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Mountain of Radioactive Wastes of JAEA

Cleanup of the nuclear legacy Nuclear Waste Unidentified
by yrays, we see and control nuclei

Handled by hand individually at this time
— estimated cost $20B for JAEA, $200B
for Japan

(JAEA) 2



Germans move radioactive barrels

~» -a.'\\.-

Long neglected
‘toilet side’ of

o«
nuclear energy,

1n contrast to its .i"
production Al KE
(‘kitchen side”) -

(‘

-
B
-

&

We need_science
(brain) of how to
handle this;

not just
management
(muscle)




Disposal of Nuclear Waste

Underground burying

-uﬁ.e =
#ii&.tﬁ ‘“A ;;_-_-j-;:g;;}%; -

Japan
(Japan) (Switzerland)
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Management of Nuclear waste:
Nuclear Data for Hybrid Reactors

Subcritical reactors:
- specific data, reactions induced

(Gales)
by n or p,Fission,capture,residues, ..

- Innovative fuels (Th,Am, Cm, ..)

0.1 eV

Critical reactors

20 MeV 1 GeV

Subcritical reactors

n-ToF CERN, thorium cycle, (n,fission), (n,xn)
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thorium cycle,
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inverse kinematics,
p + Fe, Xe, Pb, U

Louvain-la-Neuve
Uppsala, Groningel.,

(n,xclp), (p.xn),

(p.xclp), Fe, Pb, U

d26/d04E (mb/MeV .

Ph(pXn) Pe(p, e
& N, Marla, LPC & A Gt SUBATECH M . SUBATECH PRAC T Exp. daa
* ENASH TERU 1999 v ENASH TCRU 1999 T ENASH IRU 1999 =B hase
TMYSPOOZ  RTAYSZOOR  p Tayazee
@] of T of L e m=340mg A
i R st
[ 2 4, y & B
{1 . L? » W ik
| 2t ‘ : | 5 L
X I 5 o b X
5577 t ssY I F gt i
4 i ke | . 3
SR R T f
wa . s J
i { i W 1 ! 1 J
i [ \
N, . .
aaant} o o A
T N Ti ] 1
1 s | |
/ | W i
T
2 10 1
EE 50 o 50 w
Near Mev)




Some Conclusions Gales)

- Basic research can contribute via :

- Specific competences (improved data, accelerators, MC
simulation)

- More open approach to nuclear science (less short-term
economically and technologically driven) ,multidiscip....

— Basic training and formation
e Synergies exist with some basic science goals

- Ex : Japan Joint Project, NSS,RIBF,v beams , Accelerator
target, Simulation.....




Atomic Energy System Cyclable with Little Waste

Yoichi Fujiie (former Commissar, AEC of
Japan: ‘Self-Contained Nuclear Energy
System ( SCNES )’
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Introduction of short-pulsed laser

laser quantum control

Invention of new time-
domain
separation/extraction of
radioisotopes

H. Yamada, K. Yokoyama, et
al, Phy. Rev. A 72,
063404(2005)

S8

- reprocessing of spent
fuel

- treatment of radioactive

Illﬁﬁ:ﬁﬁ

Atomic energy is ‘alchemistry’

[ large quantity of photons necessary ]

Energy extracted through the ‘alchemistry’ process

8

We wish to put out only cyclable elements thru ‘alchemistry’
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First Nonlinear Optics Work after Laser Invention

1961
by Franken et al.

First textbook on
Nonlinear optics
by Bloembergen
in 1965

ViLusME 7, Mumpsee 4

FHYSICAL REVIEW LETTERS

Aucost 1%, 1941

GENERATION OF OPTICAL HARMONICS®

P, A, Franken, A. E. Hill, C. W. Pelera, and G. Welnreich
The Harrisen M, Handall Laboratory of Physics, The Univercsily of Michigan, Ans Arbor, Mlchigas
[ ey July 31, VSRL)

The development of pulsed ruby optical masers’®
has made possible the production ol morochros
matic (E043 A light Beams which, when [ocussed,
exhibit elecirie [ields of the order of 107 volig/cm.
The poasibility of exploiting this extraording ry
intenaity for the production of opiical harmonles
Irom sultable nonlinear materials 1s most appeal -
Ing. In this Letter we present a bricf discussion
of the requisite analysis and a deseription of ex-
reriments in which we have observed the second
harmonic {at - 3472 A) prodoced upon projection
of an intense beam of 89434 light throwsh cryetal-
line quarte,

A suitable material for the prodeetion of optical
harmonics must have a nonlinear dielectric cosf-
ficient arel be transparent to both the fundamental
optical fregquency and the desired cvertones. Since
all dielectrice are nonlinear in high enough [ielde,
thia guggesta the [easibility of utilizing malerials
Auch a5 gquarts aml glass. The III.BEIE‘I'HJ'EI"II'.'F ol pelar=
ization of a dielectele upon electric fleld £ may ke
eipresead schamstically by

: E E
I'IE{[4E1+E,I'E+"), L

where K, E, ... are of the arder of magnitode of
atomic electric felds {~10% esn), I E is ginusoi-
dal in time, the presence in Eq. (1) of terms of
quadcatic or higher degree will regult in P con-
talnimg harmonica of the fundamental [reguency.
Direct=carrent polarlzations alkould Accompany
the aven harmonics.

==

Talde I, The square of the total p perpendicular io
the directlon of propagotion of light threugh cresixl-
line ouarts.

Direction of inciklent The squarve af thg total g

Fsekim parpenidicular to direction
of propagatian
: a LI
v iE_ =8) B0
) - L3 U |
yiE =0 p4p PatE
«{E =

H Bz ed ¥ H
R S LS +E}"J

iz is the threefold, or optic, axis; x a teolold
axisl, 1 a light beam traverses quartz in one of
the three principal directions, Egs. (2] prediet
the resulls summarizged in Table I The second-
harmonic light should be absent in the first cass,
dependent upon incident polarization in the secomd
cage, and independent of this pelarization tn the
tiird,

I an intense beam of monochromatic light is
focussed into a region of volume V, there shoald
acear an intensity [ of second harmonic given
[i11 Giaussian units) by

1=t e (e PV ), (3}

where w is the angmlar frequeney of the second 10
harmonic, ¢ the veloeity of light, and ¢ an ef-

fective “volume of coherence™; that ig, the size

ol = mearlon within the ramnla in which theea 1R



What y beam brings In to nuclear physics

* Rutherford approach » ‘laser’ (and y beam)
(collider and particle approach
beam)

photon beam penetrates, but
high momentum penetrates

JORIL not local real space structure,
deep interior of matter and

excites the structure, induces

scatters,
sees smallest detail of matter dynamics and spectroscopy,
possibly controls
A/a < 1 (4,4 are probe and A/a ~ 10* ( both for atoms and
target sizes) nucler)

v beam revolution of nuclear physics:
similar to laser revolution of atomic physics in’60s 1




yrays: opens new nuclear physics
-measurement of neutron cross section of rare nuclei by inverse

process of (y,n)
-nuclear resonance fluorescence and spectroscopy
-particular excitation
*nuclear electroweak excitation such as parity measurement
*Isomer creation
*particular excitation and interaction with inner-shell electrons
-manipulation of nuclei by more than one gamma pulse
*consecutive excitation to higher levels
*exploration of exotic nuclear states?
*quantum control of nuclear states
-polarized positrons
-non-contact and fast detection of nuclear materials
-monitoring of nuclear reprocessing
-transmutation of nuclei with small neutron cross section
-materials research with nuclear resonance, Moessbauer
-cold neutron beam generation, etc. etc.
of Photonuclear Physics: 12
similar to the eve of the laser invention, spawning new atomic physics




Beginning of Photonuclear Physics
International Work (Kizu,2006,-)

““2nd Us-Japan Nuclear Photo-Science Workshop
Purple Orchid Inn, Livermore, July 26-27, 2007
* Opening Remarks, C.P.J. Barty (LLNL)
Presentations
* Nonlinear Thomson and JAEA interest, T. Tajima (JAEA)
* Energy Recovery Linacs (ERLs), N. Nishimori (JAEA)
« T-REX Status, C. Barty (LLNL)

J)

Now, -US-Japan governments seriously considering
research on this subject

-|IAEA
-ELI Nuclear Pillar

13



Can Laser Save (Help) Nuclear Energy?

* Challenge: to safely and economically
identify and reduce nuclear waste

 Efficient Generation of High-Fluence
Gamma Rays

 Accurate and safe detection and
identification of isotopes

« Efficient Separation of bad nuclei

* Nuclear Transmutation of selected nuclei,
e.g. |

e |s there a niche for laser?

14



NUCLEAR ENERGY :GLOBAL FACTS

A rather Young form of energy, of limited importance at the
world level (7%),economically viable source of electricity
(320GWe.y,16%)

Production concentrated in a few countries
(USA+FR+J)= 2/3 of the world
passionately contested energy for
Its origin related to defense,

Its cost structure (high investments ,delayed returns)
Questions insufficiently dealt with in the past
Proliferation (Pu mostly)

Nuclear waste management
These questions generate social concerns for the future

S. Gales



LEPS facility @Spring-8
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8 GeV electron electron beam

~Collision

Recoil electro

a) SPring-8

c¢) experimental hutch
RCNP., JAERI, JASRI collaboratign



LLNL MEGAray Compton Source

Mono-energetic Gamma rays

Photo-gun

& Photo-gun drive
-~ laser system

D‘r |
g
€-. Seed pulse
o laser system
o
€9 S ~ Interaction
NG I jaser system
Tunable h ==

Monochromatic
Gamma-ray Beam

A

(C. Barty) 17



Table-top Synchrotron Laser Compton Source

Lyncean(Professor
Ron Ruth,SLAC)

news

Lasers bend beams for desktop X-ray source

Th. Advanced Photon Sonrae
o Asgonne, Hinok, ocupis
an arm e stxe of 2 sports sta-
dium. B If Ros ol
right, this wcol, widely used in
materials and blomedical sci-
ence, can be shrunk down to
ftonadek

Ruth’s idaa, which Be cut-
lined ca 16 April, only exists
oa paper — for now. Yet it bas
dready attracted §7 milion in
support fanding from the US
National instixte of (:mml
Madical sciences, which hopes
i the device will help inthe
study of biologically impor-
ant molecules. Ruth’s tack-

ground 25 an aocderator  Boachmark kescr mestpulation of clectrons coskd shrink the synchrotron.

some experiments, such as
workonthecrystal boandaries
below the surface of metals.

they will baliewe at's idea
when they see B in action.

Mamy dub gns lock better om
paper than lht-_v work in prac-

tice, says Janos Hajdu, 2 bo-
chemist at Uppsala University
In Swaden, who nses synchro-
trom radiation to study protein
strocture. “But I'll Bave ome if
becan make it happen.”

The proposed machine,
known 2 the Compact Light
Scurce, will be marketed by
Lyncean Tecknologies of Palo
Ao, Caltfornia, 3 company
co-founded by Rath He &

physicist at the Sanford Lin-
e@r Aceferator Comter In Caltiornia also
lends the project some credibility, smchro-
tron experts say

Synchsotmns generate beams of hxg'
enargy X-rays, which can be nsed to dex
mine the traceare of peoteinsand rr.:uﬂ:ls
The beams are derived from clectrons accd-
erated to within 3 whisker of the speed of
Eght. These dectrons are siored in large
rings, some with diameters of hundreds of
meres. Soch devices are typically shared by
sundeods of regalar users, and demand for
tme on them often oatstrips sapply.

Ruth's alsernative, lunched at the Key-
stone Symposiz on Stnactnral Genomiks in
Snowbied, Utzh, stores dectrons at far lower
energies — about 75 MeV compared with
7GeV in the Argonne device — Ina coanded
rectangle just one metre boag. The key differ-
ence & in theway & generates its X-caybeam

X-rays ace emitted when Gst-moving
electrors change direction. Originally, syn-
chrotrons made use of the radition gener-
ated a5 cloctrons wese forced coand the
cared storage rings, b state-of-the-art
\,:vius WX magnets o Insert additional

shortdeflections inthe path of the particies.

Btk imtends to ceflect the dectrons
wsinga flxod pastern of laser kight, formed by
bouncing a laser beam tack and forth in 2
cavity that lics along the straight section of
the mni-synchrotson’s storge ring. This
should bend the particles theomgh tighter
carves $ian & possible nsing magnets.

Rath claims that this will produce X-raps
with energles in the range of 5-35 keV, which
should allow them to be nsed in many of the
stadics currentfy carried ot &t shared facill-
ties. But the brightness of %e beam will be
osders of magnitude below that needed for

Side effects leave smallpox vaccine

Erkalasck Wastisgion
Trials of a now versaan of the smalipes

vaccine have been halted because of a rare
vide cffoct, raising concerm absut the
vaccime's smitabity for widewpread use.

vaccination programme in 2002. So far,
about 40,000 cmergency warkers have bezn
given = dlder vermsn of the vaccine 1o

preparc them for 8 basterroist mtack. But
the progremme has maved far mare devly

On 13 April, Acsmbis in Cambeidge, UK, than was intended, largely because of
wid that it had d peaple’s aboat side cffects.

o 2 large dinical trial of the vaccine bocsme Myopericarditin was not seen during the
ece poopic s the triad bad developed Large-scale smalipos cradication campaigs
ayopericanditis — rwdliing of e heart of the 1960x and 1970, which uscd the
sl snd werrounding s, version of e vaccine called Dryvax. But the

The US governmest has alrcady ordersd
millioms of dosce of he now vaccine, called
ACAM000. But the latest finding malkex #
enlikely that it will be given to Gvilians
anlo there is an cmergency

The United States begas 2 civilian

NATURE VOLAZ I AN 2004 wwaGsarss comm/Barse

vide cficct has emerged in sew chnical trials
o Dryvax. The US Department of Defense
reparts that, since December 2002, 77 of
615,149 military workers whe took Dryvas
developed myepericarditin, b the Acambis
trials, which compered Dryvas with

@004 Natars Putishing Group

rebctant to put 3 price on Se
davice, et sys itis Mcaly to cost in the nglon
of 2 fewmdlion dollacs.

Althongh the notion of unhversitics own-
Ing their own syncieotron is enticing, poten-
tal wsees sy that the device aould hawe
drawbacks. Critics note that the slower-
moving electrons will interzct with cach
other andthewalls of thedevice, limiting the
timetheycan b stoced, and foc which X-rays
an be produced, o 2 fraction of 2 second.

Bt Ruth says that dectroms can be added

1o the ring while & & operating, aliowing
the device to produce a continuons beam of
X-cays. If he s correct, Roth's design m
offer an advantage over other X-cay sowrces
that nse 2 laser to bend clectrons, 25, s0
far, these can only prodoce bands of radia-
tion. He adds that Lynaan is budding
a prototype that stculd sant gmmung
X-rayseacly in 2005,

ACAM2X0, Both vervions of the vaccine
scemed to casse the coadition.

“It 3 »t3ll 2 big question whether this i
semething really pew or whether theae
things happescd before, but were sot
noted,” smys Anthony Faci, directoe of the
National bsstaute of Allcrgy and Infectious
Discascs in Bethesda, Maryland.

Fauci sryy that ACAM2000 could st be
given to avilians in an cmergency. But
health officiels are snsure how to continuc
teats of the now vaccine. [t is alss not dear
ow cffocts to liccnae the vaccine will
proceed. Fauci says that it mey become
noccmary to wockpie 2 milder version of
the smallpes vaccine — modificd vaccinia
Ankars — which is slso being tested. L

Some mesearchers Sy that i

18



MeV LCS Facilities

HIGGS facility, Duke University (US) AIST TERAS (Japan)
FEL+electrons

e-beam Y-rays
G-

FEL

photons

Collimator

, A
Mirror .

OK-4 FEL Detector

V. N. Litvinenko, PRL, 1997

Collision
Point

Energy 5~20MeV ? Nd/YVO, Laser + electrons in storage ring

107 photons/s: high flux « Energy 5~50 MeV
dE/E is very sharp « 10 photons/MeV/s

Good S/N ratio

However, the flux is too small to be used as the NRF assay method.
19



Detailed layout of the THomX machine

High brillianc e LINAC 3 GHz — 500 / 700 MeV

ﬂElsdrons :

A

i £ X-ray Photon 15
Laser and cavity = \ﬁ_lm
5
- . 20L - Y
Zone d interaction 3 W
Com pton E Electron Bunch Laser Pulse
05 .
20 0 30
10-2001 . 5
8621A1 Distance Along Trajectory (mm)
%k %k
10**13 y/s
Anneau de stockage
Users 30m
< 4
-

20
(G. Wormser)



JAEA concept of a high-flux y-ray source

laser

flux of LC y-ray
r_ VN o,
A

' collision frequency
/Vg number of electrons

/VL number of laser photons
O, scattering cross-section
A effective sectional area

we need high repetition, tightly focused,
high power, high current beams.

super cavity

Supercavity &

Laser

y-ray

Electron bunch

laser photons are recycled

high-flux y-ray is av@

]

electron energy is recycled

Pb collimator Laser Compton

y-ray

electron
injector

— 9

Energy Recovery Linac

Acceleration
A N
v I

Deceleratio

21
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Proposal of a High-flux y-ray source with a 3-loop ERL

Detectors Compton scattering
Ray =i <= 3rd E=350 MeV
=3 i — i
[ <= 2nd E=235 MeV
Nuclear I I ] i 3
Fuel

<=1st E=120 MeV

& i i —

=> Linac
=4 Dump

Injector

The electron beam is accelerated three times
and decelerated three times.

(Hajima) 22



Isotope detection by vy
IR

PHYSICAL REVIEW C 78, (4 1601({R) ( 2008)
Nuclear resonance fluorescence excitations near 2 MeV in 2°U and ¥*Pu

W. Bertozzi,! J. A. Caggiano,” W. K. Hensley,> M. S. Johnson,* . E. Korbly,! R_J. Ledoux,! D. P. McNabb,* E. B. Norman,*
W. H. Park,! and G. A. Warren?
| Passport Systems Incorporated, Acton, Massachusetts 01720, USA
*Pacific Northwest National Laboratory, Richland, Washington 90352, U'SA
*Lawrence Livermore National Laboratory, Livermore, California 343550, USA

(Recerved 30 June 2008; published & October 200E)

A search for nuclear resonance fluorescence excitations in **U and *¥Pu within the energy range of 1.0-
to 2.5-MeV was performed wsing a 4-MeV continuous bremsstrahlung source at the High Voltage Research
Laboratory at the Massachusetts Institute of Technology. Measurements utilizing high punty Ge detectors at
backward angles identified nine photopeaks in U and 12 photopeaks in ™ Pu in this energy range. These
resonances provide unique signatures that allow the matenals to be nonintrusively detected in a vanety of
environments including fuel cells, waste drums, vehicles, and contminers. The presence and properties of these
states may prove useful in understanding the mechanisms for mixing low-lying collective dipole excitations with
other states at low excitations i heavy nucler.

DOz 101105 Phy=RevC TR 041601 PACS number{=s): 23.20.Lv, 25.60.Dz, 25.20.D¢, 27.90.+b

fniroguction. In the current geopolitical environment, pro- mode is an electric dipole excitation. Other modes are possible
liferation of nuclear and radiological materials is a major  but these are the major ones that have been identified in the
concemn. Many efforts are underway to develop a system that literature.

.23.



Proposal of Nondestructive Assay of Radionuclides
using nuclear resonant fluorescence technique

There are many minor actinoid (MA) and long-lived fission products
(LLFP) in the nuclear waste drum.

How do detect such the MA and LLFP ?
A new Method

4618keV
Energy
3948keV

fr— . |
. |
.|

Energy 2312keV N
Tunable LCS  n——— 1322keV

gamma-rays

Excitation | |De-excitation

®E(log) 14N 28Si  79Se

/

Only Nucleus of interest can be detected

1257keV

(Hajima)
*This method can detect all radioactivities except 3H
‘However, this method require a very high-flux gamma-ray source. 24



NRF experiment using Synchrotron Radiation
at SPring-8 for Parity Mixing Measurement

(KK ) Vot 109.9keV
.Aawase).
500 «—
10° | > 8 g
: g = . g
= g400 g E‘
o
) g = S
10 >
% 200
E —
= 100 F £ P
: 0 L L L L
= 100 110 120 130 140
) Energy (keV)

t

Compton scattering

0 50 100 150 200 250 300
Photon Energy (keV)

(Fujiwara, Kawase et al.)
25



Advantages of Nuclear Resonance Fluorescence detection

2.176 MeV for U-238 NRF signal
U-238
| 2.176 MeV
detector ~ target
AE/E ~ 1% \
e
\ps
y-ray beam -
2g’hoton Enel%ély (MeV) - Photon energy (MeV)

(1)Nondestructive detection of radioactive and stable nuclides

(2) Excellent signal-to-noise ratio in the energy-resolved gamma-ray detection
(3) Detecting many kind of nuclides by scanning the y-ray energy

(4) Detection through a thick shield

(5) Full utilization of modern laser and accelerator technologies

26
(Hajima)



‘Notch Filter’: a method of fail-safe

to detect specific nuclear matter

Light
Source

Cargo

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

Container Shielding
2 AW
Notch
Detector

/’F
I el' [l e Transmission
! (. |

\ B =¥ Detector

Sample
Foll

|

FIG. 2. (Color online) Schematic representation of the detection system
studied here. A photon beam is sent to interrogation cargo. After passing
through the container the flux of resonant and off-resonant photons is mea-
sured. Resonant flux is measured by “notch detectors™ that observe NRF
within a small sample foil made of the isotope that is being looked for. The
flux of off-resonant photons is measured with a simple transmission or cur-

rent detector.

(Pruet,...Barty,2006)
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Experiment of nondestructive detection of concealed isotope

/ 50 mm \
-
\50 mm
________ "

LCS '}\-q ------
y-ray beam R
-+ —
« [N |8
, RE
- - 3
Fe 15mm {15 mm
A
Pb

\ Pb block shielded by 15mm-thick iron box /

10* —— 1 : —— 2
» 30 H ' . 91 3
g 50 [(a) w Pb |1 y=-8mm 7 ] L '
o 208y b ﬁ“’i’*«’h{f‘wﬂﬁr L-vu.»thw.a : ERERTY == = SN G. S —
107 F / op (b} wio Pb y=-12mm | 3 E ;
10 4 7 = 0 et [ =i S .
E 0 : a :I .: ..3 : :
@ 5300 5500 5700 8 40 Lot
2. 2L g O
2 - 5512keV | g Lo}
20 e i
Pb-208

v N T B

ﬂ T I T
10 F 12
Eg:m © 0 10 20 30 40 50
0 Eemees 1_.“. . Counts
o L2200 apo 980, |, Position and shape of the Pb block
2000 3000 4000 5000 6000 7000

Energy [keV] were clearly identified.

[2] N. Kikuzawa et al., Applied Physics Express 2, 036502 (2009). 28




Safeguards technology based on mono-energetic y-ray

Nuclear material accountability is an important issue for nuclear energy usage
in the frame of Nuclear Non-Proliferation Treaty.

Nondestructive assay system of
spent fuel assemblies
— U, Pu and MA.

Material accountability for operator

m

Safeguards verification for inspectorates

(Hajima)

. 29
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Deep penetration of y-rays in a fuel assembly

Ge detectors density of NRF events
»| from Pu-239

504 240

220
207 180
1SS0 0N
10 =

o’

] 140

100

=701

709

200
4049

v-ray bea

0] ;“ i’ !!! -
0'#!-q._gga'

120

GEANT-4 based Monte Carlo code developed by Hajimma’smgrcz)ouﬁ. - 30



Sharp discriminatory capability of monoenergetic y rays

2 MeV e-Brem X-Ray image simulation 1,734 MeV NRF image simulation

VS

|eubls 8oU82S810N|} 80UBUOSSY JB3[ONN

Bremsstrahlung y rays Laser Compton vy rays

C. Barty and T. Tajima (2008)



Present status of MeV g-ray beam:

ition in Japan:
pring-8 (8 GeV electron storage ring (SR))
ERAS of AIST (National Institute of a
ivanced Industrial Science and Technology) | 2
10 MeV—800 MeV SR =
>w Subaru i
EK SR o =
iga SR =i
'.l "..\.\ o}
Collaboration between Nuclear physics \
and Laser physics |
|
&\'{'/'
r Technology developments

1014
- New greal applications for science
AN
“]lz 1 Faadisnien
/ AL ELSrg X
NIIO
e - P e _g
TR SA)
l("\ Er
® ® ..‘».'IH.\-‘
\ LIS GHAAM
\ 107 ¢
v U T Tio T
| -l 100 gl e ne

vy ray energy (MeV)

(M. Fujiwara)



Photonuclear processes
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Parity Mixing in Nuclel

Interaction between Neutral Current Boson
and Meson (Nucleon-Nucleon Interaction) 70 - Neutral Current Boson

Standard Nucleon-Nucleon Interaction Interaction between Z°
~and Mesons.

(a) : (b)

Z,
Zy)
-

[ 7 The interaction can be determined
e v e \ ¢ v by polarized LCS gamma-rays.
Fujiwara, J. Phys. G (2006). 3%



Parity Assignment

Asymmetry at g=20°

1 N -N

P N, +N,

P, ‘Photon polarization

+1 for M1 transitons
— 1 for E1 transitions

=Pb{y 1), ET.8 MV Ohgaki et al.

Linearly polanized photons =

(M. Fujiwara)
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Nuclear Astrophysics

High energy photons with 8-10 MeV create new isotopes

Supemova Explosion

-

M assiwe Star

[

Nucleosynthsis

Seed Nuclies New nuclkus

Supernova Residual: _CaSS|ope|a A Sl % )1 Neumm
There are many new isotopes. Photon

JAEA-NAO team found a piece of evidence for such the nucleosynthesis.
Hayakawa, Phys. Rev. Lett. (2004)

Photonuclear reaction rates are important for theoretical verification. 36
T.Hayakawa



Nucleosynthesis of the 89Ta Isomer

BT - T ,=1.2x10% y, E=75 keV
G- 75 . Ser
Only the naturally occurnng isomer m— =1 2x100y
Nature s rarest 1sotope L J 8.1h

One of the p nuclei 180T 4 . I b~decay

Production process?

Photo-disintegration 1*1Ta(g.n)#®mTg = : ’
o T B oy
E |j§f B
ks ol
(r Tl (R REETT g (K - po| 10
A g [T i P e
B ] ST s o 4 e
179Ta #1Tal R B >
> E_ L : “I
|1?E|.|-f|17-‘§|-|f||13]|-|f| = o - A . TRV
c DTOC e i——— — i0 100 12X WK1 60 130 1':[:'-
; \ \ \ Mass Number
(T. Hayakawa) I Process H. Utsunomiya et al,

Phys. Rev. C67, 015807 {2003)



Nuclear Cosmochronometer

Reaction rates are important for evaluation of
the initial abundance.

O 187Re
B - decay p- process
T1/2=44Gy \\& \\&
vy Os 185 186 H| 187 I—b| 188 H| 189
O187OS
S s+decay StHr StHr
Re 184 185 - 187
. . 186m
Method using long-lived f st
radioactivity to measure time from W H|y/4| » . 56

material production to the present
SHr SHr r
- process
nost r- ntocess

Neutron capture reaction rate

using nuclear reactor Photonuclear reaction rate

Hayakawa, Astrophys. J (2009). using LCS gamma-rays at AIST
Shizuma, Phys. Rev. C (2005). 38



Transmutation of actinide by photo-fission
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Potential barrier and photo-fission

Horizontal axis: nuclear deformation,
Vertical axis: depth of potential.

We irradiate 4 MeV photons to a stable
nucleus with a deformation 0. Then, the
levels in the first potential with 0
deformation are excited. The excited
levels couple to the vibration level in the
second potential, inducing an abnormal
photo-fission mode.

For example, the transmutation of Np by neutron induced nuclear
fission, fission fragments with wide masses near A=120 remain. One
serious RI is '?°I with a long half-life. Can we control the fission mode
by selecting a special mode of fission ?

One possible route is to use Nuclear Resonance
Fluorescence (NFR)

It is well known that there are the second-, and third-potential

in addition to the first potential in actinide nuclei, when we consider
the fission processes. One can use the coupling mechanism between
the levels in the first- and second potentials. Theoretically, it is
predicted that the mass distribution of the fission fragment is different
from those of the usual neutron induced fission fragments.

Feasibility test by photon-beams from FEL Back-Compton photons
are an interesting research subject.

Parity mixing may also play a role !

Idea comes from by Dr. Nishio of JAERI.
39
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Possible layout in a nuclear fuel reprocessing plant

v'Fuel assemblies are transported
from the storage to the measurement cell.
v'All the process is done in the water pool.

2 ¥

N
R /A water pool
upper level It
spent fugl
|| |
‘ ey 377Ge detector
p—
o~ rack
“;)ﬁ)m ; 4Fansport
” = N
Y v % ¥ —
4 ¥ y-ray source measurement  spent fuel storage
k v lower level cell

40
(Hajima et al) 40



Possible layout in a nuclear fuel reprocessing plant

Detectors are located outside the pool in measurement rooms where people
can go inside when SF is not in the measurement point.

SF pool water

concrete wall dump
A

\ . water

y
é concrete wall - concrete wall s
=3 £

concrete wall

Measurement
Room (Hajima et al)

concrete wall

Measurement
Room

Linac/ Laser Area i Spent Fuel Assembly
41
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Gamma-driven Neutron beams
Photonuclear Reactions : Neutron yield

(y,n) < (ny)
(7,17) (nyy)
/1
& Al S ] &
d
E Ey: BH+A many cascades
A A+l

Cross sections and resonances unknown
r,T,

(Habs)

Many studies — level densities at B,

42



Gamma-driven micro-neutron beams

2
£E,=6MeV A= 240 - = (6Me\3/) =75eV
2.240-10° MeV
a) o V_ 14’ v=7.10° 2
c 4-10 S

r.
~ @ (compensate by fast centrifuge)

B

= low background focus £,=300 meV

|l
[ ~1m
% / 10 m elliptic mirror,
supermirrors: 104 Ni layers,

b)
Y

also for hot electrons

Expected optimum flux from reactor: 10°cm—2s~!, diameter ~ 1 mm
photo nuclear: 10'4s1, diameter ~10um — 10" cm=2s-', diameter ~ 10 um

Even 102 times higher flux would open up many new applications.

P. Boni, NIM A 586, 1 (2008);
R. Valicu, P. Boni, “Focusing neutron beams to sub-mm size”, NIM, to be published. 43
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Laser-driven Cold Neutron experiments

neutron

production
target (N S ANS

defining

Energy revovery electron linac (500 MeV)

(D. Habs)
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NRF + radioactive nuclel

ELI (Extreme Light Infrastructure) Nuclear Pillar
APOLLON laser + y beam

high—power
short-pulse
laser

) v detectors
mirror

\ \CF‘ D
___ v | | /I

- ' Il
bril |[Etl;.r; [ahrflev — E— stopper
¥ target Yy beam dump
concrete

shielding

5

v detector:

Dense radioactive target of neutron-deficient nuclei
Tip2z1s

(D. Habs) 45



Relativity Helps Acceleration
(for Ions, tOO!&F

Extreme Field Science

Ultra-relativistic Regime: SRS Strong fields:
TR B e I g to longitudinal
fields
Tev gt Tov d
§ ! R In relativistic regime,
oomev T soomev photon X electrons
and even protons
Mev i+ MeV o
> @ couple stronger.
W e em e ek e em e (wem
Intensity of laser (a2 ) Normalized laser intensity
«Io a, >>1 a,~L5 ( A\ | )
l_’_ ‘ inh et (Tajima, 1999
e @LLNL,;
NIF 0501 a2248A 2 F 51 - 501 ESirkepOV et al.,

PRL,2004) 46



Beyond intensity 102*W/cm?
ions move relativistically like e-

Relativistic and monoenergetic ion beam may constitute
compact colliders of ions
— QCD vacuum exploration

axawatt lasar acawatt laser

gold gold
mini black holes

quark-gluon
plasma... (Bulanov et al, 2004)



Nuclear wakefields

J. Ulery (2007)

* Broadened and maybe double
humped structure on the away-
side in 2-particle correlations.

e Could be caused by:

Large angle gluon radiation (vitev and
Polsa and Salgado).

Deflected jets, due to flow (Armesto,
Salgado and Wiedemann) and/or path

length dependent energy loss (chiu
and Hwa).

Hydrodynamic conical flow from
mach cone shock-waves (Stoecker,

Casalderrey-Solanda, Shuryak and Teaney, Renk,

Ruppert and Muller).

Cerenkov gluon radiation (bremin,
Koch).

« Three-particle correlations to
distinguish them.
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PHENIX PRL 97, 052301 (2006)
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PHENIX Results: Nuclear Wake

A¢ Projections

J. Ulery (2007) _Vpsubtracted
Ajitanand (PHENIX) HP0B, IWCF’06 5T
3 0gf
o L (1° .
\=w=200GeV v2 subtracted ~ Au+Au 10-20% %04l i
2 5<piT'?<4 Gevrc D =— 0.04 < * b
1<pT35 25 GeVie . ek _ |
\ 2-particle dominated é“ 2- partlcle domlnated
AR 0o 05 1 15 2 25 3
KT s AZAANSRON | 0025 80*(rad)
AV SRR | AR | v—and 2-particle subtracted
By % ' AT Deflected fo 77 T
NS Miois § [ LI I
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©10:20% PHENIX
1.05 £t

3-particle/2-particle ~ 1/3, very large ; .

— Residual background?

PRL 97, 052301 (2006) * oo
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summary

Contemporary problems to solve in front of us

Ultrfast intense laser: introduces new ways to revitalize
nuclear physics

Laser Compton y-rays: first and main access to photonuclear
physics

Laser allows: pump and probe in zs regimes of nuclear
reactions (‘streaking’ observation); laser and ybeams
collaborate toward marriage of two disciplines of science for
new nuclear physics

Transform nuclear physics with clear specific control: basic
science and applications

ybeam can drive compact cold neutron beams

New fundamental physics approach by the combination of
iIntense laser + brilliant ybeam: s.a. vacuum physics

Nuclear fuel monitoring and waste verification

50



Pascal Lecture Plan
(tentative, need your feedback)

Oct.22: First Lecture (General) “ Laser
Acceleration and High Field Science: 1979-
2009”

Nov.18: Second Lecture “Laser Electron
Acceleration and its Future”

Dec.9: Third Lecture “Laser lon Acceleration”
January 20,2010: "Relativistic Engineering”
March 10: “Photonuclear Physics”

April 14: "High Field Science”

May: “Medical Applications”
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