,m1,1

111+1 = argmin E(0(y,Ak,11+1,2)) 5'c SBP,FBP,MLEM,Other Pick
A-Fl(D,m,T)EA A' = [Ak; il+l] blocks
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i
[11 D end yMend y1
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