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Special Nuclear Material - detection/imaging 1 &

emergency
response

& 0
PR AT

Arms control treaty verification

SNM characterization/imaging
= Material properties
= Mass, multiplication, isotopics

= High resolution required

= Fine detector segmentation

= Multiple or extended sources




Summary ) e,

= What’s so special about special nuclear material (SNM)?

= Characterization of SNM
= What signatures can be used?
= Neutrons: slow and fast.
= Correlated Timing
= 3D imaging
= Warhead confirmation for verification of treaty compliance
= Challenge problem
= Authentication vs. Certification
= Comparison measurements

= CONfirmation using a Fast-neutron Imaging Detector with Anti-image
NULL-positive Time Encoding (CONFIDANTE)



Nuclear Material? )

As defined by the IAEA:
Nuclear Material — metals uranium, plutonium, and thorium in any form.

Special Nuclear (fissile) Material — U-233, U-235, Pu-239

Source Material — everything that is not special
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What’s so special?
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Where can | get some? ) .

The Neutron Fission Cross Sections
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Can | make it?

The Passive Neutron Signatures

Spontaneous Spontaneous Induced Thermal
Isotope Half Life Fission Yield | Fission Multiplicity | Fission Multiplicity
(n/s-kq) v v

2321 717 yr 1,300 1.71 3.13

::3 ::;'g::: gﬁz There isn’t natural Plutonium to |

== Ty s be found, but ...
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238py B7.7 yr 2 59 x 108 T,,=235min o U B*—~

2Py (241 X 104 yT > 218 h e

240py 6.56 X 102 yr 1.02 x 108 T, =2.35days aNp  Be—

241py 14.35 yr 50 + A

242py 376 x 105 yr 1.72 x 108 T, =244x10%yrs (5 Pu

24Cm 18.1yr 1.08 x 1010

2520 265 yr 2.34x 10" — | —_—

Ref: “Panda Book™, values with * have significant uncertainty
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Little Boy
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Highly Enriched Uranium (HEU) - >20% U-235
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Fat Man ) i

Weapons Grade Plutonium (WGPu) - >93% Pu-239




Current Methods
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Measurable Unique Signatures of Fissile Material

1. Radiography
= Geometry
2. Gamma spectrum

= |sotopic content

3. Total neutron rate

= Assay of the contents of specific materials

Correlated counts

= Multiplicity analysis (singles, doubles, triples):
fission rate, multiplication, (&, n) component

= Relative multiplication:
= Rossi-alpha distribution
= Feynman variance technique

0
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Plutonium Scrap Multiplicity
Counter, used for accurate
assays of plutonium metal,
oxide, mixed oxide, or scrap
(LANL PANDA Manual ).
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Special Nuclear Material Detection

Gamma-rays Neutrons
Isotope Energy Activity Spontaneous
(keV) (y/g-s) Isotope | HalfLife | Fission Yield
234 1209 9.35 x 10 (n/s-kg)
- 1438 840 x 105~ 321 71T yr 1,300
1857 432x10t~ 20 159x108yr (086 __D
238 766 4 257 x 107 234 2.45x 105 yr 502
1001.0 7.34 x 10 23] Toax iy & 025 >
238py 1921 9.90 X 10° 26y | 234x108yr 5.49
766.4 1.387 X 10° T T =
2p 1293 1436 X 100~ — = :
u 413.7 3416 x 1 Np 214 x 108 yr 0.114
452 3.80 x 106 238py B7.7 yr 259 x 108
240Py 160.3 3.37 x 104 23%Py 241x100yr K 218 O
642.5 1.044 x 10 240py 6.56 X 105 yr 1.02 x 108
241py 148.6 7.15x 108
208.0 2.041 x 107
595 4.54 x 1010
241
= 125.3 516 x 108




Special Nuclear Material Detection — why neutrons? () i,

Laboratories
Paper  Thin aluminum plate Lead plate Water and paraffin

Alpha ray | 1
]
Ya

Beta ray
« IR

Gamma ray
S
. . Neutron
The Passive Gamma-Ray Signatures 9
Ene Activi Mean Free Path (mm R
jsatope rgy ty _ (mm)
(keV) (v/g-s) (High-Z, p) (Low-Z, o)
234y 120.9 9.35 x 10 0.23 69 www.remnet jp
. 1438 840x10° }~ 036 N 73
1857 43210 PN 069 __~ 80
28y 766.4 2,57 x 101 10.0 139
1001.0 7.34 x 101 13.3 159
28py 152.7 5.90 x 10° 0.40 75
766.4 1.387 x 10° 95 139
29p 129.3 1436 x10° ¢~ 027 N 71
u 4137 3416x10¢ N 37 A 106
452 3.80x 100 0.07 25
240Py 160.3 3.37 x 10% 0.45 76
6425 1044 x 102 74 127
241py 148.6 7.15x 108 0.37 74
208.0 2.041 x 107 0.86 83
241Am 59.5 4.54 x 1010 0.14 38
125.3 5.16 x 10° 0.26 70

These materials are dense;

self-shielding is not negligible

Ref: "Ponda Book™



Current Methods )
Drawbacks and Limitations

1. Geometry/Radiography

« Insensitive to element/isotope type
Poor penetration

2. Gamma spectrum
«  Attenuation and self-shielding

3. Total neutron rate

«  Spontaneous & induced fission and (a,n)
sources are indistinguishable

4. Correlated counts

« Requires high efficiency, necessitates large
detection system

«  Efficiency has to be well known

«  Detector lifetime of 10-30 us is long
compared to fission chain processes

« Neutron energy information is lost due to
moderation

5 He-3 based
technologies




Thermal Neutron Detection

n+3He —3H + 'H + 0.764 MeV

* High thermal cross section
(efficiency) n+19B — 7Li+ a + 2.31 MeV

* High Q-value (discrimination)
n+%Li—3H+a+4.78 MeV

Taken from ENDF database
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Feynman-Y Approach

= Measures correlated counts in a
fixed gate

= Fission chains create variance in
excess of Poisson distribution
1ty

U

= ¢?:variance

" U:mean

Frequency (per event)

Feynman-Y

> Measurement =—Poisson

Coincidence Gate: 1024 us

0 10 20 30 40 50 60 70
Multiplicity

4.5 kg Pu sphere in 7.6 cm poly
0 T T T T

0 500 1000 1500 2000

Coincidence Gate (us)

Figures courtesy of John Mattingly:
http://web.ornl.gov/sci/nsed/outreach/pres
entation/2011/Mattingly.pdf
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Motivation for using
correlated timing
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= Multiplicity analysis requires:
1. High efficiency

2. Strong knowledge of the efficiency

a) Distance to the source.

. | :
. Foisson
hl

3 Data

b) Room return.

|
1E05 1+

c) Neutron energy spectrum.

3.Properties of neutron emitting material
(multiplicity, cross sections, etc.)

a) Isotopics — nu bar

b)(alpha, n) —uncorrelated singles

= We focus on fast fission chain timing:

1. Can be low efficiency

2. Does not require knowledge of that
efficiency —_—

-1 01 2 35 7T %8 1112 15 17 18

3. Can statistically identify the contributions 0z 4 8 8 Wz W
due to spontaneous fission/(alpha, n) and
fission chains.




Fast Neutron Detection - Elastic ) .

Deposited Neutron Energy

44
— 2
/ E,= CEWNE (cos® B)E,
Incoming neutron E,
> ————m———————-
J
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Pulse Shape Discrimination )

Pulse Shape Dependence on Bayesian Probability Map
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Figure from Glenn Knoll Radiation Detection &
Measurement 3 Edition




Multiplicity 2 correlation rh)

& . & -

ENERGY Gamma rays

Parent

(unstable) ‘J-J\"N

Neutrons

Daughters ‘\/\,‘/‘

« Neutrons and gamma-rays are emitted nearly simultaneously during the

fission process.
*  Minimum multiplicity equals two:

1.

2.

3.

Gamma-gamma: great for timing, but a lot of detector cross talk and
uncorrelated background.

Neutron-neutron: without event by event energy, expected correlated
timing is spread on the order of the spread in fission chain dynamics.
Gamma-neutron: gamma starts precise clock, neutron creates certainty
that fission has taken place (also more penetrating).




Neutron-Gamma Time Correlation @i
Aty =R, |- B} At
7;;—]/ n ZEnO C flthP\
Detectors ’," '? .
14 Time of arrival Time-of-flight Time difference
difference difference between
n i betweeny and |betweeny and |fissionsina
neutron neutron chain
| d i Measured Estimated Signature
\\ : /I
\ i /
Observed: \\ M ,,"
Y m 1 >
Ep <E, Atn’y —d E — E < ATfoz
proton f
recoil
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Neutron-Gamma Correlation — Fission Cha?r‘i

Time difference
between fission

Detectors ) .
€ Spontaneous Fission events in a chain
I Induced Fission /

/?Atn_y - Atp = ATf1.f2
Measured time
difference Estimated travel
L | between y and n time difference
' d ' between neutron

and gamma

ATfl:fz >0if 1=v&f,=n

ATfoz <0 lf fl = Tl&fz =Yy
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Correlated Radiation Signatures - Stilbene Arr3y.

Computer/digitizer Stilbene array

arbitrary units

102

Beryllium Reflected Plutonium (BeRP) ball
in a 1” shell of High Density Polyethylene

Timing distributions for the bare
and moderated BeRP ball

0 20 40 60 80 100
TOF corrected neutron-gamma time (ns)

99% True Positive,
1% False Positive:
8 seconds




Measured (At,,_, — At,) Distributions ) i

Laboratories
10!
= gxEmll - Non-fissile fission source
3 k//
R Fissile material
=4 4
,~ (BeRP ball, M =4.4)
/,,
1073 L i H . H n__ : ,l
—40 —20 0 20 40 60 80 100 V4
Btngy = Aiglna] 107! . .
— Pufit
1 Cf-252 1 1
= Moderated Fissile
3 material
(BeRP ball, M = 7.7)
P4 II
/
/
/
107% ; i /
G0 80 100 /
AT},  can discriminate: T /
f1:f.2 _ o . ¥ [— Pu+HDPEf
1. Fissile vs. fissionable 1 cr2s2
. . . . . . " [ Pu+ HDPE (M=7.7)
2. Fissile, different multiplications . N
3. Moderated vs. reflected or bare E
Simple fission chain models fit the
distribution well! T

i i 1 A TN AV
20 40 0] 80 100




v-n timing + better energy estimate (@i,
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MINER: the Mobile
Imager of Neutrons
for Emergency
Response

16 independent
3"x3” EJ-309
liquid scintillator
cells



(At,—y — Atgpo) Distributions ) .,

Cf-252 Simulation

10°
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Y-n-n 3-D reconstruction ) 5,

| Double scattered neutron:
1. Energy (or velocity) of the incident neutron

— /ZE + dn
Un— pmn Atnolnl

2. Cone of possible source locations

En,

2 _
cos” Oy, = 5
No

Correlated gamma:
Distance to the source _ Ry, R,

e n, (constrained by conical surface) Atn—y PR

_ c?Atvy —dvip + JVE(c2(At2vE — 2dv,ult + d?) + v2d2(u? — 1))

n=—

cZ — 2

where




Y-n-n 3-D reconstruction — single event ()i

Laboratories

Single correlated event back-projection

CUPRE




Y-n-n 3-D reconstruction i)

Laboratories

Very preliminary results
(Stochastic Origins Ensemble Reconstruction (SOE)),
Two Cf-252 fission sources, 50 & 60 cm from MINER

75°

60°

“top down” view

90°

0.054
II(1048

10.042
=

w

10.036 §

+t

£

-75° 10.030 &
: 180° 0 3

2D angular view 0,024 2
(]

N

10.018 2

5

c

0.012

0.006

0.000

270°




vY-n-n 3-D reconstruction )

Stochastic Origin Ensemble Reconstruction
(~10,000 events with MINER, Cf-252 at 50cm and 60 cm)

/O/,e/.

% g 2 _ Enl

/,) cos“0,, = I

i K2 "

- +
R, R,
At,_, = — ——
tn-y v, ¢
 Enables 3-D

reconstruction.

« Can be achieved with
. a single view when
accessibility and/or
time is an issue.




Conclusions )

= Special Nuclear Material can be characterized by fast (ns)
timing of correlated gammas and neutrons.

= This can be used to determine:

1. Geometry (both imaged and through mass-multiplication relation)
2. Multiplication

3. Fissile mass

4. Presence and nature of surrounding reflectors/moderators

=  \We have demonstrated that the determination of

multiplication and the 3-D imaging of SNM is possible using
this signature.
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Certification vs. Authentication: ) B
It’s not just for hardware

Certification — the process by which a host
party gains confidence that sensitive
information regarding an entity or facility
remains secure.

Authentication - the process by which a
monitoring party gains confidence that
reported characteristics of an entity reflect the
true state of that entity

34




Challenge problem )

= The inspecting party has or had access to measure item T, which is
known to be a valid type 1 treaty accountable item (TAI) through
some other mechanism.

30cm
Pretendium HDPE

Object T = valid
type 1 TAI 35




Challenge problem )

The inspecting party has or had access to measure item T, which is
known to be a valid type 1 TAl through some other mechanism.

In the course of an inspection, the host presents item X and declares
it as a type 1 TAI

ltem X should pass the verification measurement if it is a type 1 TAl,
and fail if it is significantly different.

10cm 10cm

30cm 1 30cm
Pretendium HDPE Pretendium HDPE
Object T = valid Object X =7
type 1 TAI

36




Challenge problem )

= The inspecting party has or had access to measure item T, which is
known to be a valid type 1 TAl through some other mechanism.

= |n the course of an inspection, the host presents item X and declares
it as a type 1 TAI

= |tem X should pass the verification measurement if it is a type 1 TAl,
and fail if it is significantly different.

= The host must be confident that the inspector has not learned the
diameter d of the pretendium in item X, or any type 1 TAI

E ~8 kg HDPE IBE i ~8 kg HDPE IBE

ElOcm i ilOcm i

| S S

: 30cm y I i 30cm ) i

E Pretendium HDPE : i Pretendium HDPE :
Object T = valid Object X =7

type 1 TAI 37




Templates - generation )

= We could generate a template behind an information barrier (IB) ...

R

-

Object T = valid
type 1 TAI 38




Templates - authentication )

= Authenticate equipment ...

ObjectZ="7




Templates - comparison )

= Make comparison measurement...

Object X =7




Templates — who measures? ) .

=  Who makes the measurement? Is the measurement itself
authenticatable?

« The nature of this black/red : ~8 kg HDPE i
boundary determines whether the i
host or inspector makes the . i

measurement. &
« This is where most of the effort has L
gone.
« At worst, the template forcesthe |-
entire device and measurement to Object X =?

be behind an IB. a1




Proposal — comparison measuremenis

aboratories

Can we compare two objects directly without generating a template?
If one object is T, then X is confirmed as a type 1 TAI.
If neither object is T, then they are confirmed to be identical, but not T.

If multiple object comparisons are confirmed and even one is T, then
all objects are confirmed as type 1 TAls.

Object T = valid Object X =7
type 1 TAI 42




Sandia

Proposal — CONOPS and Inspector choicé® .

= Presented with N objects and k comparison measurements will be made.

Probability of being selected (if random) =
1 — (1 . %)Zk

o | ’i |

E o : If T is one of the objects, then even if neither X nor
i ":; i T are selected, there was a chance for both to
e i have been selected with probability =

(1-(-5™)

providing some degree of confidence 43



Proposal — comparison measuremerts.

Sandia

Is there a physical implementation of the confirmation measurement
that the inspector can watch and authenticate?

It would be great if we could get a physical NULL as an indication of
positive confirmation at all times, even during the measurement.

Object T = valid Object X =7
type 1 TAI 44




Proposal — complementary comparison .

= What we need is to turn one image into the complement of the other
at all times.

Object T = valid Object X =7
type 1 TAI 45




Ok, but how? ... h) e

=  Oneimage is the complement of the other at all times.

~8 kg HDPE

+ < 20cm

10em ~12.3kgPn '2cm

M‘W

10cm

30 cm \ 30cm

Pretendium HDPE Pretendium HDPE




2D Time-encoded Imaging (TEI) ) .

Single pixel rate is

o mwro | Modulated by the
coded 030 , , . . '
mask 14 .9 hr mask as it rotates.
o= ~35 uCi Cf-252 @ 2.5 P/ |
Slngle %0,20
1"D x 17 :

0.05
0

Modulation pattern is unfolded to 2-D image

elelelele)

Arb. Binidxin [-1 m,1 m]
BHWN -

0 50 100 150 200 250 300 350

azimuth Sdegreesz7
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TEI-2D imaging — two point sources

Two 1.4e5 n/s 2°2Cf point sources at
2.0 meters stand-off.

5 degree separationin 1 hour
(50 mlem iterations)

vertcal position (cm)
| I

2 degree separation in 24 hours
(250 mlem iterations)

vertcal position (cm)
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TEI-2D imaging — extended sources

A single 1.4e5 n/s 252Cf source move =
through an extended pattern at 2 m. ‘:
5,

72 hours % o

(100 mlem iterations) §

B8 B

B 8 & & 2

-
(=]

94 hours
(100 mlem iterations)

vertcal position (cm)
| | ]
2 8 8 a3 o

a
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2D TEIl — confirmation measurementg?a:.

 TEl is simple

2-d 1. Only one instrumented channel.
coded 2. Minimal calibration issues
mask a) Information encoded in the
relative rate of a single
Single detector.
1"Dx 1” b) Absolute gain doesn’t matter.
LS pixel c) Gain can drift over time.

3. Potential real-time analysis
a) Single data stream.
b) Events can be processed
one at a time and update a
test statistic.

« Can we design a TEI confirmation
system such that the detection
rates can be monitored by an
inspector without putting sensitive
information at risk?

50



Here’s where the magic happens ... .

If the mask is designed such that one side is the anti-mask of the other,
then TAIl #2 projects the anti-image of TAI #1 at all times
if and only if they are identical!

Mask
Detector

pixel

TAl #1

~8 kg HDPE
HOPE

~8 kg HOPE |
HOPE

Pretendium
Pretendium

S

Anti-mask

51




Fraction of Signal
from Each Source

A very simple example

Ta

Sandia
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For example, take a very
simple mask: half mask,
half aperture.

The fraction of total count
rate coming from A and B
is unknown at any given
angle.

In this example, the
location (and shape) of the
boundary between regions
is not revealed.
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Modeling results - Single type 1 TAI (5e5 courifs =

The system still functions TALT
as a standard TEI imager Nat s
for any single object. P {)

Pixel Counts Iso-Background plus Source

2 - _ |
5 £ = -
g1oo- K 5 20 [

- E L
10007 A | e

E E = 0.6

s00f-- & 7 o |

: = 0.4
800f ! oE
700 , =
7% l 20~

600

AR

500

% L S S
azimuthal position (deg)
7 Reconstructed Image (MLEM)

B At A I ATt
0 50 100 150 200 250 300 350
rotation Angle (deg)

9000

8000

7000

vertical position (cm}

6000

5000

4000

3000

2000

1000

-150 -100 -50 o 50 100 150
azimuthal position (deg)




Modeling results - Single type 1 TAI (2.5e5 co(inis).

This orientation provides
better discrimination
between objects T and F. o St

uuuuuuuuuu

TAIT

Pixel Gounts Iso-Background plus Source

)
b
.

e e
| Reconstructed Image (MLEM)
/ £
E 20
10

0 50 100 150 200 250 300 350 2
rotation Angle (deg) =
g




Modeling results — T vs. X (5e5 counts) ) teima_

True “null”-positive

. _ _ TAI T TAI X
confirmation comparison o
measurement between - -

|4 [+
two type 1 TAls. == I R, ) .
Pixel Counts Iso-Background plus Source
ga:m; | g 20| .
820j; - ; i;; - 7
200 I | | 1 o) E © — ®
— _— -
780 Joien 11 L 11k 1R Al o —
760 . ! iR\ : 1] ! 10 =
740 i E
/ -20 —
720% =
7 i
TOO/
6807/ Reconstructed Image (MLEM)
BB A A A A A A A A i A Ao h.‘
o] 50 100 150 200 250 300 350 1

vertical position (cm)

{I"k

rotation Angle (deg) ll
. I
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counts

s00H

7004

650

Modeling results — T vs. F (5e5 counts) ) teima_
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Single Test Statistic — Feynman Y rh) e,

Pixel Counts Measured Count Distribution
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Feynman Y Test Statistic — 1000 trials of 5e5 counts () &
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Modeling results — T vs. X (1000 trials of 5e5 counts)) .

Even after summing 1000

] TAIT TAI X
trials worth of data, there
isn’t much evidence that oy - -
sensitive informationis - e R 0
present. This must be
made more rigorous.
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Modeling results — T vs. X plus point source (8e5 coutgi,.
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Conclusions )

A properly designed two-dimensional time-encoded imager can:

1. Confirm that two objects are identical in a single
measurement with NULL (constant rate) indicating a positive
result.

2. Because a NULL (constant rate) is present at all times, the
inspecting party might be allowed full access to the
measurement and data.

3. The Feynman-Y test statistic can be updated to further
protect against sensitive information loss.

4. Canimage any third inspector provided object during the
confirmation measurement without revealing the first two

objects as an authentication measure. .
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Neutron Coincidence Counting )
Equations

1. S=FeMvs,;(1+ )

2. D= Fe'faM” [Vsz + (?) Vg1 (1 + “)Vizl

11

M-1
Vi1

M-1 2
[Vsz + ( ) [2v5,055 + V51 (1 + @)v3] + 3 ( ) V(1 + a)”izz

vi1—1

= F =spontaneous fission rate

= € =neutron detection efficiency

= M = neutron leakage multiplication,

= «a = (a,n) to spontaneous fission neutron ratio
= f;=doubles gate fraction

= fi=triples gate fraction

" Vgq,Vso, Vg3= factorial moments of the spontaneous fission neutron distribution
" Vjq, Vi, Vi3= factorial moments of the induced fission neutron distribution
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