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Motivation @

et AEA
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Applications
— Non-proliferation and safeguards el il

— Arms control treaty verification
— Emergency response

il

C h ara Cte ri Zat| (0) n/ | m ag | N g Af.ﬁs‘nrl reaty \)erification
— Is it Special Nuclear Material?
— Is it weaponized?

— Material properties
» Mass, multiplication, isotopic

Method

— Measuring time correlate gammas and
neutrons for non-destructive assay of
nuclear material




What is so special about SNM?

Basic vocabulary and definitions

1st Generation &
2 N Fission products:
@ « 2 -4 neutrons per fission (v,,)
2nd Generation g § “e « 7 -9 gammas per fission

/ S, S
W;\%@Wm %$W Quantities of Interest:

LN
WP Ganeretan AR ; neutrons in one generation
% /N %\‘ N neutrons in preceeding generation

NN\@», N% @ﬁ WVV\@VVW, Subcritical multiplication — total

4th Generation |Tf ¢ ¢ © ¢ © neutrons created per source
neutron:
% 239py, 2354, 233U © neutron VW gamma 1

http://www.atomicarchive.com/Fission/Fission2.shtml M —_—




Current Methods for Non-destructive Assav
Drawbacks and Limitations :

X-Rays

1. Gamma-ray spectroscopy i
¥, Gamma Rays
e Attenuation and self-shielding . pAAEEE
2. Total neutron rate T paper Alumifum lead  concrete
 Easily spoofed
« Spontaneous & induced fission and (a,n) ___, Thermal neutron
sources are indistinguishable (Cljzt;;e detectors
3. Multiplicity Counting
 Requires high efficiency, necessitates large 3
detection system I \
 Efficiency has to be well known ‘ 7 Z'i, 1
*  Detector die-away time of 10-30 us i
(“superfission concept”)
 Neutron energy information is lost due to
moderation \_
\ J(
| _m_
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Fast Organic Scintillators

Three main new advantages T e |

~ 10° Interacting Particle "

1.Fast rise time : L :

« Sub-nanosecond timing EOE :

resolution 5 ol -

2. Incident neutron energy ol Tgmer |
. Light output proportional oo e L eosroment 3o

to proton recaoill
0.5

3. PSD Capable oas) Neutron Probability Map

osited Ne | & (synthetic mixed source)
Discriminate neutrGS8SRe, B &

gamma rays s .10
« Gamma rays provide clean gim-
timing signatue rfaftramrelated/g 02l

event —>() - o '

Target N o

nucleus 0.0

o 05 1 15 2 25 3
Light Output (MeVee)
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Research Objectives

Distribution of times between fission events in a chain

1. Determine presence of fissile R R A AR SV /
material and any coupled i
material by measuring effects TR
of timing between fission == LU\ N
events in a fission chain. =\
2. Characterize fissile material o Simulation of 4.4 ko WGPy
and with a physical model. — B

3. Demonstrate any other
potential information carried by
a correlated gamma-neutron
pair.
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Time Correlated Pulse Height Distributions
Background on previous work

Neutron pulse height (MeVee)

N
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TCPH Distribution
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Time between gamma-ray and neutron (ns)

1-3.5 3

TCPH is the bivariate
histogram of the
measured quintiles
Physical interpretation is
not obvious

Difficulty of dealing with a
2D distribution (both
qualitative and
quantitative)




Same Fission Gamma-Neutron Correlations

Time Q‘L ﬁli ht Fixed by Estimated Energy (TOFFEE)

tron-energy. m R
) vl _
R,: distance traveled by gamma ray Ay =\ Bn |55 —7 | =0
R,,: distance traveled by neutron 7‘ " N
I
Detectors / | j
% Time of arp—= S
C/\/\F'- difference‘ Atn,y — Atp <0
) —>, between y an Etween y an
neutron ‘ neutron
l l 10* | Cf-252
' q | Measured
\\\ 103
\\
\
Y, 107
Measured Quantities: § 1
« Time between correlated y and neutron: At,, ,, w0
« Proton recoil energy: E, < Ej, 10°} _
- Source-to-detector distance: d ~ R,, = R, . ‘ ‘

—20 0 20 4 60 80
TOFFEE (ns)
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N - I
Same Fission Gamma-Neutron Detection
Space-Time

A o 1. Neutron and gamma are born
Same Fission from the same fission event
Atn, ~ AT, 2. They travel some distance the
I detectors
A o 3. The measured and actual

) neutron difference in time-of-flight is
equivalent
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Distance
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w:;;;;{;;&“ 4. When subtracting estimated
: time of flight of the neutron,
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Neutron-Gamma Correlation — Fission Chain

Time Of Flight Fixed by Estimated Energy (TOFFEE)

n Detectors
M Spontaneous Fission

¥ Induced Fission 1%

Time difference
between fission
events in a chain

V4

A7 At,_, —At, < AT,

Measured time/ n_
n ; difference _
: . between \ Estlmgted travel
' d 1 neutron and lee difference
nearest y etween neutron

Distribution of times between fission events in a chain

and gamma

ATg>0 1ff1=]/&f2=n

ATg<0 lff1=n&f2=]/




Fission Chains Gamma-Neutron Space-Time

A

Gamma ray born first Neutron born first

Distance

Distance

neutron

"
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TOFFEE Sensitivity to Fissile Material and Configuration

TOFFEE Is sensitive to:

1. Fissile vs. fissionable
2. Fissile materials with different neutron mykipli¢ation

Non-fisdle BBabe syscdeflected.figsila.gores material
(Cf-252, M=0) . (BeRP ball, M = 4.4) (BeRP ball, M = 6.48)
1 10 : - ‘ : 1
! ! —  Cf-252 i
I . i ——  Bare BeRP i
v 10 ég v — 1inFe + BeRP v
104 Cf-252 10* ‘ Bare BeRP . 10* 1in Fe + BeRP
103
10°
g JUSJ 10° NPSJ
S S S
102}
20 4 ‘ 60 AT — 20 40 60 80 ( 105 20 40 60 80
TOFFEE (ns) TOFFEE (ns) TOFFEE (ns)

IVITCLC \113)
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Comparing TOFFEE Distributions

« Align peak to zero : ~ e
— Source-to-detector 7 Modraed Ot |
distance
* Subtract background
(-1500-500 ns) 10 .
« Compare measurement
to template
— Threshold on log-likelihood o crecis naion gammamo o)

Determine match L

—log(P(x; 1))

— Pass/Fail threshold? i=0




1.

2.

3.

Determine Minimum Dwell Time for Confirmation

Log Likelihood

For specific dwell time throw
10,000 random trails

— Build log-likelihood
distributions

Calculate Receiver Operator
Curves (ROC)

Determine False Positive (FP)
rate at 99% True Positive (TP)
Rate

Repeat step (1) with increased
dwell time (more counts) if
FP>1% at TP = 99%

300f

S L
500

a00f

200-

100-

i smant ject
é’ 5% Moderated Object

r % %
380 400 420 440 460 480 500 520 540 560

-logL

ROC Curve (577 events in 8.0 seconds)
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Template-based Verification with TOFFEE

Dismantlement and ltem Confirmation for Treaty Verification

. akes the place of the trusted

~

sigriature of fissile material in different
configurations




Measurements of Fissile Material

Computer/digitizer Stilbene array

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

Training Assembly for Criticality Safety (TACS)
Photo from LLNL-TR-489234
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Dismantlement Confirmation
Defining removal of high explosive

I WGPu

HDPE
BeRP ball ‘ ‘
Moderator (HE surrogate)
TACS shells —Ji

I ou

Lucite




Results — Dismantlement Confirmation
Minimum dwell time to confirm dismantlement

« Template: Bare (non-moderated) object

* Test: Moderate object 10°
« Threshold: TP = 99%
FP <1% _
% 1O E N
Min. Dwell Time for Dismantlement Confirmation §
Count Rate £
normalized (s) | normalized (s) [ 0
2 10°
BeRP ball 12 3.6 =
TACS HEU 380 590 1
m—a TACS HEU Shells
o—e BeRP Ball
107 0 i1 3 3
10 10 10 10

Dwell Time (s)
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Item Confirmation
Defining plausible spoof objects

Trusted Object _

- 1. == Cf-252
-\I-,|VDGPPE -
BeRP Ball . Pu Oxide Shells
2. O (Hemis)

1. Cf-252

=
B HEU Pu Oxide Shells
I DU 2. (Hemis)
Lucite

TACS (HEU)
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Results — ltem Confirmation
Minimum dwell time to confirm fissile material
 Template: Moderated BeRP and TACS

* Test: Non-multiplying Cf-252 and Hemi Shells (Pu Oxide)

102
Min. Dwell Time for Item Confirmation
Template Count Time
(BeRP) normalized | normalized (s) [
(s) % 10
Cf-252 12 6 =
2
Hemi Shells 2 6 Z
A
Min. Dwell Time for Item Confirmation £ 10°} : : : 5
Template | Count Time - . |== HEU/Cf252
(TACS) normalized (s) | normalized (s) o gf;,/ /H;E:z
Cf-252 1100 80 - Lo~ herb/Memh
0 1 1 1 1
10! 10° 10* 10? 10° 104

Hemi Shell 540 960 Dwell Time (s)




Extracting Physical Parameters from TOFFEE

Parametric Experiments and Simulations

 TOFFEE distribution was shown Measurements of BeRP ball
to discriminate between fissile  « Bare
assemblies * 0.5in Steel

« Aphysical model is requiredto <+ 1.0 in Steel
extract physical parameters by < 1.5in Steel
fitting the TOFFEE distribution  + 1.0 in Nickel

« Use point-kinetics model
(energy and spatially Simulations
independent), which describes + 0.5-6 in Steel
the neutron population change, < 0.5 -6 in Nickel
which tracks with the density of + 0.5 -6 in Tungsten
fissions in a fissile material e 0.5-6IinAluminum
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Two-region point kinetics

Neutron multiplication Return from reflector
\ / Loss in the core
(abs & leakage)
Core: =—N.+ fop—— —

dt 1 L L

Influx from the core Loss in the reflector

/

Reflector:  ¢Nr _ . N Ny
— fcr R
e L

/

N, & N,.: the number of neutrons in the fissile core and reflector regions
. & l.: neutron lifetimes in the fissile core and reflector regions
k. : multiplication factor in the fissile core region

f = fe* frc: fraction of neutrons that leak to reflector AND return to the core

DNNG g




Solution is a double exponential

N.(t) = N,[(1 - R)etrl 1+ Retrz]

i\[l}lclr(f +ke— 1)+ (L — (ke — 1))2 — .+ L(k,— 1)

T- =
12 211,
Tl —

Scale Parameter: L — Ty

Rate parameter in a bare configuration : lc




Fitting Strategy for Reflected Configurations

N.(t) = N,[(1 — R)et™ + Rel"?]

| * Allowing reflection

| fraction (f) and
neutron lifetime (L, [,)
produces muddled

L results

S o Solution: fix k, and [,

| to what the core
parameters are from

11 . . - . ' it of the bar
10 0 59 20 &0 30 100 the fit of the bare case

TOFFEE (ns)

Normalized Counts




Estimating Multiplication of Reflected Assemblies
Measurement vs Simulation

10 I ! ! ! ! 7/
7
- e
S of
© g k
O e C
L e 1 — f
= e
> -,
7
s 7/ B -
© e
Q . O O lron
5 O . -
c s A A Nickel
7 . .

5 5f e Bl Simulation
n
Ll 7 B Measurement

4 7

4 5 6 7 8 9 10
MCNP Multiplication




Extended Simulations

k
k=—
50 . l T . : 1-f
C ¢ ¢ Tungsten ad 1
O ) - —_—
S 40L|< < Nickel 7 | 1—k
_S O O lIron R ¥ L.
S 2ol[a & Auminum 9 | * Average deviation:
2 — — 13% Al, 22% Fe,
- L - Ve . .
3 20| t// _ s~ | 17% Ni, 21% W
= j o’ 1| « Limitations of the
S 10 /!4 AA - .
S o 1| model with energy
% 0 20 30 40 50 Independence
MCNP Multiplication o

Core parameters
are fixed




Shell Thickness and Areal Density

Determine Material Type or Amount

80 ‘ ' 80 . .
= 70L¢ ¢ TL_mgsten i 3 701/ ¢ ¢ Tungsten 3|
E < < Nickel E;‘.\ 4 < Nickel
. 6010 o Iron ¢ 1 | 60t o o Iron ¢
£ 502 & Aluminum . 1 £ 502 & Aluminum A
| 40{ ¢ ) 17 40 0 < 3
S 30! ¢ < ] £ 30l . <8
T ' < = I < 4= - faats a
sg.jzof . < 3. " «05;20 < AjAAA
£ 10 § 5 A A Ao a A = 10@1‘

%1 2 3 4 5 & 2% 50 100 150 200 250 300

Shell Thickness (in) Effective Areal Density (g/cm?)

DNNG
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TOFFEE With Better Energy Estimate

RN NN N m R
0 &%%“%, Atny = Rn |55—~ L) = AT,
m( \\\\h§\\// A no ¢ ~
20852 / 2 \
k\“?}%'&\‘ 1 I AN
no \\\\\ “’///&\\' Time of arrival Time-of-flight Time difference
, iy, W difference difference between fissions
between y and between y and in a chain
neutron neutron
2
my dy, i
E, L= Tttt MINER: the Mobile
"2 TOF? F '1!"1!- =) }' Sl Imager of Neutrons for
= “ e e Emergency Response
Eno = Ep +Eny LI s E
- § Al 16 independent
 Em b2 | Tl 3"x3” E)-309
€05“On1 = E_nO e i liquid scintillator

cells
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y-n-n 3-D reconstruction

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

= /ZE + il
Un— pmn Atnolnl

2. Cone of possible source locations

2 —
cos“ 0, =—
1 ETlO
Correlated gamma:
Distance to the source A _ Ry, R,
n. (constrained by conical surface) tny = v,
1 n

c?Atv, — dviu + \/v,% (CZ(Atzv,% — 2dv ult + d?) + v2d?(u? — 1))

2 2
where C™ — Uy




y-n-n 3D Reconstruction




Measurement: y-n-n 3-D Reconstruction

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

75°

“top down” view

90°

10.054

10.048

10.042

ity

10.036

0.030

-75° 0.024

2D angular view

0.018

normalized source intens

0.012

0.006

0.000
270°
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Measurement: y-n-n 3-D Reconstruction

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

A B R, Ry
tn—y = a — ?

e Enables 3-D
reconstruction.

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

DNNG




Simulation: y-n-n 3-D Reconstruction

5 mm spatial resolution
200 ps timing resolution

-15°

60
45°

15°

-75°

90°

180°
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Augmented Reality

A better way of visualizing 3D images

« Visualizing 3D information
on 2D screen has limitations

« Augmented reality allows for
projection of virtual objects
in the real world

« Advantages:

« Immediate sense of the
position and scale of the
radiation field

* Ability to visualize
sources behind objects
(e.g. through walls or in
boxes)

DNNG




Augmented Reality In My Living Room




Summary

 TOFFEE distribution relation to the differences in
generation times of gamma rays and neutrons correlated
from fission chains

« TOFFEE was used to discriminate between (1) fissile
and low or non-multiplying source (2) bare and reflected
configurations

— Minimum dwell time for confirmation was a few seconds for
WGPu and several minutes for HEU

« Two-region point kinetics provided estimations of
multiplication (13-22% error) of reflected assemblies and
discrimination between reflector material types or
amounts

* Proof-of-concept measurement with the new 3D imaging
method was shown to resolve point-sources 10 cm apart




Conclusions
Novel Contributions of the Work

1. Demonstrated novel approach (TOFFEE
distributions) characterizing SNM with signature of
temporally correlated gammas and neutrons

2. Developed and used a two-region point kinetics
model to characterize reflected fissile assemblies

3. Developed a new method for single-side
volumetric reconstruction of sources that emit
coincident gammas and neutrons (fission, (a, n)).




Future Work

« Use a more exact model of fission chain timing,
or a Monte Carlo equivalent, and convolve with
same fission distribution in order to fit a fissile
measurement

« Simultaneously solve for multiplication and
location of measured material

— 3D imaging assumes the simultaneous birth of
neutron and gamma

— Will provide a 3D map of the multiplication at various
points
* Measurements with higher resolution (5 mm and
200 ps) system
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Fun Simulations



Stochastic Origin Ensemble Reconstruction
SOE

80

~l
o

Back projection

y-axis (cm)
Ul D
o o

B
o

30

y-axis (cm)

20

-20 -10 0 10 20 30
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80
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M
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2920 -10 0 10 20 30 40 60
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TOFFEE for Cf-252

10°
10t
v
c
- e
@ 10°
[0}
+
e 3
= 10
3
S
10
107
1o% :
— bare_25cm
— bare_30cm
— bare_35cm |4
bare_40cm
— bare_45cm
bare_50cm |4

Normalized

0 | ' 100
Time Difference [ns]
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Neutron Coincidence Counting Equations

1. S=FeMvs(1+ a)

2. p="A 4 (22 =) vs1 (1 + v

M-1

Fe3f,M3 M- 2
3 T== ? [vsz + ( ) [2v,v; + V51 (1 + @)v3] + 3 ( ) vy, (1 +

Vi1— Vi1
a)vs,

 F = spontaneous fission rate

* € = neutron detection efficiency

« M = neutron leakage multiplication,

 a = (a,n) to spontaneous fission neutron ratio

* f;= doubles gate fraction

« f;= triples gate fraction

* Vg, Vs, V3= factorial moments of the spontaneous fission neutron distribution

*  Vj1, Vpp, V3= factorial moments of the induced fission neutron distribution

.
¢
{
DNNG : :
A
. O
)
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F eynman -Y Ap proac h R

Frequency (per event)
-
m
w

1E-4
* Measures correlated counts in .
a flxed gate e Coincidence Gate: 1024 ps
. . . . 0 10 20 30 40 50 60 70
* Fission chains create variance Multilicity
in excess of Poisson
. R R 2
distribution
(0) ,,Q"_L"""J
* —=1+7Y o /
H g .
— ¢2: variance g
— 4> mean “
4.5 kg Pu sphere in 7.6 cm poly
0
0 500 1000 1500 2000

Coincidence Gate (ps)

Figures courtesy of John Mattingly:
http://web.ornl.gov/sci/nsed/outreach/presen
tation/2011/Mattingly.pdf
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Neutron Sources in Nuclear Fuel Cycle

« Spontaneous Fission
— Pu-238/240/242, Cf-252
— Energy spectrum is Maxwellian (~2 MeV mean):.
« Sqrt(E) exp(-E/1.43)
* Induced Fission
— U-233/235, Pu-239
— Spectrum depend on the energy of incident neutron

« (alpha, n) reactions
— Alpha + O-18 - Ne-21 +n
— Alpha + F-19 & Na-22 + n

— Spectrum depends on target isotope to second order alpha
energy




Measured Quantities from Organic

Scintillators

Deposited Neutron Energy

E, = 14 (cos? O)E
p= g e o8 Db
Incoming neutron E},
?9____‘_ _________
/
Target 7 0
nucl
ucleus Recoil
Nucleus
90° 75° 60° 45° 30° 15° 0°=6
el L] L]
: : y WV
1
En
E, E, -

Neutron-Gamma Timing

3)

60

—60cm

—50cm| -

40 cm

80

0




3D Reconstruction Math

_Rn Ry
At = T [1]
_ (a*+r3-RY)
X = ~a [2]
X = Rn(ﬁ:l ' 55\) = Rpu [3]

R,, traces the surface of the cone
Substitute [1] and [3] into [2] and solve for R,;:

_ c*Atv, — dvju + JV2(c2d? — 2c2dAtv,p + (cv,At)? + (dv,p)? — (dv,)?)

n CZ—‘DZ

The solution is a parametric equation for R,, in terms of u, the cosine between cone
surface and unit vector between nyand y.

Equation [2] is part of a solution of the intersection of two spheres

ST
DNNG
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Current Methods

Drawbacks and Limitations

X-Rays

1. Gamma spectrum VM
* Attenuation and self-shielding

2. Total neutron rate Paper
 Easily spoofed
« Spontaneous & induced fission and (a,n)
sources are indistinguishable
3. Multiplicity Counting
* Requires high efficiency, necessitates large
detection system
e  Efficiency has to be well known
 Detector die-away time of 10-30 us
(“superfission concept”)
 Neutron energy information is lost due to
moderation

DNNG

He-3 based
technologies




Bare cases (single exponential)

— Measurement Fit
— Simulation Fit
103} |
n
ad
-
o
O 10%} |
PR a ~
1 P kp ==‘""
10 3 %ﬁ Uc
0 20 40 60

TOFFEE (ns)

’ @‘/@;amé, R
/-4 2
DNNG £ 3
.




Bare cases with different masses

0.0 . | .
— ar=1.0974a,; — 0.0424 1 1

—0.1||™m Simulation M = —
.rc:_ BN Measurement 1—k alc
< -0.2
-c . .
g a: from exponential fit
= 0.3 [.: from MCNP6 calculation
0
H —0.4

)
—-0.5

0.5 -04 -03 -02 -01 0.0

MCNP Alpha




Multiplication

_ Total _ Leakage

\—I| 9 T T T T T T T Py \—I| 9 T T T T T T T Py

© gl I Simulation /’ | = gl I Simulation /’ |

S || Measurement L S 7 ||mmE Measurement .27 o
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Preliminary experiment with Cf-252
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Improvements with future capabilities
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Two-region point kinetics

dN k.—1 N

=== N. + frc —
a1 -
dN., N. N,

N, is the number of neutrons in the fissile core region

N, is the number of neutron in the reflector

k. is the multiplication factor in the fissile core region

[ is the neutron lifetime in the fissile core region

[, is the neutron lifetime in the reflector region

fer 1s the fraction of neutron that leak from the fissile core region into the reflector
frc 1s the fraction of neutrons that leak from the reflector back into the core
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Manhattan project measurements 9\ /P

* Number of neutrons per fission
* Fission cross-sections
* | Neutron prompt lifetime
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An alternative approach Bruno Rossi

* Rossi observed excess
fluctuations from measurements of
LOPO reactor at Los Alamos

» Postulated it was due to fission
chains evolving at
characteristically short time scales

* Fluctuations at near criticality
could provide the prompt neutron
lifetime
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Experiments

Computer/digitizer

Stilbene array
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Beryllium Reflected Plutonium (BeRP) ball
in a 1” shell of High Density Polyethylene
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Fast Correlation Discrimination Capable Organic Scintillators
The measurement system :

System advantages:

1. Can be low efficiency

2. Detection systems can be portable

3. Neutron energy information is
preserved

4. Timing is within the resolution time
of a fission chain

“The 8-shooter”
Array of Stillbene crystal
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