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INTRODUCTION

« Liquid lithium is a candidate material for a target of intense neutron source, heat transfer medium in
space engines and charge stripper for FRIB. For IFMIF development, liquid lithium free surface test
facilities were constructed at Osaka Univ. and JAEA, and promising results have obtained as design data
bases for the IFMIF and A-FNS. The latter is planned to construct in the mid 20’s in Rokkasho Aomori as
one of BA project, and will be used for high energy high dpa neutron tests for DEMO components.

« A good application of IFMF technology is in transmutation processing of long life fission products.
These elements contain isotopes of several atomic numbers and only one isotope among them has very
long half decay time. These could be transmuted to stable or short decay elements through high energy
neutron irradiation. IFMIF could be used to measure the cross sections relevant to these reactions so as
to precisely design the system.

« In medical application of BNCT, thermal neutrons with least energetic neutrons and gamma rays are
required, so as to avoid unnecessary doses to a patient. This is enabled by lithium target irradiated by
protons at 2.5MeV, since 7Li(p, n)’Be is a threshold reaction at 1.88MeV. Here protons penetrate into Li
by 0.25mm with dissipating beam energy there. Thus a thin film flow at high velocity is important for
stable operation of the treatment. Neutrons generated at 0.6MeV are gently moderated to epithermal
range vg/lhile suppressing accompanying gamma ray and energetic neutrons minimum by a moderator
assembly.

 For these application, high current proton beam is necessary. A candidate is a tandem accelerator,
which is 1.25 times higher energy than the ITER neutral beam. This system will enable extraction of an
ampere class beams at several MeV with H or D with using market power supplies.
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Neutron distribution of IFMIF and a fission reactor

Neutron Flux, 10" n/(cm’® s)/MeV
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Neutron fluxes are higher by
2 to 3 orders at 10MeV
than those in fission reactors.

The upper slope of the
distribution(green curve) is
able to vary with the beam
energy.

Profile selectable by beam



. Lithium system R&Ds tor IFMIF

1) A small experimental Li test loop at Osaka University mid 80’s
in same period with FMIT test

2) A small natural convective Li heat transfer test equipment
under strong magnetic field in Osaka 1993

3) Forced convective heat transfer test loop under magnetic field
1997

4) High speed free surface experiment under KEP project 2000

5) ELEL facility constructed at JAEA and experiment under
IFMIF-EVEDA 2011

6) Osaka Univ. loop modification for A-FNS design.



IFMIF Schematics
Accelerator S Targct IR Test Col L

D beams of 100-300mA at
30-40

! Deuteron accelerators: 10 MW beam heat removal o MeV ]
40 MeV 250 mA (10 W) with high speed liquid Li flow ®lrrad. Volume > 0.5L  Lithium flow of 25mm thick
N for 10%n/(s-cm?), (20 dpalyear) at 15-20m/sec in 10-3Pa
' eTemp.: 250<T<1000C « Temp. controlled test cell
neutrons i1t units
Test « Handling high activated Li
leces- ?

n-irradiation ‘ ' / T \
A

Application
(~107nss) | O e material test

s /| * blanket study

. =g

ECR source: 188 mA, 9% keV Typ'Cdl reactions: ° neutron SClenCe
" _ Li{d,2n)’Be, *Li(d,n)'Be -
Two 178 MHz Accelerators QSCh 125 : ’ ’ ' ° transmutatlon
mA and 40 MeV, acceleration by SL'(naT,A He.
Radio Frequency Quadrupoles (RFQ) Bhiiia ookt on L bt \ cancer treatment /
and Drift Tube Linacs (DTL).

1/ 20cm wide x 5cm high (1 GW/m?)
Total Availability: 70 % s



Average Inlet Velocity Ui=10, 15, 20m/s

Li Fluid Dynamic Study at

Flow Thicknese in thic Calaularion
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Surface wave measurements 2
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:\'“F!‘?"p IFMIF/EVEDA Lithium Test Loop

Scale: 20m X 20m X 20 m
(Three stories and underground pit

< Components>

(1) Target Assembly

(2) EMP-EFM
Flow rate: 3000 I/min

(3) Dump tank
Inventory: 2.5 ton (5000 /)

Largest Facility ever completed
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Japan Atomic Energy Agency



Target Assembly Test Results

Li target satisfies the Rated values

. . %‘/ (I) Inlet nozzle //U/O‘j'j\.\\\\\\
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J!"M“y Li Flow is very stable and smooth

Measuement with using a Laser Probe

3D shapes are obtained (time average) | Surface waves are the same with previous ones

15 m/s, 3 Pa, 250 °C el N\ 0.20
N ‘ 15 m/s, 103 Pa, 250 °C
' 0.15} ]
& 2 (X,Y)=(0,0): B/C
FI.OW . o S o.10} Mean : 0.52 mm ||
Direction : -:.é Max. : 3.26 mm
‘x[mm] 0 \ 0.05¢
0.00 PED——
A 0 1 2 3 4
5020 Wave height [mm]
Li flow depth:
- Uniformity (P-P) : 0.16 mm . .
Wave amplitude (a half of height) of Li target is stable
99.7 % is less than 1 mm. We can go to A-FNS & IFMIF
The same conclusion was confirmed again
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Japan Atomic Energy Agency



summary for Lithium Flow Dynamics

« Lithium high speed flow in open channel has been studied and
developed by IFMIF-KEP at Osaka University followed by [FMIF-
EVEDA at JAEA Oarai.

« Systematic works over 20yr has revealed its potency in high heat
flux handling under high vacuum environment.

 Precise measurement on the surface shapes has shown its
flatness with small waves of random nature, and thus _
constructed facility was found to be very suitable as the high

energy beam target.

« Basic fluid-dynamical properties of Li were found to obey those
for existing fluid dynamics established with water and other fluids.
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Development of a Liquid Lithium Charge
Stripper for FRIB

F. Martia, P. Guetschow?,
Y. Momozaki®, J. A. Nolena?, C. B. Reed®

aMSU- b ANL
MICHICAN STATE e EEEEEEEEEEEEEE Office of
UNIVERSITY ENERGY Science
nergy o g DE-SC0000661, e of Michigan and Michigan
as a D I i ort of the mission of lhe Office of Nuclear Physics.

FRIB(USA) RIBF(IEEE) TETEAF D

EREFEREERIC L Y FrE(Rare
Iwmmﬁéﬁﬁféfmyzﬁfﬁ\%
BMOBA AV E—LIZEEDT TV E—
A

What is FRIB?

» The Facility for Rare Isotope
Beams is funded by DOE-SC
Office of Nuclear Physics with
contributions and cost share
from Michigan State
University

= Key features are 400 kW
beam power for all ions
and E/A> 200 MeV/u

= Separation of isotopes o 3
in-flight provides : \ . i
+ Fast development : ‘ i

time for any isotope /'t/, 35 “,gt L

Experiments with fast, stopped,

Y = S0 e ey

. 2 Rare isotope
All elements and \*tat,*h-/ AP
short half-lives isotope harvesting

* Fast, stopped, and
reaccelerated beams

F R I B g, Facility for Rare Isotope Beams
US. Department of Energy Office of Science
Michigan State University

F. Marti, September 2015 HIAT 2015, Slide 3
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) - Lithium film,

‘ RSN Doricctor metallic reflection —

\ 9 mm <. surface

Reflection of the
incoming beam on
the lithium surface
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IFMIF and A-FNS ®QST

Basing on the
results obtained
so far, these
facilities turned
to reality

IFMIF irradiates fusion materials

\ SOLENOID  RF CAVITY(175 MHz)

R ;:E anW . llMW 18MW 1 JJMW SOMW
DIPOLE DODECAPOLE  OCTUPOLE
. | | “”I Hanlllllthllllhl
| {0
t | [
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HEBL

| B

l

[ 1 w\w'muluumuw
l ‘2%%‘ E?E“M g rmM xawM g nuM g zouM HEBT(DeUteron I NeUtron intenSity
Injector RFQ SRF 40MeV, 250mA) 1.37x10"7 7!

A-FNS

Single accelerator 125mA at present

Lithium target

‘ 18 kW LiMW  LSMW 3.3Mw 5.0 MW e
ol : STy Al " oot ocrels Beam foot print 100cm?2
Lt IPPEEPERRIPIPIRE
_l’ | | A P Irradiation test
-~ ZoEn R : on Fusion materials
exTRAcTION LEBT RFQ MEST SRF-LINAC
IFMIF: 2 ACCELERATORS, EACH ACCELERATING 125 mA CW DEUTERON BEAM TO 40 MeV UTso = =
b s v erom s o s e asar s S P HEBT(Deuteron J . and general applications

40MeV, 125mA)

Neutron intensity
6.8 x10"6 s

Industrial and medical application possible
Flexible for irradiation module design
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V. BR3BHAFP D% ZE AL D R gL

« Application of IFMIF on the transmutation processing of the long
life fission products of 9Se, 93Zr, 99T¢, 107Pd,126Sn, 129] 135Cs from

nuclear fuel.

* Processing of these FPs processed in fission reactors without

isotope separation, (n,y)reaction takes place with high cross
sections of low energy neutrons. This produces LLFP from stable

or short half life elements, so that the complete elimination of
LLFP is difficult with using fission reactors.

« With high energy neutrons this is adverse changed owing to lower
cross section of (n,y) to those of (n,2n), (n,3n), (n,p), (n,np) in
these energy region.



Cross Section (barns)
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Thermal neutrons enhance the neutron capture

reactions (n,y). Long life elements are produced
from short life FP elements.

133C0g = 134Cg = 135Cg = 136Cg = 137Csg
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ol like reactions which is 2-3 orders
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Transmutation system in Li flow
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caipuissed by FHilN 362 Lioliog by A L 4.50

Li is light so that the neutron moderation is
very small within the depth of Li.

LLFP’s could be mixed into Li fluid to be
irradiated continuously by 10-40MeV
neutrons, avoiding (n,y)reaction.

Energy Deposition (10"W/Am)
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Processing at high rate requires large beam current
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V. Boron Neutron Capture Therapy

BNCT is a kind of particle beam therapy that selectively destroys cancer cells with using

reaction between a slow neutron and a boron accumulated in a cancer cell.

exposure

Boron
Compounds

00000
Q0000 h - ‘.‘“‘ ........ =
. o o o . ..... ."‘.. ........ i
. o . . ‘ ..... “..... ........ S

Nutrient with boron is 0B + n —» He + Li + 2.31MeV + y ray

swallowed by active where

cancer cells. E,=1.47MeV, E;=0.84MeV, E =4/8 keV
lon’s ranges < 5 — 7mm < cell diameter

20Gy 5Gy

‘Cancer.
s, cell ¢

T
Vo
00::00
0::0::0
Q::: @
0 000
Energetic ions work as @
heavy ion therapy.
Cancer cells with many

boron are selectively
destroyed.

<Source: Association For Nuclear Technology in Medicine website> 29



Liquid Lithium Neutron Source

Proton accelerator i

Liquid lithium loop

Liquid lithium
target

lon source  Proton beam

® Low exposure

ithi Neut .
Neutrons from !he lithium WS RUCIL ® Stable operation
target are low in energy. unit

® No replacement
of target

Background y are much

less. Neutron
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1. Produced neutron properties and accompanying gamma rays and high
energy components of neutrons were studied in detail.

2. Calibration of numerical code system, and verification of irradiation
performances up to 30mA.

Q School / Graduate School of Engineering
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Neutron Flux Measurements
2.65 MeV w/o phantom

Gamma ray profile
Epithermal neutron profile yP

45
I =, 0
Ty | (0] 40
@5206 ®o E, 35 ® Experiment [
T & ® @ 30 .. A Calculation
59 D' 925 r@
£ 5 4 Collimator |radius(100 mm) ??g ﬁ
O S ¥
ZEE6 i S 10 A”
) £
S, ! £ 5 Am
1.E+04 L @ o o 3 o ' ' 2 =N '
0 200 400 600 800 0 200 400 600 800 1000
Distance from the center [mm] Distance from the center [mm]

> Neutron flux is collimated well and low beyond collimated radius.
— Suppression of the total body dose for a patient
Shingo Tamaki, “Mock-up Experiment at Birmingham University for BNCT Project of Osaka University - Neutron
Flux Measurement with Gold Foil -=” Poster Sessions (Ps2 P01) ICNCT2014 June Helsinki 2014
> A peak of the gamma at the center is partly attributable to neutron doses, which has verified by
numerical analysis and by new differential measurement of y-ray.
— A glass dosimeter is tested to have sensitivity to neutrons.
Sachiko Yoshihashi, “Mock-up Experiment at Birmingham University for BNCT Project of Osaka University -
Gamma-ray Dose Measurement with Glass Dosimeter — “ Poster Sessions (Ps2 P03) ICNCT2014 June Helsinki 2014
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Real Machine Performance 1

Tumor Dose . o
Neutron yield at least energy is important.

We can further reduce y-ray part and fast
neutron part with reducing beam energy
down to 2.1 -2.0MeV.

\ BPA: Borono-PhenylAlanine CoH1,BNO,

Boron FBPATPETEZEL. T—7—ASRFEREIC
20 Normal

_ Fast neutron - 0.03Sv
_ 4N + Boron - 0.08
y-ray in air -0.15
(TOTAL = 0.26 Sv/treatment)

20 +

-
o
|

Gy-equivalent

Dose

T2 B OfBET, RCAEDDAREM AL
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md completion of the system

17 x 17 x 5m3

Operating

Moderator/Collimater room

Treatment
room

Liquid lithium loop
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V1. About Accelerator

Above described application requires,

 30-60mA at 2.5MeV H+ for BNCT,

1A at 40MeV D+ for transmutation.
\ 4

 RFQ has limitations

« JT-60SA 20A 500kV D-

 |TER 40A 1000kV D-

_____
| O 1997 Taddeucci

-----
::::::::::

99999999999999
& 10—1* | v 1976 Sekharan

------
:::::::::::::
????????????
aaaaaaaaaaaaa

<&
<&
$

« With using these high voltage knowledge, high current
tandem accelerator at 2500kV is fabricated.

¢ School / Graduate School of Engineering
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CONCLUSION

* Liquid Lithium circulation technology has advanced owing to the series of
experimental projects.

* Contraction of the flow with two stage nozzle was validated to perform
satisfactorily for a high speed free surface flow.

* Stable free surface flow of up to 20m/sec under 10°Pa vacuum, its long time
stalc)llll’qy are verified with spindle and laser probes and with numerical
analysis.

* Various application of Li flow combined with accelerator are derived, e.g.
transmutation of LLFP, BNCT and FRIB stripper.

. Ial.igh culrrent MeV beams are desirable, 100mA for BNCT and 1A for LLFP
isposal.

* These current region may easily be satisfied with a tandem accelerator with
using the MeV-class ion source technology and high voltage power supply of
current SiC semiconductors.

36



