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Laser Compton Scattering (LCS)
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Nondestructive Detection & Measurement of Nuclear Material
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Nuclear Resonance Fluorescence (NRF)
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SNM: special nuclear material

y-rays

Management of nuclear material

nuclear waste

St

detectors

detection and assay of isotopes
-- U, Pu, and Minor Actinides
-- alpha emitter
-- difficult to measure
by passive assay

R. Hajima et al., J. Nucl. Sci. Tech. 45, 441 (2008)

J. Pruet et al.,

J. App. Phys. 99, 123102 (2006)



Experimental Demonstration — nondestructive detection of isotope
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Nuclear Security

References:

H. Ohgaki et al., J. Korean Phys. Soc. 59, 3155 (2011).

|. Daito et al., J. Plasma Fusion Res. 88, 553 (2012)
R. Hajima et al., IPAC-2013

|. Daito et al., Proc. IEEE-NSS (2014)



Nuclear Security Application

From Yokohama «— About 400 TEU / day
11,919 TEUs (2010. Jan.)

TEU= 20ft Container

v

Possible Terrorism = Nuclear Material Hidden in a Cargo


http://upload.wikimedia.org/wikipedia/commons/a/a7/Volvo_FH12-Simons_(B)-2005.jpg
http://upload.wikimedia.org/wikipedia/commons/8/85/Altenwerder5590.JPG

Neutron/gamma-ray hybrid system

H. Ohgaki et al., J. Korean Phys. Soc. 59, 3155 (2011).

R&D Program (2010-2014) conducted by Kyoto U. and JAEA

Fast Pre-Screening

D-D Neutron
§gurce

SNM contained
Cargo

ecto Precise Isotope

Nuclear Fusion Array Identification
Reaction
D+D ’ Neutronms
> *He + n (2.5MeV) i ,,Iﬂ(—"“':'*w,i hamma-ray
e (14MeV) Shield N I*]': hi
> ‘He+n e - S | |E."|d
i ron+Laser
Detector Array



Nuclear Material Detection by LCS y-ray

Racetrack Microtron

Detection system

Nuclear Materials

Gamma-ray
beam

 Racetrack Microtron (250 MeV)
e Laser system (Nd:YAG 2 o)
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PoP experiment at JAEA

SBS Pulse compression
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Laser pulse compression

|. Daito et al., J. Plasma Fusion Res. 88, 553 (2012)

R. Hajima et al., IPAC-2013
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Evaluation of gamma-ray flux

Gamma-ray flux has been evaluated by two methods:
(1) Total energy measurement by LYSO
(2) Compton scattering from an Al plate measured by GSO

Laser off _
Microtron:
150 MeV, 45 pC, 20 ps (FWHM)
rLaseron
Laser:
LYSO signals 1064 nm, 178 md, 8 ns > 200 ps

f=2.3 m, angle= 1.5 deg.

Histogram

w,,rlwy LYSO - (6.3%+=1.5) x 103 /shot

GSO - (5.58+0.24) x 103 /shot

4 S5900 10000

The number of y-ray photons (ph/shot)

|. Daito et al., J. Plasma Fusion Res. 88, 553 (2012) 3.5 x 10%s @10Hz, 1J
R. Hajima et al., IPAC-2013
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PoP experiment: Detection of Ag
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|. Daito et al., Proc. IEEE-NSS (2014)
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couns

PoP experiment: Detection of Ag

. Daito et al., Proc. IEEE-NSS (2014)
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with an expected signals, 1.1 x 102, from a Geant4 simulation.
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Nuclear Safeguards

References:

R. Hajima et al.,

Proposal of nondestructive radionuclide assay using

a high-flux gamma-ray source and nuclear resonance fluorescence,
J. Nucl. Sci. Tech. 45, 441 (2008).

T. Hayakawa et al.,

Nondestructive assay of plutonium and minor actinide in spent fuel
using nuclear resonance fluorescence with laser Compton scattering gamma-rays
NIM-A 621, 695 (2010).

T. Shizuma et al.,

Statistical uncertainties of nondestructive assay for spent nuclear fuel
by using nuclear resonance fluorescence

NIM-A 737, 170 (2014).
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Non-Destructive Assay of 23°Pu

239py Small Fraction
of Spent Fuel
Challenge: Assay 23°Pu Non-
destructively in spent
nuclear fuel
Goal:
Measure 23°Pu mass to 1%

>
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Two Measurement Methods

Scattering Transmission
detect resonantly detect resonantly absorbed portion of ¥
scattered ¥ by “witness plate”

detector detector

LCS beam

Signal decreases
scattered v ¥

\_ — nergy

transmission
beam

sample

scattered 7 \ _
witness plate:
. reference material
shield : : .
including isotope

to be measured
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Spent Fuel NDA simulation

Scattered Gamma-ray

density of NRF events
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T. Hayakawa, et al. NIMA (2010).

20 cm

Spent fuel with 1% PuO, Statistical error of 2% with 4000-sec measurement

But the simulation does not include elastic scattering
— Rayleigh, nuclear Thomson and Delbruck scattering

Elastic scattering: ~0.5 mb x 1 keVbin=~5eVb 4= NRF:10-50eV b
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Detection of decay branch in NRF

Water-filled Case

Slab Debris

excitation level Ex
NRBF gamma-ray from Pu-239
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Cryo NRF

References:

C.T. Angell et al., “Temperature Effects on Non-destructive Assay using
Integral Resonance Transmission”
Annual Meeting of Atomic Energy Society of Japan, 2013.

C.T. Angell, “Improving Efficacy and Enabling in situ Thermometry

Using Cryogenic Transmission Nuclear Resonance Fluorescence”,
Submitted to NIM-B
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Transmission NRF (Single Resonance)

Melted fuel Highly radioactive y-ray
Unknown shape/composition detectors Witness plate

Gamma-ray
beam
WaII and
beam collimator
= . 2. Beam Profile
.gA Beam Profile Z’A (after)
£ £ Slgnal decreases

(before)
— > —
Energy / Energy Energy/

Gamma-rays are
resonantly absorbed

Decrease in signal rate proportional to upstream 23°Pu mass.
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Cross section (barns)

Effect of Temperature on Resonance Width — General

Lower temperature reduces the resonance width

— Doesn’t change area

Debye Temperature, 0,, — “temperature” of lattice vibrations
Asymptotic limit to how much you can narrow a resonance
Debye Temperature depends on chemical form of material
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Effect of Temperature on Absorption Measurement

* For absorption must consider integral of absorbed flux profile X line shape.

Absorption Witness / Scattering
x I
T '_%L‘ I
T=330 K T=10 K Attenuated FI_ux from T=330 K Resonance in melted fuel
6 I I I I I I I I 6 J""--.. I I I ....--"1 ......
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Reducing only the Witness target temperature can improve sensitivity )




Cryo-NRF applications

* Reduction of measurement time in NRF-NDA
— 40% reduction with a witness target at 77 K

— 80% reduction with absorption and witness targets at
77 K

* |n situ thermometry

— Transmission NRF with two witness target
temperatures, 77 K and 1000 K, for example

— Unknown temperature of absorption target can be
identified

— Possible applications: internal combustion engine,
chemical reactor, plasma ions ....



Integral Resonance Transmission Method

References:

C.T. Angell et al.,
“Demonstrating the Integral Resonance Transmission Method:

Conceptual and Experimental Studies”,
Proc. Annual Meeting of INMM (2015).

C.T. Angell, R. Hajima and B.J. Quiter.
“Non-destructive assay of spent nuclear fuel using the
integral resonance transmission technique”

Submitted to Annals of Nuclear Energy

C.T. Angell et al.,
“Branching and fragmentation of dipole strength in 181Ta”
To be submitted
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Integral resonance transmission (IRT)

Uses multiple resonances :

Retains Isotopic Sensitivity

— Each resonance carries information on
absorption (i.e. mass)

Requires monoenergetic y-ray
beam

— Removes unrelated beam background from
down scattering related with broad
spectrum y -ray sources

Enables the use of scintillator
detectors

— Overcomes final problem of count
rate at witness station

— Count rate limit 2 orders of
magnitude higher than HPGe

Depletion
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Depletion
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5 10
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% 239p |, ° 15

Resonance
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Performance estimate

Fuel Assembly

8 hours

64 g/cm?
Ii_ 107y/(s eV)
1%

238 [% mass] 99%

1cm
TP 13.5 ¢V b

_(

Beam parameters are from estimated
performance of the ERL.

)

y-ray
detectors

\
Wall and

239py Mass Uncertainty

beam collimator

Witness plate

3.0%

2.5%
2.0%
1.5%
1.0%
0.5%

0.0%

Results
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Transmission NRF experiment overview

* Transmission NRF measurements done to / _ \
A. Validate IRT technique (*81Ta, 23°Pu) NRF Signal decreases
B. Demonstrate assay feasibility for a TMI-2 canister i
27A|
CA) - R(ng)
* All transmission NRF measurements are similar
A. Two measurements: with and with/out absorption
target
B. Decrease in NRF scattering from witness target
proportional to absorbing isotope mass \
* All measurements used an identical setup:
. Scattering 0.30
Absorption (Witness) — 17eVb
Target Target Flux Monitor 0.25] ... 3leVb P
(HPGe detector) --- 80eVh g
0.20 )
Y-ray  om Yem { I S
beam~ T8 bem— === m - - - - --r7k=zZ > SO
X7 \ 0.10
Collimators
Cu Plate 0.05 ,"'
o HPGe Detectors 0.00; 1 5 3 7 5

Pb 1m
1 Concrete n, (10l; g/cm?)



IRT technique demonstrated with 131Ta

2.27 MeV

1200 .
e 2.27 MeV: previously reported states all _looof None M
confirmed, and resonance absorption E 800}
observed. 3 600
e 2.75 MeV: absorption from unresolved *g 200l
states clearly seen, demonstrating the IRT S Sool
method. :
e All previously reported states * 2230 2260 2290 2320

confirmed and resonance absorption Energy (keV)

observed. 2.75 MeV

160
140 — None
%“12[}_ ........ Ta Abs ‘
Energy Absorption R(n,) < 100;
(Mev) Target g %0 nnipll P
2.27 Ta (2 cm) 0.3 3wl T nkG
2.75 Ta (3 cm) 0.1 200 ! New states! ] ¢

U I i
2700 2740 2780 2820
Energy (keV)
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Demonstration for TMI-2 containers

Reference:

C.T. Angell et al.,
“Demonstration of a transmission nuclear resonance fluorescence

measurement for a realistic radioactive waste canister scenario”
NIM-B 347, 11 (2015)
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LCS y-ray for Fukushima

Measurement of Pu in the melted fuel —> necessary for nuclear nonproliferation!

removal of debris
from the core ~2022

Slab Debris Small Rock-Debris
| J
, '
Debris of Melted Fuel

/Z;PuSmaHchﬁon i\\

of Spent Fuel

y-ray generation
y-ray beam pipe




Demonstration for Debris in a TMI-2 container

Experiment at Duke/HIyS (TMI: Three Mile Island)
(LCS y facility)
Al witness target chosen as it has strong

No Absorber Wgeisl plate:  resonance at similar energies to 23°Pu
No change expected!
‘ Since witness
target is Al, no

(simulant) Witness plate: expected from

mll Q Al N9y simulant container

< e

Signal decrease expected

Witness plate:
Al Absorber Q Al

¢

Using Al absorber
can verify that
experiment was
done correctly.
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Demonstration for Debris in a TMI-2 container

Verified NRF transmission feasible for TMI-2 container!

: : NRF peaks normalized to flux
Small difference with concrete 5000 p . . .
and container verified — —— N/A
concrete has small amount of ;4000' | ---- Al
Al L L Concrete
53000' TIPS Container |
(7]
Large difference with Al § 2000}
absorber verified S
1000}
2870 2080 2990 3000 3010 3020
E, (keV)
Concrete 0.96+0.01 0.95+0.02
Container 0.96+0.01 0.97+0.03 Analytical study shows
239
Al 0.66+0.01 0.65+0.02 .3.7h — 22h mea§urement for 23°Pu
in melted fuel with 3% accuracy
C.T. Angell et al., Nucl. Instr. Meth. B 347, 11 (2015) by using a future ERL-LCS

C.T. Angell et al., to be published A4



Experiment at Compact ERL

References:

T. Akagi et al., Proc. IPAC-2014, p.2072
A. Kosuge et al., Proc. IPAC-2015, TUPWA-66

R. Nagai et al., Proc. IPAC-2015, TUPJEOO2
S. Sakanaka et al., Proc. IPAC-2015, TUBCA1




New generation of LCS Gamma-ray Sources

T-REX @ Lawrence Livermore Natl. Lab. __; :
250 MeV Linac Sy e ERETE SO,

Ey = 1-2 MeV
Test Facility for Nuclear Securlty Appllcatlons

The Extremex nght »Infrastructure
European Project*

Total cost including facility modifications for 250 MeV system, :
R&D, controls and additional test stand ~ $30M ; - \ e '

\ ol

ERL-based LCS gamma-ray @ KEK-JAEA
Test Facility for Nuclear Material Safeguards Applications '

i
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LCS Experiment at Compact ERL

Demonstration of technologies relevant to future ERL-based LCS sources

Beam dump i p O Electron gun
. First arc " Main linac njector mflg; )
.. erlng gtnic 8§ o op o ombo B L\;ﬁm *_ f‘“'”.f;:fj‘"“j' ‘Ek"li{llil]-lt;; _
VA * f n:- - _.”’ ,*Second arg
Electron s, _ Experimental hut
X-ra
y M{— oo oo olBo ojes cBoRSEoBo o o aaB }

Laser enhancement caV|ty and 45W laser Beam line | Experimental hut

Work supported by:
A government (MEXT) subsidy for strengthening nuclear security (R. Hajima, JAEA) 37
Photon and Quantum Basic Research Coordinated Development Program from the MEXT (N. Terunuma, KEK)



Laser Enhancement Cavity

concave Developed by T. Akagi (KEK)

T. Akagi et al., Proc. IPAC-2014, p.2072
A. Kosuge et al., Proc. IPAC-2015, TUPWA-66

M4 M3 162.5MHz | Frequency|| cERL
PLL :— divider 11 3GHz
telescope for Can store two beams independently
mode-matching
M2 HWP _I PDE @
QWP Laser Ny :
ki S —— Fast polarization switch at 325 MHz
.. . V4
Rﬂ?g’g"gg; PD 45W, 1064nm | or
M2: 99'99‘2,/ PBS ' Double the laser power at LCS
. . 0 .
M3, M4:99.999% loli)l;lll;g (Single laser for the first experiment)
38

Spot size: 6=30um



Beam Optics for the LCS

e Low-beta insertion for small beam sizes at IP Beam optics was
e Transport beams to the dump with small beam losses established

IP: interaction point

Design optics (example: “70% middle” optics)
o, =21 um, o, =33 um at IP

Beam sizes at IP
:> were estimated from Q-scan data

50

. . e oy, ~ 13 um, o, ~ 25 um (example)
,8;"'0.037771 betay — I
= * c
_ 40 By~0.11m S
E
g 30 F IP %
= o
IR /I
5 2
: 5
10 ©
N
(72}
0 % Voot
[} >
m >
%ﬁiﬂ {iﬂ % ﬁiﬁ f’ii‘“‘[ K-value of QMLC04 K-value of QMLC04
QMLCO04 N\ Screen monitor o, o, < (resolution of the screen monitor)

Bunch charge: 0.5 pC/bunch,
Normalized emittances: (g,,,&,,)=(0.47, 0.39) mm-mrad

S. Sakanaka et al., Proc. IPAC-2015, TUBC1 39



X-ray Produced by LCS

Parameters of electron beams:

Energy [MeV] 20
Bunch charge [pC] 0.36
Bunch length [ps, rms] 2
Spot size [um, rms] 30
Emittance [mm mrad, rms] 0.4
Repetition Rate [MHz] 162.5
Beam current [pHA] 58

Parameters of laser (enhanced by cavity):

Center wavelength [nm] 1064

Pulse energy [pJ] 64
Pulse length [ps, rms] 5.65
Spot size [um, rms] 30

Collision angle [deg] 18
Repetition rate [MHz] 162.5

Intracavity power [kW] 10

Results:

Photon energy = 6.9 keV
Detector count rate = 1200 cps @¢4.66mm (*)
Source flux = 4.3 x 107 ph/s (**)

(*) Detector collecting angle is 4.66mm/16.6m = 0.281 mrad
(**) CAIN/EGS simulations with the detector count rate

Counts

Counts

I 1 1 I 1 1 |
i E=6.91 keV 1
6000 AE = 173 eV (FWHM)
- 1200 cps @ $4.66 mnH
4000 (silicon drift detector)
2000 | .
0 1 1 L 1 1 1
3000 5000 7000 9000 11000
Energy [eV]
1 04 T T T T T T T
10° 3
S/N~103
2 J
10" Fescape &
Compton continuum
ks Brems.
10 Bremsstrahlung
10°
3000 5000 7000 9000 11000
Energy [eV]
40

R. Nagai et al., Proc. IPAC-2015, TUPJEO0O02



X-ray imaging with a LCS beam
phase contrastimaging

2.5m 510, B0

(a) Experimental hatch

oy
)
w
A
=
“

X-ray source

object

Tube filled with He gas /

Bery!lium Sample 2D photo counting X-ray detector
window (HyPix-3000, Rigaku)

An X-ray image of a hornet taken with LCS-produced X-ray.
Detector: HyPix-3000 from RIGAKU. Detector was apart from the sample by approx. 2.5 m.

A. Kosuge et al., Proc. IPAC-2015, TUPWAO066 41



Comparison with a simulation

T
J T J T T T T [ I 1 | | |
cooof | Experiment | E691key - f | Simulation | EZ696keV. ...
AE = e
_ oot hsomn|  L(CAINEGS) | AE=33ev (FWiil)
------- e cps @ 4466 o
£ 4000 - - 5 5 | .
3 i | S [l N
U
2000l _ oW il
1 1 1 1 1 | : : : ' :
3900 5000 7000 9000 11000 6006800 70007200 7400
Energy [eV] Energy [eV]
Flux

consistent within a factor of 2.5

Bandwidth
detector resolution = 153eV@5.9keV (Fe-55)

Assuming quadratic nature for convolution of
width, the energy width of the LCS photon
beam is estimated to be

We consider the detector resolution is not enough.
We plant to make another experiment with a

crystal monochromator.
V1732 — 1532 = 81 eV 42




Summary

There are strong demands for nuclear security and
safeguards technologies in the world

NRF is one of the promising processes to realize non-
destructive detection/measurement of nuclear material

R&D’s on NRF-NDA have been carried out and still
continue. We still have a large room to improve the
system.

High-flux gamma source is a key facility for
— R&D’s of measurement methods
— acquisition of missing nuclear data (minor actinides, especially)

— exploring other NRF applications, in situ thermometry for
example

43
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