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Preventing Nuclear Terrorism

Grand Challenge - National Academy of Engineering

“It should not be assumed,” write physicists
Richard Garwin and Georges Charpak,
“that terrorists or other groups wishing to
make nuclear weapons cannot read.”
Consequently, the main obstacle to a
terrorist planning a nuclear nightmare
would be acquiring fissile material —
plutonium or highly enriched uranium
capable of rapid nuclear fission. Nearly 2
million kilograms of each have already
been produced and exist in the world
today. It takes less than ten kilograms of
plutonium, or a few tens of kilograms of
highly enriched uranium, to build a bomb.

Source: National Academy of Engineering website
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Resurgence of Nuclear Power
Challenge # 2 — Safeguarding Nuclear Fuel

= The resurgence of nuclear power requires
advanced materials control and accounting
techniques for nuclear fuel reprocessing to
prevent diversions, ensure safety, and
reassure the international community

= Need for near real-time accountability
measurements for materials at all stages of the

fuel cycle
= Quantification of Pu-239 and other fissile
isotopes
PNNG) Detection for Nuclear Oak Ridge National Laboratory
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Detection Technology

Challenge # 3 — Replacement Technology for He-3 Neutron Detection

= 3He counters are widely deployed
In radiation portal monitors

They are a common choice for
detecting neutrons

o Energy information is lost

o 3He is currently in short supply

= Candidates for 3He replacement
should have:
High efficiency

Reliable neutron/gamma-ray
discrimination

Neutron spectroscopic capabilities
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Description of Simulation Tools
MCNP-PoliMi Monte Carlo Code

= MCNP-PoliMi was developed to simulate correlation
measurements with neutrons and gamma rays

= Unique features:

Physics of particle transport (MCNP-PoliMi code)

o Prompt neutrons and gamma rays associated with each
event are modeled explicitly; neutron and photon-induced
fission multiplicity distributions have been implemented

II‘ Improved simulation of correlation and multiplicity distributions

Physics of detection (Detector Response Module)
o Each collision in the detector is treated individually
II‘ Improved simulation of detector response
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lll--I\/ICNP-PoIiI\/Ii Code System

Detector Response Simulation Capabillities

= MCNP-PoliMi was developed
to simulate correlated particle 252Cf time-of-flight with a liquid scintillator
10° _

Interactions on an event-by- , | | — ,'f;gpﬁ;i?;‘i::i‘,\,; simulation |
event basis

= The code allows for high-fidelity
detector response simulation:

Nonlinearity in the light output
from neutron collisions

Varying light output from
carbon and hydrogen collisions

Pulse generation time within _
the scintillator 107 50 100 150 200 250

Detector dead time Time Delay (ns)
Detector resolution is being implemented
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Passive Measurements In Ispra, ltaly
Cross-Correlations of Plutonium Oxide

7 S
= Measurements of PuO, _.1; Mrl I lLﬁ

standards were performed in >°[;
August, 2008 at the JRC In st —
Ispra, ltaly NN
= Passive cross-correlation ancz 2} =% .
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multiplicity data was acquirecsg s Nerors

using six cylindrical EJ-309 & |

liquid scintillation detectors
Offline pulse shape w | | | |
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Passive Measurements In Ispra, ltaly
Measurement Summary

\

Sample Isotopics (mass percent)

= We collected approximately

10k correlations for each of Isotope  Low Burnup  High Burnup

five different samples: 2SS | 020 1.72%
Low burnup, 100 g Pu-239  70.96% 28.10%

Low burnup, 300 g Pu-240 24.58% 24.77%

Low burnup, 500 g Pu-241  3.29% 9.77%
Pu-242 0.98% 5.65%

High burnup, 50 g
High burnup, 100 g

.= . —
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"Passive Measurements in Ispra,
Italy
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"Passive Measurements in Ispra,
Italy

\

PuO, Powder Sample
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Measured Data
Low-Burnup PuO,, 500 g

\
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Passive Detection Results
Measured
304 2000 T
B b shielding ' _ .
1800 T
, 1600 .
% 1400 | .
305 303 32 ]
§ 1200 .
PuO, samplesand containers: § 1000 |
varying fill heights | 1
800 1 ¢ High burnup
306 ] ¢ Low burnup
60 +—H—/mr"m-"——-t- -+ttt
20 40 60 80 100 120 140
Effective 2%0Pu Mass (g)
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Passive Measurements of MOX
Experimental Geometry

Idaho National Laboratory
Zero-Power Physics Reactor Facility (ZPPR)
Measurement of Mixed-Oxide Fuel pins (MOX)
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Passive Measurements of MOX
Material Composition

Pin #1 Pin #2
Diameter [cm] 0.97 0.97
Length [cm] 15.24 15.24
MOX weight [g] 89.55 89.78
Total Pu weight [g] 11.74 14.01
Pu-238 0.01 0.01
Pu-239 10.19 9.81
Pu-240 1.36 3.66
Pu-241 0.04 0.15
Pu-242 0.02 0.02
Am-241 0.16 0.51
Total U weight [g] 66.90 64.58
U-235 0.15 0.14

U-238 66.75 64.45

0O-16 10.57 10.59

PNNG) Detection for Nuclear Oak Ridge National Laboratory
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Monte Carlo Simulation
MCNP-PoliMi Model

I
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Monte Carlo Simulation
MCNP-PoliMiI Model

\

Aluminum Can
MOX fuel material
Fuel pin cladding
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Material Characterization
pin type #1 vs. pin type #2 (100 pin arrays)

Neutron Creation Data Pin #1 Pin #2 M
Pu-240AN
8.44%
Neutrons/sec from Spontaneous Fission 1426.1 3767.9 \ Pu2a0sE
Neutrons/sec from (alpha,n) Reactions 854.3 1414.7 Pu23 AN
Neutrons/sec from Induced Fission 278.6 665.7
Average Energy of Neutrons from Spontaneous Fissions 1.98 1.98 s riome
__— 151%
Average Energy of Neutrons from (alpha,n) Reactions [MeV] 2.30 2.31
Average Energy of Neutrons from Induced Fission [MeV] 1.69 1.69 N
.' m7_.65%
Pu-240 AN D0 S
Photon Creation Data Pin #1 Pin #2 2% Y 72.00%
Photons/sec from Spontaneous Fission 4261.1 11258.4 e
Photons/sec from (alpha,n) Reactions 645.7 1132.1 '\ \pmm
Pu-242 SF AL
Average Energy of Photons from Spontaneous Fissions 0.94 0.94 0068
Average Energy of Photons from (alpha,n) Reactions [MeV] 0.76 0.74
PNNG) Detection for Nuclear Oak Ridge National Laboratory 17

~ Nonproliferation Group August 2, 2010



b

Simulation Results and Comparison
Neutron Energy Spectra

The combination of six
MCNP-PoliMi sources
provide the anticipated
neutron energy distributions
for the 90 fuel pin can

Neutron energy tally on the
exterior of the fuel pin can

20,000

16,000

12,000

8,000

Normalized Probability

4,000
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—Pin#1-2009, <E>=1.86 MeV
—Pin#2-2009, <E>=1.85 MeV

—Oxygen Elastic Cross-Section |
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Measurement Results
Cross-Correlation Functions
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= PSD allows for study of individual components of the cross-correlation curve
= neutron-neutron correlations provide information on fission events
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Measurement Results
Cross-Correlation Functions

= Ratio of (n,n) to (n,p) and (p,n) correlations:

Occurances Normalized to the Number of Detector Pairs

= Pin#1—0.74
= Pin#2—2.34
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Capture-Gated Detectors
Working Concept

Capture-gated detectors* provide enhanced neutron spectroscopic
information

= Initial neutron scattering pulses is followed by capture pulse
- Size of the scattering pulse is directly related to the initial neutron energy

Capture-gated neutron spectroscopy can be performed by adding
material(s) with high o, for thermal neutrons (1°B, °Li, "3'Gd, Cd, etc.)

0.7

\

06
05 Capture pulse \

04

03

Voltage (V)

02t P Scattering pulse

01r- .
0 L - - L P I U NS

-01

0 200 400 600 800 1000
Sample # (1 sample = 4 ns)

*G.F. Knoll, Radiation Detection and Measurement, third Ed., Wiley, New York, 2000, p. 570.
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Passive Measurements, °Li Detector
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Heterogeneous, °Li Glass/Plastic Scintillator

= The detector consists of 7 slabs (4 BC-408 and 3 GS20 slabs) .
= 1 Ci%3°Pu-Be source shielded by 2 in. of lead

= The source was placed 30 cm from the detector

= Ratio of neutron capture pulses to all pulses: 2.5%

- Elastic scattering

‘Capture pulses |

o
.
T
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Tail Integral (V*ns)
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[

~ Scattering pulses
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Total Integral (V*ns)
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Scintillation Detectors: 1°B-Liquid
Measurement Results

+ Saint-Gobain BC-523A homogeneous detector based on liquid scintillator
BC-501A

+ The detector is loaded with 4.41%wt. of 1°B

+ Large thermal-neutron capture cross section (3858 barns) is utilized to
produce capture pulses

\

10paly 411 0 7T
sB+gn—="".6 = sa+;Li+y

0.5

Cont | | AmLi+05Pb
0.45- Capture pulses g —PSD lines
E, = 1.47 MeV — - _
E,; = 0.84 MeV ' " Neutron scattering
Ey = 0 5035 s o pulses 2]
vy = 0.48 MeV (94%) 2 e
> 03 A
9%,0.25— o
E 0.2+
< 0.15}
01
0.05. Gamma scattering -
or i L 1 | ! JpUIseJS |
02 04 08 1 12 14 16 18 2 22
Total Integral (V*ns)
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Ill-.10B-Liquid Detector

ORNL Measurements

= Collaboration with Ana Raffo-Caiado, Steve Smith, James Bogard

PNNG) Detection for Nuclear Oak Ridge National Laboratory
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Ill-.10B-Liquid Detector

Summary of Measurement Results

Source tvpe Pu-239/Be with | Am/Be with | Pu-238/Be with | Cf-252 with
yp 2 in. of lead 2 in. of lead 2 in. of lead 4 in. of lead
Size of the gating window (us) 10 10 10 10
# of scattering gammas (%o) 42.38 54.16 58.76 71.42
# of scattering neutrons (%o) 55.26 44.23 39.73 26.87
# of captured neutrons (%o) 2.36 1.61 1.51 1.71
# of capture-gated neutrons 0.2 0.16 0.13 0.33
(%0)
# of captured neutrons relative
to scattering neutrons (%o) 4.21 3.64 3.80 6.36
Average ph for scattering 981 952 265 207
gammas (keVee)
Average ph for scattering 429 423 409 953
neutrons (keVee)
PNNG) Detection for Nuclear Oak Ridge National Laboratory 95
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Scintillation Detectors: Cd-Plastic

Measurement Results
= CAEN V1720 waveform digitizer

= 12-bit vertical resolution
= 250-MHz sapling rate (4-ns step)
= DNNG data-acquisition software

= Cadmium detector at 15 cm from a 2°2Cf source

| | I | |
_________ 02 04 06 08 1 12 14 16 18
% Pulse Height (MeVee)

mﬁ_ s - 00 oo 0y 0 g
= U=1350V S ]
= ~ 62000 neutrons/s from the source Capture gated efficiency =8.7% s, |

= ~ 3300 neutrons/s at the face
of the detector

x 10
. . . 35 : :
u B|nary data files obtained ’ > Accepted secondary pulses
0.1 mm Cd foil 3r
= Measurement time 300 s, 8 files (N 1 emplastc .
= ~740,000 pulses/file = " \_\\ n ST )
g o ¥ reflective coating _,E 3
= 100 points/pulse | , 5 .
photomultiplier tube O 15- °°n% 1
= Thresholds L s
= Measurement threshold = 75 keVee 05. Mean time to capture = 16.3 pis
= Coincidence (capture-gated) window = 40 ps . ‘ .
( p g ) u 00 10 20 30 40
Time to capture {us)
PNNG) Detection for Nuclear Oak Ridge National Laboratory
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P
MCNP-PoliMi Simulation Results
n The MCNP_POIIMI Code pTOdUCGS a o 3-D Plot of Neutron Capture vs. Position
specialized output file detailing all collisions
within a detector s
£
= DNNG-developed algorithms analyze the o N
Information in this file to predict detector g
response " s
= Result Examples .
= Positions of a specific collision type in detector 0 5 0 5 350
= Track histories with description of collision types \' ¥ coordinate (cm) X coordinate (cm)
10
" s o I
. =1MeV
_18;.
20
0 10
Y (cm) -10 0 X (cm)
PNNG) Detection for Nuclear Oak Ridge National Laboratory 7
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Recent Measurement Campaign

Fissile Samples in Ispra, Italy, June 2010

= Measurements of MOX powder (2
kg total mass) were performed
using capture-gated and traditional
scintillators as well as 3He tubes

= Cross-correlation, pulse height, and
multiplicity data were acquired \;;

Pu-238,
0.0%

Pu-240,

U-238,
66.1%

Mass fractions of MOX samples  \U-235,0.5%

PNNG) Detection for Nuclear Oak Ridge National Laboratory
" Nonproliferation Group August 2, 2010
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Scalable-Platform Electronics

Digitizer Development

= CAEN V1720 waveform digitizer
12-bit vertical resolution
250-MHz sampling rate (4-ns step)
8 channels
2-V dynamic range
One motherboard FPGA
8-channel FPGAs

DNNG custom-made data-acquisition software
Optimized for offline mode 03-

» FPGA waveform digitizer 025
14-bit vertical resolution
250-MHz sampling rate 045
4 channels oal
2-V dynamic range
One FPGA

0.2+

Ratio of integrals

0.05-

“heutrons

CAEN V1720 (blue)| |
FPGA (red)

gamma rays

DNNG custom-made data-acquisition software °?

Optimized for online mode

PNNG) Detection for Nuclear Oak Ridge National Laboratory
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Scalable-Platform Electronics

Platform Description

= The electronics developed in
this project will allow extraction
of very low-energy pulses

= Such pulses are generated ,
from neutrons depositing very
little energy within the
scintillators

= Accurately measured low-
energy portion of the fission
spectrum will lead to more
accurate neutron spectroscopy

PC or Laptop

Improve
detection in
his region

FRACTION OF FISSION NEUTRONS PER MeV

0 1 2 3 A1 5 6 7 8
NCUTRON LENLCRGY (MeV)

I Fast, robust identification and characterization

PNNG) Detection for Nuclear Oak Ridge National Laboratory
~ Nonproliferation Group August 2, 2010
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Scalable-Platform Electronics
Platform Analysis Algorithms

= Normalized Cross Correlation Probability of Detection vs. Pulse Energy

= Widely used in template Corte
matching for image
processing, wireless
communication etc

= 2X iImprovements in probability
of detection

= Real-time detection

=  Simulations show lowest

detectable energy to be 3 0 2 g 6 8
Energy (keVee)

Probability of Detection

keVee
= Working on real-time PSD on Correlation threshold
can be varied to tolerate
FPGA _
different error rates
PNNG) Detection for Nuclear Oak Ridge National Laboratory
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Analysis Algorithms

\oltage

Digital Pulse Shape Discrimination (PSD)

Detector pulses are digitized at - O ;
I I eutrons
250 MHz —— Discrimination Line

e
w
T

Each pulse is integrated offline
and classified by comparison to
a discrimination line

'Misclassified
particles! .z

=
&

Tail Integral (V*ns)
o
[

5 i 0.15}
i‘ % A]_ A2 :? 0.1k
E 0.05+

r= lall Integral _ A, | AT . . | |

Total Integral ~ A, 0 B A B e 1 12

This technique breaks down at low
detection thresholds (200-keV
neutron energy deposited)

Tlstart TZStart Time Tend
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= To improve low-energy PSD, N Ty ||
neutron and gamma-ray reference For classification, each
pulses have been created 2 measured pulse is
: : C S04 compared point-by-point to
= This allows for hlgher_fldellty oL [Tk | ehch referbnte. pulse
measurements of fission spectra
> 0.4 T T T T ”.:];/ : «‘. s T PN L . ‘
i..ég 0.3 Accuracy Of _ 100.00 | | 2% 0% 0% 0% o
5 measured neutron SO0 R
. data limited by PSD e B
2 erformance £ oo
5 o S
g 0 | | | ] ] 0:00
0 1 2 3 A 5 6 7 B 26 35 45 ?5 65 75 85 95 Total
NCUTRON ENLRGY (MeV) Heht Output (jetiee)
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Analysis Algorithms
Neutron Spectrum Unfolding

o

= Neutron pulse height distributions are
related to the neutron energy spectra

N(L) = j R(E,, L)YD(E,)dE,

= Advanced algorithms are needed to “unfold” the energy spectra

P
—— Measured

—— Simulated

s

5 10°

©

2

c

=

8 1o
MN“IUIHI
10'5 1 Il 1 Il

0 1 2 3 4 5

Normalized Counts

Light Output (MeVee)

0.05
0.045
0.04
0.035(
0.03 —
| 0.025
0.02
0.015F
0.01

0.005

—— Reference
—— Unfolded - Measured
—— Unfolded - Simulated

D 1 1
0 1 2 3
Energy (MeV)
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New Courses Available in NERS

= Detection Techniques for = Nuclear Safeguards

Nuclear Nonproliferation = Collaboration with the ORNL
Nuclear nonproln‘eratlon Safeguards Lab user facility
homeland security History of nuclear safeguard %OAK

RIDGE
Introduction to the

; e International safeguards poli
physics of nuclear fission \ngg Nondestructive assay

Monte Carlo simulations technigues

for nuclear nonproliferation Typical safeguards instruments
applications for neutron and gamma-ray
Passive and active inspection of detection

SNM ' .~ Data analysis for nuclear

Detectors and safeguardsg material
iInstruments identification and

= Winter 2008 — 17 students - Characterization
= Fall 2009 — 19 students " Fall 2009 — 17 students

PNNG) Detection for Nuclear Oak Ridge National Laboratory
~ Nonproliferation Group August 2, 2010
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Summary and Conclusions

= Nuclear nonproliferation and homeland security challenges require the
development of new detectors, electronics, and algorithms for nuclear
material detection and characterization

= Qur effort at UM is a three-pronged approach to identifying suitable
technology: new detectors, new electronics, and new algorithms

Several new scintillation detectors have been developed and
evaluation is currently underway

A scalable electronics platform is being developed: initial tests
Indicate two-fold improvement in SNM detection probability

Cutting-edge analysis algorithms are under development to allow
reliable fast neutron spectroscopy for SNM identification and
classification

PNNG) Detection for Nuclear Oak Ridge National Laboratory
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