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-Mitgation of long-lived nuclear wastes—



Radio toxicity from long-lived nuclear wastes
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* 1GWh nuclear plant

* Fresh fuel : U(3%-enriched)
~300ton
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_q‘) T T ¥y

_h....un S ’ " . i
10° 10" 10 10° 10* 10° 10° 10
Time after reprocessing

N



Geological repository

* Amount of long-lived
nuclear wastes generated
in one year of operation
at 1-GWh nuclear plant

* LLFPs(Long lived
fission products):

* Tc-99, I-129 , etc
+ 12kg/year
* MA(minor actinides)
* Np-237,Am-241
+ 6kg/year

Geological Repository
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NX:Nuclear Transmutation

* Neutron induced nuclear transmutation:NNX

+ Transform the radioactive nuclei(LLFP and MA) in stable or
short lived nuclei.— ADS can treat MA but not LLFP efficiently.

* Require, however, a large neutron flux for LLFP and MA.
+ High power deuteron accelerator: 1A-200MeV/u(400MW)!

« cf. “Proposal of a 1-ampere-class deuteron single-cell linac oo
for nuclear transmutation’, Proc.Jpn.Acad.Ser.,B95(2019)430. G

* Muons Catalyzed Fusion(MuCF) mitigate the beam power — ’
1/5-1/10 ALAND BIOLO

» 14-MeV neutrons produced by MuCF chain reactions.

* Transmute the long-lived FPs(fission product) and
MAs(Minor Actinide) with <1/5 of the electric power
generated by a nuclear plant.




+ MuCF process

MuCF:Muon Catalyzed Fusion

1.u- absorption into D-T mixture

2.udt molecule formation
+ Formation rate ~ 0.5x109/s
— ~1,000 udt molecules per muon life (2.1us).

+ Fusion reaction
+ Distance of d-t:~1/200
udt - a+n+pu- +Q(17.6MeV).

3.Chain cycle

+ w~0.6-0.7%—Nc ~100-150 fusion/ u

+ 100-150 neutrons/single negative muon
5



Muon Nuclear Transtormation

+ Nuclear transformation in muonic atom (1
= 4
a,=| —— |XZ X10" tm,
+ 1st:Formation u_atom — 2nd:Nuclear \ 207
transmutation R=12% A"’ fm.
# Transmutation probability —>95% for Z>30 nuclei.
» Radioactive nuclei such as Cs-135 which are N e e
inadequate for neutron. ©
Atom Muonic Atom  Muonic Molecule

D14

wnmorsonieiiany | MO L g paet 10 s 1008
A sew v tpemdeina | MK pra g dsd's 1,17 =

3
012 wmorrsonhuiiany | o gt 10 s 1103

135CS 133Cs Alsorvmortsonhibiony | MO go'poet 108 8 118
Alsorvmorysonhubiary | ANON] go ot 108 0 118
2.6)(106 y stable o1k RUsorvmortsonhibary | AL goe et 101 & 10
| B decay | % Dos -
) (-, 2m) " 3n) (u™, 4n) =
% D06}
x

no2

134Xe 133Xe 132Xe Do4
stable 52d stable




Negative Muon Production

“ Pion production and decaying to u-

d+Ad—>n +A4 .= x >y +v, 1 ~30ns.

p-p total inelastic cross section
40’ T T TTT] T T T TTTT]
!

* Threshold energy >250MeV/u
Eth

W
Qo
I

1

* Cross section:very energy
dependent

Inelastic Cross Section (mb)
no
o
I
N
g
A\
\
|

o =10mb at 400MeV/u.

T

—
R

/ with ancther mesons
L1 et o ey 1 L1

10° 10'
7 Energy (GeV)




Efficiency of Particle Production

+ Ditficulties for 1- production

* or depends on the energy. — energy loss of the projectile particle by
ionization of target

* Absorption of m- in the target

+ Efficiency of particle production
CARBON (Graphite, density 1.7 gfem3)

1 Ei G ( E) " d E 3 [ -
n = -CXp - ..:é‘ j_
E, S (E ) g .
- - 5 N

£ “w,
:E ' - \.?:: . :

« cf, 500MeV /u, d-beam, Li target RN

77 < 01 e— j dE < 01 Total Seaping Power
B (E )

8



Energy Recovery Scheme

+ Efficiency of particle production

n=1l-exp -J-EiO-(E)ndE : S(E):stopping pOWET.
s S(E) i
0 — —— e ———

* If S(E) can be effectively zeroed, n becomes 1.

* The energy loss at the target recovers by re-accelerating.
Re-acceleration Re-acceleration

target target

o, Energy Recovery Scheme



ERI'T(Energy Recovery Internal Target) ring

# Principle of ERIT
# Storage ring and thin target
+ Energy recovery by rf re-acceleration
+ Jonization cooling

+ Requirements for ring performance

+ Large energy and transverse acceptances —FFA

Demonstration: neutron source

NEegatlve NYaorogen peam 1 1I7Iey

e s 12
la(ave. beam current) N>IxI0  n/sec
100micro-A W 5 (g 9/

S 4 -3 .
Is{circulating bea curr‘q{t}u- &
100mA '\1?: internal

Re-acceleration
+AE

et\ NNy
Be-10um %
-AE~70keV 1

re-acceleration

-AE~70keV

Vrf ~ 250KV gy ~ &

= I
v A= T
AT =

@ (b}

Y. Mori, et al., Neutron source with emittance recovery internal targei,d]: Proc.
Particle Accelerator Conference (PAC09), 2009, pp. 3145-3149.



Multiplex ERIT:MERIT

« MERIT : Hybrid ring for beam
acceleration and circulation on target

Wedged Target

“ Acceleration: fixed rf frequency

+ Serpentine path rf bucket

I
y? k+1

S

~

« Circulation: wedged target

AE
Z(—E’)+S(E):O

AE:energy gain per turn

S(E):stopping power

[( E):target thickness SR T

+ Jonization cooling: modest acceptance | Fixed Frequency
11



gamma

24

23 +

22 +

2.1 +

MERIT :7t/p production ring(1

<+ Proton

+ Acceleration :500MeV - 800MeV

“ Circulation on target : 800MeV for 7

production

T T T T
'/Users/moriyoshiharul/MORI/gnu/gnut1.txt'u 3:1 ~ +

phase(rad)

Ring configuration H-FFAG
Energy range(MeV) 500-800
Magnetic rigidity(T.m) 3.633 -4.877
Lattice FDF

Average radius(m) 5.044-5.5
Magnetic field(T):F 1.96-2.41
Magnetic field(T):D 1.71-2.11
Number of cell 8
Geometrical field index 2.43
Cell tune:H 0.212

Cell tune:V 0.180

Beta function(m) @SS:H 2.5
Beta function(m) @SS:V 2.8
Dispersion function(m) 1.5

400-800 MeV MERIT ring

IIIII

=l Y capture/transport
solenoid

NC(MIC) & /p capture sol

radiation shield

SC RF cavity

12

Li target

charge—exchange
injection




0.0006

0.0005 +

rms emittance(m.rad)

0.0001 +

MERIT :;t/p productlon ring(2)

“ Beam blow-up : ionization cooling

Suppressed for 3-D directions
+ horizontal: 6x10-4m.rad.
+ vertical:7x104 mrad.

+ Longitudinal:3x10-3 eV.s

Well below dynamic apertures
T—

T —

0.0004 +

0.0003 +

0.0002 +

. . . : . 0.0008 ,
V t. I '/Users/moriyoshiharul/MORI/gnu/gnut.txt'u 1:4  + L '/Users/mor; wthh arul/MORgegu/gnu i +
0.0007 - AN g

} +*.

A
2 oo
o 0.0006 + N +
2 # ho4
> ¥
o +
& 0.0005 fpumss + \
< ++
~ +F +
(] + &
= ¥ 3
g 0.0004 + %
5 %
Z 0.0003 | *
B

0.0002 + g
1 1 1 1 1 00001 1 1 1 1 1
100 200 300 400 500 600 0 100 1(8 300 400 500

turn number

turn number

600

SRS T f".f' ,.«-'

L
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MERIT :7t/p production ring(3)

7 Momentum at monitorO1

Capture and transport (7t/u)

F-magnet and Solenoid (2T) .

Efficiency ~ 50% : G4BL simulation

10
100 T T r
"sers/moriyoshiharul/MORI/gnus/gnu 0
. . ' Asera/moriyoshiharul/MORI/gnu/gnut 0
Ca pt ure Eﬁ:' cien CV% ‘/Usersfmorigoshiharuiz’MDRIx‘gnu/gnut
F_magnet
a0 b geant4(G4BL) simulation B2 5T

|

ol | ] Xx=100mm

ITdla i@ IFslm =l

20 F
X: distance from the outside of F Magnet

0 i i 1 14 1 1 1
=100 0 100 200 300 400 500 |



MERI'T:Demonstration

+ Modify the ERIT 11MeV ring — "MERIT-POP’
ring : Nucl. Instrum. Method, A953 (2019)

+ Acceleration
X3 Serpentine path acceleration

+ k=2.5 —0.07 : modifying the magnet

poles

+ 11MeV(fix) > 9.5-12MeV 1 1

+ Close to integer resonance:

0. ~Jk+1=1.03

Ve .

emeters of MERIL-FoE ring. N — ———

article Proton

unber of cells 8

atrce FDF-triplet

old index & .07 1 — S —

nergry range [MeV] 9.5 - 120 vol — ~ ' <N .

r.mmﬁ.;-. [mm) 2950 — 2500 T WA LN

ippege factor g 0.044 " pr. A

wie H/Y 1.03/1.25 1k

arameters of F/D magnet i

agnetic field [T] 0.59/014 (atr 2350 [mm]) &

pening angle of magret [deg] 5.1/6.1 " _

i half pole gap [mim] 84.41/85.2 o — ‘ . r/ Tiorbeatal spevtur |
' v F Ee2is0 mm

aramelers af RF eaviry Q¢ - ——s

¥ voltage [kV] 7h - 225 T T e

armwinde number f 0 0 < 0 I» 1% 150

¥ Frequency [MHz] 1812 15.., ~

End field clamp

12.0 MeV (r=2500 mm)

Focusing

Defocusing S0 255
$.10:35.
Wo-

/

9.5 MeV (r=2250 mm)
MERIT-PoP ring

RF cavitv
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MERIT:Demonstration(2)

+ Qrbit correction

“ COD source : RF cavity (made of copper plating iron)

# COD correction and injection matching

* A pair of back-leg coils wound around the magnet
yokes

Back-leg

coil
vV B(s)B(s0) 6(BI) :
z(s) = : cos(mvg — |[P(s) — ¥(s0)])
2sin(mvy)  Bp E e S e e, e £
0.006 2550 T T T T T T T T T
Back-leg OA I:j Orbit radius = 2310 mm Orbit radius = 2350 mm
—o—Back-leg 0A Back-leg S0A Quter Scraper back-leg 70A back-leg 30A
0.004 2500 n g
—o—Back-leg 50A ~  Back-leg 70A . \ i
0.002 ——Back-leg 70A )
— 2450 —
0 g ]
o l -
0.002 % 2400 F Magnet D Magnet F Magnet =
) = E
s !
-0.004 S 30| - '
L -
-0.006 i
2300 |- = = —— Back-leg 50A
-0.008 Injection Foil L )4 —— Back-leg 70A
[ 2250 2300 2350 2400 2450
0.01 2250 L ! ! ! ! L ! ! ' ' Radius of Scraper [mm]
2150 2200 2250 2300 2350 2400 2450 2500 0 5 10 15 20 25 30 35 40 H
Radius [mm)] 1 6

o e



MERIT:Demonstration(3

Experiment

Wedge target: C, t=720-980[g/cm?2]—

Injection loss Hit the wall
AE=27-37keV COD loss

Particle tracking

w/o internal taget

" E) 1 o6
G4beam11ne(G4BL) COde E ‘\‘\\0 | . | | Experin;ent |
2 0.8 ml | “““‘:a\s £N|thout t I"get G4beamline —o—
B-Field map 3D: OPERA3D/TOSCA FRR 1
A 04 |
=]
Experiments and simulations showed good S o2y
agreement. £ 0 WL T T Pssseriss (SSSSEEECeLe Tl s e E ottt
0 20 40 60 80 100
) Turn i
RE Cavity Hit the target and circulate
> Mas / with internal target ‘
| ¥ 4 o Cinter{nal targ?t | ' - ' ‘ E 1 T T T " 5 T
t=980[pg/cm? d — = ¥ i t
— s S — o 2 os i B with target j§
, /C‘t — J e, ‘ b5 1A [ETE .' ——
* » o ] £ ool —
® :
& / 10.5 4 % : é 04 |- |
Internal Target “ ;:i 02 H h -
10.0 4 e—— E
P w |
*l0 135 -%0 45 o as 9% 135 180 17 0 20 40 60 80 100
¢ ldeg)

Turn



NX:Hybrid of MuCF and ERIT(1)

,\P N '

'

Advances of ERIT for nuclear transmutation

Hybrid system of MuCF and ERIT "
D/T gas target ~ 1-10atm
Neutron flux ¢(n): 10n/s

Muon flux required:d(u-)= 7x10%6u /s

d beam : 400MeV /u - 60mA(50MW:DO
incident)

[Nucl. Instrum. Method, A982 (2019)]

Electric power required : <10% of 1GWe nuclear
plant generating capacity

MuCF fusion output power (~20MW) assists.
18




NX:Hybrid of MuCF and ERIT(2)

* Gas filling ERIT

« D2 gas, latm o
* Emittance growth - | d
0:0 Longitudinal : AE / E ~2.5% o T 3 20 1o 0 I % P 40 S '11|oo' - '11‘50‘ - '12‘00‘ ‘ ]Lqmso — ‘13|00' - ‘13|50‘
¥ [mm] E [MeV]
(FWHM)
5x107 . | .
+ Transverse: 3x10->m.rad after 70 s
0S| G4BL1.g§tm |
turns. El o Ghiotun
S N
den o I e e
— = — € . = .
ds B2E ds 2 ds T e
o A
+ Acceptance | e e
g 1107 et
* Energy acceptance : >+-10%
O | | | | | | 1 1 1
<& . -3 0 10 20 30 40 50 60 70 80 90 100
Transverse: 4x10-3m.rad >
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Summary

« Applications of Energy Recovery Internal Target(ERIT) with FFA
accelerator

+ Mitigation of long-lived nuclear wastes with negative muons
+ Neutron source : Muon Catalyzed Fusion

+ Direct nuclear transmutation : Muonic atom

+ MERIT :a new scheme that achieves acceleration and circulation.

* Design of negative muon source with MERIT

+ Demonstration of MERIT principle
+ Hybrid system for NX: MuCF and ERIT
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