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Outline

Nuclear security and radiation detection

- What is SNM?

- SNM detection

- SNM detection/characterization challenges
Motivation for fission-energy neutron detection/imaging
Detector concepts and prototypes

- Gammas

- Multiplicity counters

- Fast neutron imagers
Explosives detection (Sweany)

- Materials identification by Resonant Attenuation.

- Future research and points of collaboration.
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Nuclear security Venn diagram

=

Special nuclear
material (SNM) is
the common
element.

o Detect

o Locate

o Characterize
Radiation detection
can help!

(1) Sandia National Laboratories




~ " National security Venn diagram

* Explosive material
is the common

clement.
o Detect
o Locate

o Characterize

* Where there is

SNM likely there

are explosives.

e Confirm
presence or
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Special Nuclear Material -
detection/char_acteriza tion

Cargo screening

SNM detection
= Presence/absence of SNM
= Low signal rate
- Need large area detectors!

= Low signal to background

- Need background
discrimination!

safeguards

s 1. q e e
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Arms control treaty verification

emergency
response

SNM characterization
= Imaging, mass, isotopics,
multiplication

m Presence/absence of
explosives
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Cargo screening

= Extremely challenging problem!
- Needle in a haystack
- Flow of commerce
- Potential for heavy shielding
- Background variations
= Primary screening, secondary, etc.

= Neutrons for weak source detection:
- Low background, very few benign neutron emitters.
- Fewer nuisance neutron alarms expected.

117! Sandia National Laboratories
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Safeguards

m |AEA and state driven.

m Heavy reliance on inspections, visual
surveillance, satellite imagery.

m Cherenkov imaging, densitometry,
calorimetry, gamma spectrometry,
multiplicity counters.

m Challenging environments — very high
radiation through shielding.



Emergency response

= Learn as much as possible, as quickly as possible,
about a package containing SNM.

= All information is potentially useful.

117! Sandia National Laboratories
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National Policy Foundation

2D
| U B REVIEW REPORAY

“...negotiate a new Strategic Arms Reduction
Treaty with the Russians this year. ... And this will
set the stage for further cuts, and we will seek to
include all nuclear weapons states in this
endeavor.”

President Obama, Remarks in Prague

April 2009

“Non-strategic nuclear weapons, together with the
non-deployed weapons of both sides, should be
included in any future reduction arrangements
between the United States and Russia.”

Nuclear Posture Review
April 6, 2010

“... the United States will seek to initiate, ...,
negotiations with the Russian Federation on an
agreement to address the disparity between the non-
strategic (tactical) nuclear weapons stockpiles of the
Russian Federation and of the United States and to
secure and reduce tactical nuclear weapons in a
verifiable manner; ...”

Senate Resolution of Ratification, New START Treaty

December 2010
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m Trust but verify

m Canonical example: warhead counting

m Warhead authentication

m Technical solutions that are just good
enough, but no better

To-KB/1118-1pub

Fig. 5. Loadout of a Peacekeeper missile obtained during the
F. E. Warren ficld mal. The open circles represent warhead
Ziock et al., 1991 NSS/MIC conf rec. locations.
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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

117! Sandia National Laboratories
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Special Nuclear Material?

The Passive Neutron Signatures

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

232)) 71T yr 1,300 1.71 3.13

] 1.59 x 10% yr 0.86 1.76 24

234 245 % 108 yr 5.02 1.81 2.4

235 7.04 x 108 yr 0.299 1.86 241

236 2.34 x 108 yr 5.49 1.91 22

2381 AAT x 10°yr 13.6 2.01 23

ZTNp 214 x10%yr 0.114 2.05 270

238py B7.7 yr 2.59 x 108 2 21 29

3Py 2.41 x 104 yr 21.8 2.16 288

240P 6.56 x 10% yr 1.02 x 108 216 2.8

241py 14.35yr 50 + 225 28

242Py 3.76 x 105 yr 1.72 x 108 2.15 2.81

24Cm 18.1yr 1.08 x 1010 272 3.46

2226H 265 yr 234 x 1012 3.757 4.06

Ref: “Panda Book™, values with * have significant uncertainty

Slide courtesy of David Chichester, INL

Sandia National Laboratories
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" Special Nuclear Material ...
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The Neutron Fission Cross Sections

Fission Cross Section, barns

Neutron Energy, MeV

Slide courtesy of David Chichester, INL @ Sandia National Laboratories
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" Nuclear Material ...

The Neutron Fission Cruss Sectlons

a
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Natural Uranium - ~O0. 7% U-235
~99.7% U-238
Natural Plutonium?
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Slide courtesy of David Chichester, INL @ Sandia National Laboratories
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Special Nuclear Material?

The Passive Neutron Signatures

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

232 717 yr 1,300 1.71 3.13

iiﬂ ;j:: Ei gi There isn’t natural Plutonium to |

o : : be found, but ...

U 7.04 x 108 yr 0.299

238 234 x10%yr 5.49 " o

28 (447 x 10°yD 13.6 i

ZTNp 214 x 108 yr 0.114 ’:u e

i 877 yr 2 59 x 108 T,,=235min o U B*—~

239Py | 241 x 104 yT 218 :1 o

240p 6.56 X 102 yr 1.02 x 108 T,,=235days Np B~

241py 14.35yr 50 + \

242Pu 3.76 x 108 yr 1.72 x 108 T,,=244x10"yrs o Pu

24Cm 18.1yr 1.08 x 1010

2226H 2 65 yr 2.34 x 1013 — | —

Ref: “Panda Book™, values with * have significant uncertainty

117! Sandia National Laboratories
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Special Nuclear Material?

Highly Enriched Uranium (HEU) - >20% U-235

Little Boy

Cay ~Jndia National Laboratories
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Special Nuclear Material?

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

Fat Man

india National Laboratories
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Special Nuclear Material Detection

Gamma-rays Neutrons
Isotope Energy Activity Spontaneous
(keV) (1/g-s) Isotope | HalfLife | Fission Yield
234 1209 9.35 x 104 (n/skg)
- 143.8 8.40 x 10° 2321 717 yr 1,300
185.7 4.32 x 10¢ 2331 1.59 x 10%yr 0.86
2y 766.4 2 57 x 10' 234( 2.45x 105 yr 502
1001.0 7.34 x 10 235 7.04 % 108 yT 0.299
238py 1927 090 mé_ 236 234 x 108 yr 5.49
766.4 1.387 x 105 g T =
9Py 129.3 1.436 X 10° — = :
1137 3416 10° Np 214 x 108 yr 0.114
452 3.80 x 108 238p | B7.7 yr 259 x 108
240py 160.3 3.37 x 104 239Py 2.41 % 104 yr 21.8
642.5 1.044 x 102 240pyy 6.56 x 10°yr 1.02 x 108
241py 148 6 7.15x 108
208.0 2,041 x 107
595 4.54 x 1010
241
— 1253 5.16 x 108
Slide courtesy of David Chichester, INL Sandia National Laboratories
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Special Nuclear Material Detection — why neutrons?

The Passive Gamma-Ray Signatures

e Energy Activity Mean Free Path (mm)
(keV) (v/g-s) (High-Z, o) (Low-Z, o)
24 120.9 9.35 x 10* 023 69
235 1438 8.40 x 10° 0.36 73
1857 432 x 10¢ 0.69 80
2381 766.4 257 x 10° 10.0 139
1001.0 7.34 x 101 13.3 159
']
28py 1527 5.90 x 10 : 0.40 75
766.4 1.387 x 10° 95 139
29py 1293 'I_4?|E X 10° 027 71
4137 3AMex10¢ AT 106
452 3.80 x 108 0.07 25
240Py 160.3 337 x 104 0.45 76
642 5 1.044 x 103 74 127
14816 715 x 108 0.37 T4
21py : :
208.0 2.041 x 10¢ 0.86 83
241Am 59.5 4.54 x 1010 0.14 38
1253 516 x 108 0.26 i)

Slide courtesy of David Chichester, INL 111 Sandia National Laboratories
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SNM Detection?

= Special nuclear material op -
emits ionizing radiation. WGPu v
- Sensitive and specific
signature ~5.5e4 n/s/kg ~1.5 n/s/kg

] |IAEA sig = 8 kg |AEA sig = 20 kg
= Only neutral particles

penetrate shielding. . 200 MeV !

Paper  Thin aluminum plate Lead plate Woater and paraffin

Aric T, (/ r — P — ] ™ (Z,A) 2X~Z2A(CN2) ~2-3n's  ~T-8ys
L §

5

Beta ray
-

Gamma ray
R ]

Neutron

- L\_\_\-j

in
j

L_\_\_

www.remnet.jp
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" @Gas Filled Neutron Counters
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Neutron/gamma Detection — Scintillator

 Luminescence - When a material is excited and it
subsequently gives off light.

* How it is excited determines the type of luminescence.

« Scintillation — luminescence produced by ionizing
radiation excitation.

* Fluorescence — photoluminescence or scintillation that
has a fast decay time (ns to us).

* Phosphorescence — same as fluorescence, but with
much slower decay time (ms to seconds)

Sandia National Laboratories
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Pulse Shape Discrimination

Normalized Counts

Time (usec)

*Szczesniak, T. et al IEEE Trans. Nucl. Sci. 2010, 57, 3846.

117! Sandia National Laboratories
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Standoff detection

~5.5e4 n/s/kg
IAEA sig = 8 kg

G
%

GPu

= Example: Large stand-off
application (100 meters)

- 8 kg WGPuU = ~4.4e5n/s —
4.4e5 *exp(-R/100)/47R? ~1.3 n/s/m?

- Background = ~50 n/s/m? (at sea level)

u é‘% - 100% efficient, 1 m? detector —

>

S S—

5c detection in ~13 minutes
- 10% efficient, 1 m? detector —
5c detection in ~2 hours

- 10% efficient, 1 m? detector, 3% bg rate
systematic — 5c detection in never

K

V)
/]

Backgroun
~5e-3 n/s/cm

24,11
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“Sv & = 4  Counter

Signal =2n ((A/n) e St)
Background = Zn ((A/n) e f B 1)
G4t = Signal/NBackground
= S V(A t/(f B))
= SV(Aet/(B))

A = physical area

¢ = efficiency

S = signal flux

B = background flux (4n)

t = time

n = number of pixels

f = FOV fraction per pixel = 1

(1) Sandia National Laboratories




- Spectroscopy

Signal S At
Background = B At (0E)

1.0E+07 -

Plastic Scinfillator (no resolution)

High Purity Germanium

1.0E+08 (excellent efficiency and resolution)
1.0E+05 |
o 1.0E+04 Ji/\ 2 : I
c :
s | . M
2 P
1 0E+03 odium lodide (poor resolution) = =
OE: ] | ¥ E
1.0E+02 Ty
Cadmium Zinc Telluride [CZT] m” | “ | |
- o m“ H“ HH H | i
R
1.0E+00 - . ; = ‘ :
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Energy (keV)
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Neutron Spectroscopy?

| AmBe Spectrum |
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Neutron Multiplicity

Induced Thermal
Isotope | Fission Multiplicity
V

2321 3.13

233|) 24

234 24

235() 2 41

236” a2

23EU 33

23TNp 2.70

238p; 29

239PYy 2.88

240p |y 28

241py 28

242py 281

244Cm 3.46

252Cf 4.06

frequency (per event)

Il

' 1 ' 2

coincidence gate

4-
3-

2
O+ ™
0 1 2 3 4

coincident counts

Rl

occurrences

TIME e—

100

10% - -
« = experiment ||
107! Poisson
102} o \._‘
$I
%
10 (N
i “
4 %
10 \,
| L]
10-“' a. L]
107 20 40 60 80
coincident counts in event
ey e wwa
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..~  Collimated Counter

Signal =2n ((A/n) e S t)
Background = Zn ((A/n) e f B 1)

G4t = Signal/NBackground
= S V(A t/(f B))
= S V(A e t/(B (1-cos(0))/2 ))
= Counter / V (1-cos(0))/2 )
> Counter

A = physical area

¢ = efficiency

S = signal flux

B = background flux (4n)
t = time

n = number of pixels

f = FOV fraction per pixel

= (1-cos(6))/2 (i) sandia National Laboratories




Pinhole Imager

Signal =(A/n)e St (1 pixel)
Background = (A/n) ef Bt (7 pixel)

J | G4t = Signal/NBackground

= SV(Aet/(nfB))
\ ............ = S V(A et/(n B (1-cos(6/n))/2)

- . )
------------------------- | =0/ = Counter / v (n/2 (1-cos(6/n)))

a =6/ (n)

< Counter (n>1)
= Collimator (n=1)

A = physical area

¢ = efficiency

S = signal flux

B = background flux (4n)
t=time

n = number of pixels

f = FOV fraction per pixel

(fOI’ 2- D) = ( 1 'COS(G/ n ))@l Sandia National Laboratories




Pinhole Imager

(Unknown Background)

-
-
-
-
-
=
-
o~
-

a =6/ (n)

(for 2-D)

Signal =(A/In)eSt (only 1 pixel)
Background = (A/n) ef Bt (only 1 pixel)
Background uncertainty estimate

= ((A/n) ¢ f B t)/(n-1)) (others)

Gg4et = Signal/N(Background+uncertainty?)
=S (A e t/(f B n(n-1)))
= S V(A & t/(n%/(2(n-1)) B (1-cos(6/n))))

Counter - cannot estimate uncertainty
without conditions allowing a “no source”
data set to be taken.

Collimator - cannot estimate uncertainty
unless its FOV can change (ie rotation).

117! Sandia National Laboratories




Pinhole imager

= Just like a pinhole camera—detect neutrons streaming through a single
hole in a thick mask.

= Simplest possible directional detector.
= But low effective area.

Source Distribution (mlem) zy projection

X

Image Distribution (observed)

Vertical Pos (cm.
N b
o o o

%]
L=

-40

&
0
(=]

40  -20 0 20 40 60

2015 10 -5 0 5 10 15 20
Horizontal Pos (cm.)

Horizontal Pos (cm.)

117! Sandia National Laboratories
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Coded aperture imaging

m Extension of pinhole imaging with higher
mask open fraction to improve the throughput
of neutrons

o
- o ;}’g‘i‘ 3‘
000
= "I & '05’
gl R
Q< SALH)
S g AR
‘\
OA) L
DG
‘.-: )
RS
J "-“f J

Pinhole Coded aperture
High Resolution, Low Throughput High Resolution, High Throughput

(1) Sandia National L h@atories
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Coded aperture imagers

= Extension of pinhole with much higher effective area: signal modulated
in unique patterns.

= Excellent imaging resolution.
= Potential problems with multiple/extended sources.

Each source equivalent to IAEA significant quantity (1 hour dwell)

T F_‘_F!I1
— X103 ...................... o
540 10 E
w w
[=] [=]
o PP e | DR B O S §
T 20 I -
2 P i S Py e R m ERL ;
o e 5
- 0 >
PR = = e e DS
-20

A
o

I | 111 0.6
20 25 30 35 40
Horizontal Pos (cm.) Horizontal Pos (cm.)

=20 0 20 40

117! Sandia National Laboratories
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Neutron scatter camera

« Fast neutron imaging spectrometer

« Variable plane separation allows tradeoff
of effective area, image resolution

Fast neutron directions and energies incoming
constrained by double scatter geometry heutron

scintillator g, Ey=E,tE,
detectors \\_.

0 = tan '[(E,/E,)"]

-«J | ~ | )
G

. o 4 e ~ .
. p {Jh RN N ; IR
E,=%m ({/TOF)? “ij* ST 6 An MLEM reconstructed
. A ~._ /nheutron direction neutron point source
constrained to P
Multimode capability includes cone surface
» Neutron energy spectrum.
« Compton imaging. 1) Sandia National Laboratories
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ey WL
p The detector zoo
A Q) GoALs

High-res imaging for 3 B:terc::;spaths
treaties, emergencies 9
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Conclusions

= Nuclear security is a multifaceted and complicated
issue.

= Radiation detection/characterization can help.

= Because of their penetrating nature and low, well
behaved, relatively well understood background, fast
neutron detection is well motivated in the search and
characterization of SNM.

= Low signals and backgrounds motivate large imaging
detectors.

= Detection and imaging have different motivations.
= Pick the right detector for your application.

Sandia National Laboratories
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How spectroscopy is used with
other imagers?

- Example of a 2D HPGe Coded-Aperture system from Ziock et al.

- Use spectroscopic information to discriminate between sources,
even if they superpose on same pixel

1610 1 - 5000 i 57 g
Peak pixel of >"Co
4000+ R
1210 -
3000 R
m 8000|- 1 ok |
L Counts/Bin Counts/Bin
4000 - 1000+ R
0 ]
()= | | T | | | | | | |
0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400
57 C Energy (KeV) Energy (KeV)
L]
2500 T T T T 100 T T T T T
20000 Peak pixel 133Baq Arbitrary pixel, S; =0
50 E
1500 -
1000 g
1 33 B a Counts/Bi Count:
500 -50
L §
0
| L | | | | | = 00 | | | | | | |
OF TEDT D E dip & S S A 0 50 100 150 200 250 300 350 400

Energy (keV) Energy (keV)

Fig. 10. Energy spectra associated with the top left image of Fig. 8. Top left is the straight
spectrum from the detector. Top rightis the spectrum from the peak pixel of the left
source in the image. Bottom left is the spectrum from the peak pixel of the right source.
In addition to providing the ability to identify the type of source, the spectra from the
images are inherently background subtracted as shown by the spectrum on the bottom
rightwhich is from an arbitrarvpixelin the image

117! Sandia National Laboratories
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- Double Scatter Imager

eractional

A = physical area
enair = €fficiency for a pair

= 82* eractional
S = signal flux
Signal =Ane,, SMt=A/4eQSnt | B=background flux (4r)

Background =A/neg,,; fBmt=A/4 e QfBnt t=time
n = number of pixels

G4t = Signal/NBackground m = number of pairs =
=SV(Ae2Qnt/(4fB)) (n/2)2
= Counter * (¢ Q n/(4 f)) f = FOV fraction per pair
=~ Counter * V (g€ Qs piane /(4 ) = (SiN2(0,,4+Act) —
sin?(0,,4—Aa.))/2

111! Sandia National Laboratories
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Coded aperture imaging

= Aperture is used to modulate the flux emitted by an
unknown source distribution

- Modulated flux intensity is measured at the detector plane by a
position sensitive detector

Flux 2 o Flux 1
‘a'l .‘ .‘-':. l
Detector
M fiux 1
Carolli et al, Space Science Flux 2

Reviews 45 (1987), 349-403

s Mask

Tc?oun ts

(1) Sandia National L4bfatoris
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Coded Aperture Imager

Signal =(A/2) e St (1/2 the pixels)
Background = (A/2) ef Bt (1/2 the pixels)
O et = Signal/~Background
— = S(Aet/(2 fB))
= S V(A et/(2 B (1-cos(6/2))/2))
) = Counter / V (1-cos(6/2))
_________________________ 0 M = Pinhole * v (n/2)

* ((1-cos(6/n)) / (1-cos(6/2)))
< Counter,
> Pinhole (n > 2)

A = physical area

¢ = efficiency

S = signal flux

B = background flux (4n)

t = time

n = number of pixels

f = FOV fraction per pixel
a =6/ (n) (for 2-D) = (1-c08(0/2))/2_

17! Sandia National Laboratories




Coded Aperture Imager

(Unknown Background)

Signal =(A/2) e St (1/2 the pixels)
Background = (A/2) e f B t (1/2 the pixels)
) Background uncertainty estimate
— = ((A/2) £ f B t) (other 1/2)

/ o —0/n Oaet = Signal/N(Background+uncertainty?)
___________________ — =SV(Act/(4 fB))
= S V(A et/(2 B (1-cos(6/2)) ))
= Pinhole * v (n?/(n-1))
* ((1-cos(6/n)) / (1-cos(6/2)))
> Pinhole (n > 2)

A = physical area

¢ = efficiency

S = signal flux

B = background flux (4n)

t=time

n = number of pixels

f = FOV fraction per pixel
a =6/ (n) (for 2-D) = (1-c08(0/2))/2_

17! Sandia National Laboratories




Time Encoded Concept

Image Distribution (observed - 5in cell) | | Source Distribution (mlem) |

11500:_ .............. ........... ............. ............. ............. 0-12_

E : PN ' [
110001 JAT 0}

10500:_ R . il

: SR W T N T |

Py AT NN NN NS INN 0,08

g

9 ~ o N -
|

7500 IR SRR k :

0 50 100 150 200 250 300 350 O 50 100 150 200 250 300 350
Angle (deg) Angle (deg)

a

= Switch spatial modulation for time modulation.
= Simple and robust, low-channel-count detectors.
m Can scale to large effective area.

117! Sandia National Laboratories
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Rotational Self Modulation Concept

Detector 1 Singles

L
@O 350F05

3.00E-05
2.50E-05
2.00E-U5
1.50E-05
1.00F-05
5.00E-06

0.00£+00
0 100 200 300
Phi (degrees)

Relative Rate, Singl

= Portable Rotating Imager using Self Modulation (PRISM).

= Rotating Collimator minus passive shielding material.

= More compact and easily scalable at the cost of intrinsic angular
resolution.

e—

(11h) Sandia National Laboratories
Patent Caution 46




Rotational Self Modulation

= More compact and more easily scalable at the cost of lower S/N

% 50 100 180 200 250 .:ggle [dig!)) @ &n& Naﬁnnal I_ahﬂlat[.’hs




Maximum Likelihood Imaging

4 Source
Bin
Response

Background
Response

0
» Generate observation probability distribution for all possible source

positions.

> Use detector response to generate an observation assuming a source
distribution and calculate the likelihood that this represents the data.

> Maximum Likelihood Expectation Maximization iteratively adjusts the

source distribution to increase the likelihood.

117! Sandia National Laboratories




Use the right detector!

= Extended source imaging: 20” line source.
m Sizeable source at 3 m — S:B not an issue.
= Pinhole camera outperforms the scatter camera.

Neutron scatter camera Pinhole imaging system

| Source Distribution (mlem)_zy |

Source Distribution (mlem) zy projection
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Aperture types

mRandom

- Not limited by a mathematical formula
- Can be built for any mask size or open fraction
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Motivation for using random masks

= URAs only exist for a limited number of
aperture sizes and open fractions

- Aperture size may be constrained by the available
detector size and resolution and cannot always be
chosen arbitrarily

mUnder non-ideal conditions (which typically
exist), tiling the URA pattern to increase the
field of view (FOV) of the imager introduces
ambiguities in the reconstructed image
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Extended source optimization

= Ring, block, point source arrangement

True URA Random (50% open fraction)
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Extended source optimization

= Optimal open fraction
- Red line represents URA performance
- Blue line represents pinhole performance
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Extended source optimization

= Ring, block, point source arrangement
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