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Laser Compton Scattering (LCS)
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Applications of LCS

biomedical imaging
XRF analysis

photo-nuclear reaction (y,y’) (y,n)
non-destructive detection/assay of nuclear material
polarized positron generation
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Various types of LCS Sources
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Nondestructive Detection & Measurement of Nuclear Material

Energy [keV]

Nuclear Resonance Fluorescence (NRF)

1+ 2410 i i
_ 2423 L i fingerprint
unable 2143 2003 5 2176
S
; i ) 1815 i
- o T 1733 :
sorption mission =
=
977 938 -’\\i‘\
933 I 680 (RN
Absorption Emission "'{I:{l‘ R
0+ 0 0+ 0o 121 vo 720 Vo0 0+ 0
Flux of gamma-rays 243 A 0 237Np 239py, 235 238 WANTED 7

~ Detection of SNM in a cargo

Beam Monitor

| aE

Notch
Detector
Nuclear Resonance
Flourescence (NRF)

Beam + No Scatter = SNM

" 0.5-25MeV
tunable

AE/E =107

SNM: special nuclear material

y-rays

Management of nuclear material

nuclear waste
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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)



Two Measurement Methods
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Experimental Demonstration — nondestructive detection of isotope

50 mm 20 L_{ "
\Sﬂmm 10 s e _ o H39keVirC
L-(r:asy beam i \\ \_\ E 0 i i . 1—{ %g e —%32?2 40 / 4915 keV : “N
i N N IE E o '_'j.ﬂ RARE T £ 4842 keV : 2P
v 4 | g E i -'_'*m T - I E5IE
Fe :Ex_;m 1 S‘nTn: -20 Pb o mls/s\lz:orption Emission
‘II;b -30 x 0 wl¥ o ¥ G0 40 40 4o a0 40 5000
0O 10 20 30 40 50 Flux of gamma-rays 208 pp 12c 4N Encrgy [keV]
Counts
1-d isotope mapping Detection of two isotopes
N. Kikuzawa et al., APEX 2, 036502 (2009). T. Hayakawa et al., RST 80, 045110 (2009).
. Iron plates =15mm :z imii Eii?;‘ieii ]
Fe
sof 206Ppy 20 e
E wfn" E 10 B { P
E . mm 208Pb § o %.:_:i.;_. I 208y,
g " .-h'_»ﬂ % -10 :>—'—I [ nat o
§ o Hﬁ -20f ., ——
. LCS - ol [
0 0 10 20 30 40 50 gamma_ray Scatterd -40 L L L L L L L L " b
Thickness [mm] 0 10 20
gamma-ray Relative intensity/T'»
2-d isotope mapping 1-d mapping of two isotopes
H. Toyokawa et al., JUAP 50, 100209 (2011). T. Shizuma et al., RSI 83, 015103 (2011).



Demonstration for TMI-2 containers

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)



LCS y-ray for Fukushima

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

removal of debris
from the core ~2022
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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 12



Demonstration of ERL-LCS

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, TUBC1
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New generation of MeV Gamma-ray Sources

MEGA-RAY @ Lawrence Livermore Natl. Lab. B ELL NP Complex of PW Iasers and LCS
250 MeV Linac o : _—
Ey=1-2 MeV

Test Facility for Nuclear Securlty Appllcatlons

11111

Total cost including facility modifications for 250 MeV system,
R&D, controls and additional test stand ~ $30M

\ ol

ERL-based LCS gamma-ray @ KEK-JAEA
Test Facility for Nuclear Material Safeguards Appllcatlons
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Proposal of ERL-based LCS y-ray source

Low emittance & high-average current laser enhancement cavity

—> high flux and narrow bandwidth y-ray S ’
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AIST ERL R. Hajima et al., NIM-A608 (2009) 15



LCS Experiment at the Compact ERL

Demonstration of technologies relevant to future ERL-based LCS sources
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Work supported by:
A government (MEXT) subsidy for strengthening nuclear security (R. Hajima, JAEA), and 16
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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
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. . 0 .
M3, M4:99.999% loli)l;lll;g (Single laser for the first experiment)
17

Spot size: 6=30um



E-Beam tunings 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) Beam sizes at IP

oy =21 um, o,/ =33 um at IP :> were estimated from Q-scan data
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S. Sakanaka et al., Proc. IPAC-2015, TUBC1 18



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] 10.4

Results:

Photon energy = 6.95 keV
Detector count rate = 1370 cps @¢4.66mm (*)
Source flux = 2.6 x 107 ph/s (**)

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

B |
5000(—
4000
. F E=6.95 keV
3000 AE=78 eV (RMS)
3 F 1370 cps @ p4.66 mm
2000
C (silicon drift detector)
1000(—
- ! 1 | 1 1 | 1 1 | 1 1 ] 1 1
0 2000 4000 6000 8000 10000
Energy [eV]
E A
10° =
i S/N~103
S1¢°E
8§ F escape &
_  Compton continuum
10 + Brems. ]
c Bremsstrahlung

o

2000 4000 6000 8000
Energy [eV]

T. Akagi et al. submitted 19
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X-ray imaging with a LCS beam
phase contrastimaging
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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, TUPWAO66 20



X-ray resonance fluorescence with a LCS beam

7 keV X-ray is between | Elements | Kedge[keV] |  K[keV]

K absorption edge of Mn and Fe Cr 5.989 5.4,5.9
Mn 6.539 5.9, 6.5
Fe 7.112 6.4,7.1

minor composition (Cr, Mn) in SUS can be assayed with XRF
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Narrow-band GeV photon generation from XFELO

R. Hajima and M. Fujiwara, Phys. Rev. Accel. Beams 19, 020702 (2016).
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XFELO-y = XFEL Oscillator + LCS
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Compton scattering occurs as well as VUV-FEL
Compton photons have “GeV” energy

X-ray oscillator with Bragg mirrors (perfect crystals)
d,= 0.2 mm

spatial and temporal coherence

next-generation X-ray source

Reflectivity

K-J. Kim et al. ERL-2007 WS ol
PRL 100, 244802 (2008)
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Design parameters 7-GeV XFELO-y

sapphire bending undulator e-beam sapphire
CRL magnet CRL X-ray
- - — >
y-ray
collision point
~100 m
E. (GeV) Q (pC) op (MeV) £, (mm-mrad) Te (Ps)
7 40 1.4 0.082 2
f (MHz) K Ay (cm) Ny Zr (m)
3 1.414 1.88 3000 10
A (A) gain (%) loss (%) out couple (%) Nx
1.0 50 17 4 2.0 x 101"

Repetition of 3 MHz - 2 FEL pulses in the oscillator

- Compton scattering at the undulator center
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Energy differential cross section of Compton scattering

for 7-GeV electrons

107

_ E=12eV -—--

LN E,=120eV oo
| |

— > _ i E,= 12 keV
@ A . = -4 I
Ny S 107 r .
A = i
electron 91 AaS S = _ i
e _ | I .
incident photon | = . !
g 1070 o

© |
' I
- |
10} i
S o2 A I

-7 ! 1 | | | :

_ "]0 T
er = B\ /mc? 0 : 2 3 4 5 6 7

LCS Photon Energy, E2(GeV)
€y — EQ /’}’?'I.-CQ

2
do, W-rg 1 1 €9 1 €9 Ye — €9 Ye
d - 2~ 2 A~ 2.2 ~ _ o ~ ~ + ~ + ~
62 ,lr.e E]_ ,lreE]_ ,I"E".' — 62 ,IPEJE]_ ,I"E.’ — EQ ,I"E’. ,u'-f_"f _ 62

F. R. Arutyunian and V.A. Tumanian, Phys. Lett. 4, 176 (1963) 25




GeV photon spectrum of XFELO-y

| I | T T I | I I I

100l  analytical formula ]
» without energy spread i
— with energy spread — —
80 N CAIN simulation - ]
Q n .- |
3 f B ~ 0.1% (FWHM) §
=T Flux~102 ph/s/MeV | .
% T | ]
z i ]
i i il i
20 | sl —
L i | ||' | I T :
] L e e a1 EEE N j

0 | '" | 1 1 | | | | | | | 1 1 | | 1 1 ‘h‘u

6.9 6.92 6.94 6.96 6.98 7

LCS Photon Energy (GeV)

Energy is tunable by changing e-beam energy with keeping X-ray
oscillation.

XFELO-y provides a new opportunity for studying
the charmed quark (c-quark) production dynamics
from proton and neutron which mainly consist of u- and d-quarks.
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Summary

Compton sources have been developed and utilized in a
wide range of photon energy from keV to GeV.

CS is the only practical energy-tunable source in MeV
and GeV. There are many demands such as isotope-
specific non-destructive detection and assay.

Flux, spectral density and bandwidth have been
improved according to a progress of laser and e-beam
technologies.

ERL-based Compton source demonstrated at the cERL

IS a promising path towards a high-flux and narrow-
bandwidth CS.
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