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> Accelerator irradiation simulation

» Triple beam irradiation facilities at CIAE
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Evolution of nuclear energy systems from lst to 4th Generation
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Materials : one of bottle neck issues for the development
of 4th Generation nuclear energy systems

Among the materials properties
Radiation property:

one of the most crucial issues to the materials
needs to be examined well in advance

Present work motivated to establish in laboratory fast testing
facilities of the materials radiation effects for pre-selection
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Advanced nuclear energy facilities operate with
fission neutrons with a mean energy of <3MeV
fusion neutrons of 14MeV
spallation neutrons of several hundred MeV
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Neutron induced cascade collisions

Neuron irradiation causes atoms to be displaced
from their lattice sites and

produces severe displacement damage

since very high fluence of neutrons
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Materials of 4! Generation nuclear energy facilities
suffer very high dose neutron irradiations at high temperatures

[ Fission Fission Fusion Spallation
(Gen I) (Gen IV) (DEMO/PROTO) (ADS)
Stmuctural alloy T <300 *C 3001000 *C S50=1 000 *C L 40500 *
[ Max dose for core ~ o oo -
| internal structures 1 dpa 30-200 dpa 150 dpa 50=100 dpa

Structural materials required to work in high displacement
damage environment without failure
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Transmutation resulting from (n, p), (n, o) reactions
A nucleus may absorb a neutron forming a compound nucleus

which then de-energizes by emitting a charged particle
either a proton or an alpha particle

1 Meutron + 12 O Nucleus 1? M Nucleus + 1 proton

R &
DNeutmn + c‘ B nucleus % L1 nucleus + o \

Neutron transmutations produce P (H) and o (He)
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RD in structural materials
of 4t Generation nuclear energy facilities arises
from a combination of atomic displacements and helium and

nydrogen irradiations

Fission Fission Fusion Spallation

(Gen I) (Gen IV) (DEMO/PROTO) (ADS)
Structural alloy Taux <300 °C 300-1000°C 550-1000°C 140-600 °C
Max dose for core T ™~
e ~1 dpa 30-200 dpa /<150 dpa _ 7\ (50-100 dpa

. ~1500 appm -5
Max helnu_n 0.1 appm ~3-40 appm 5000 |
concentration (~10.000 appm for SiC) | |aPPmV/ipy
Max hydrogen 6750 50.000-100.000
concentration ~20-240 appm e appnvipy
-y A SR | T
Several hundred

[ Neutron Energy Egyy  <1-2 MeV C1-3MeV (14 MeV ) eV
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In simultaneous irradiations of atomic displacements and
hydrogen and helium

there is a so called synergistic effect

which can enhance or suppress RD

Fe | Fe Fe .
He H He Simul.
H 3C-SiC [111] 4 :
1 o simultaneous & = SEH“E.
7 2000 ® sequential & T
= | = single 0 |
5 R T p
A7 S fering. | HISingle
ICr "~ ‘-‘:”-:f.
E Imr ‘E . - L, # i -;‘..--l. ;
I, § oo i o
3 E e
m n
= 500 . T d I b
$ | 32 34 36 38
At XRD
e H HeeH

Synergistic effects can be seen clearly in the Fe-Cr steel and
SIC irradiated simultaneously by HI, H and He
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> Accelerator 1rradiation simulation

® Heavy ion irradiation simulation

® Triple beam Irradiation
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Fission Fusion Spallation
(Gen IV) (DEMO/PROTO) (ADS)
Structural alloy Ty 300-1000°C 550-1000°C 140-600°C
Max dose for core 30200 & ﬂ*(}d \ 40100 don \
internal structures St G o 2 P
Max helium 20 s ~1500 appm ~5000
concentration E PP (~10,000 appm for SiC) | |appmy fpy
Max hydrogen 150 o 50.000-100.000
concentration ~20-240 appm S appm/ifpy
e ———
[ Neutron Energy By  (S1-3 MeV (14 MeV ) f‘;':f‘“' T
~— _——

Radiation effects in materials are characterized mainly by
® High displacement rates at high temperatures
® Simultaneous irradiation of displacement & H & He

Triple beam irradiations of HI, H and He are needed
to simulate high dose neutron irradiation

l.e. Introducing appropriate gas concentrations
simultaneously with the damaging heavy ions
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Some currently
available

reactor facilities
used for materials
testing

mixed-
spectrum
reactors

Fast reactor
can reach 20-
30 dpa per
year

ESS
1.4dpa/GW, d

Heavy lon Irradiation Simulation
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E.>0.1 MeV
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5560
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350
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Temp
Range

<)
50-1000
50-1000
50-1000

80-1100

S0—=1500

300-1300
300700

375750+

300-700+

Ctmmelis\

« ~105 days/vr
* Caps p 50-200 mm
« In-situ fatigue ngs

« 275 days/vr
* In situ expenments

« Caps p: <127 mm
+ Large irrad. volime

« Versatile facility

* Very high peak flux
« Acrelerated testing
in smaller volumes

« Temp. control +4 K
* 300 days'v1

* Very-high dose rate

* Only passive
mstrumentation

« Omnly paszive
mstrumentation

« High level FIE

displacement rate not high enough
The heavv 1on irradiation has been developed
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Damage rate generated by HI irradiation

IS much higher than that by neutron
irradiations, say in the order of 103
HI irradiation simulation allows critical
scientific studies to be performed on

reasonable time scales , e.g. hours to days
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Heavy Ion Simulation \
at CTAE HI-13 Tandem Accelerator

HI Energy/MeV Range/um RD rate(dpa/uAh)

2c 70 41 2.1
od 3 80 21 3.9
38C1 70 7.7 11.7
1291 100 6.6 26.5

Ql‘ stainless steel Providing HIs up to Au /

Samples irradiated by HI are not radioactive
unlike reactor irradiated samples that are highly activated
requiring a very long cooling time before examination

Irradiation parameters such as irradiation temperature,
dose, dose rate can be well controlled in HI irradiation
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Heavy ion irradiation technique employed in many laboratories
with heavy ion accelerators in the world to simulate and
Investigate RD produced by high dose neutrons

e.g. g =
ORNL, LLNL, USA Ky I IV
GSI, Karlsruhe, Germany %= N =
CEA-Saclay, France E Z0s B AR
Kurchatov Inst., Russia SEN 5000 50 é -
JAEA, Kyoto Univ., Japan weling 002 i
Kharkov Inst. of Phys. & Techfiology, Ukraine
CIAE, IMP, Peking Univ., China Irradiation upto ~400 dpa

well above the incubation stage,

National Tsing Hua Univ, Taipel Severe swelling was observed
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Atomic displacements /
| ® Hydrogen
W " advanced nuclear ) H
< energy materials
¢ He
\ Helium

Structural materials simultaneously encounter
displacement damage plus H and He

Triple-beam irradiations play a important role in
Investigating the RD of nuclear energy structural materials

[Triple beam irradiation facilities usually composed A
of three accelerators or implanters, delivering heavy

lon beam and hydrogen and helium ion beams
\Independently )




‘ 90 A list of the various multi-ion-beam
SBIREIMIIATIE L Lo the world

Laboratory Facilities Application field
ap
MSD, IGCAR, Kalpakiam, India 1.7 MV Tandetron Imradiation behavior of puclear alloys
lon implanter
(30=150 keV)
HIT. Tokyo, Japan 375 MV Van de Graaff Iradiation behavior of puclear alloys a
1 MV Tandemon CEFITNBCS ual
DNE, Nagoya University, Japan 2 MV Van de Graaff Imadiation behavior of muclear alloys
200 EY won implanter TS
FZ, Rossendor, Germany 3 MV Tandetron Synthesis of nanostmctared ceramics
500 kV ion implanter assisted by imradiation
Ton beam modification of materials
F5U, lena, Germany 3 MV Tandetron JULLA Synthesis of panostmucnared ceramics
400 kV jon implanter ROMEQ assisted by imadiation
Iradiation behavior of puclear alloys
LANL, USA 3 MV Tandem Heavy ion imadiation from the tandem

200 'V jon implanter 5 immitaneous He/H implantation from

. Kyoto, Japas 1.7 MV Tandewon Evoluton of nucrostachme under

1 MY Van de Graaff mmult-mradiation
1 MV Singletron

JAEA Takasaky, Japan 3 MV Tandem Synthesis of nancstrchared ceramics

TIARA 3 MV Van de Graaff assasted by imadiaton ) T | Ie
400 KV ion implanter Behavior of alloys and ceramics under p

iradizton

DN, Saclay, Framee TANNuS 3 MV Pellemon EFIMETHEE TImadiation behavior of puclear materals

(ready 1o operate af the 2.5 MV Van de Graaff YVETTE Ton beam modification of materials

beginning of 2005) 225 MV Tandetron

Kharkey Instinme of Physics and 2 MV ESU Ieradiation behonvior of msclear allovs

Technology, Kharkov, Ukrame 50 KV proton
50 kEV helium

Acczlerator Lab _ HVEE 500KV ion implanter Trrzdiztion behavior ofnueless materizls

Nationzl Tzing Huz Univ. C=DHT Tenden /

\@E‘ A S
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lon-beam-TEM facilities in the world

ﬁﬂnn or dual ion beams (=100 keV) coupled to a TENM

\

&IﬂRET, Sapporo, Japan

Arsonne National Laboratory, USA

CSNSM, Orsay, France

o

1.3 MV HVTEM
400 kV 1on implanter
300 kV 1on implanter
nradiation

2 MV Tandem or
650 kV 1on implanter
300 kV TEM

28V Tandem Van de Graaff ARAMIS

Synthesis of nanostructured matfriala.
assisted by iradiation
Behavior of nuelear materals under

Iradiation behavier of nuelear ceramics

Iradiation behavier of nuelear ceramics

N

JAERI DMD, Takasaki, Japan

JAERI DMSE, Tokai-Mura,

\Iapan

(will operate at the beginning of 2008) 150 kV 1on implanter IRMA and semiconductors
200 kV TEM Ion beam modification of materals /
ﬂr dual keV ion beams coupled to a TEM
MR, University of Salford, UK 200 kV TEM Radiation damage on nuclear reactor
(under constmiction) Ion implanter materials and semiconduoctors

(5-100 keV, A = 140)

400 KV TEM
400 kV 1on implanter
40 EV 10n pun

2°—A0 kV ion guns
400 kV TEM

Radiation effects

Irradiation behavior of nuclear alloys and

Ceramics /
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1 MV Van de Graaff Target Stations

-

3MV Single end e
accelerator beam

JANNuUS

General view of three accelerators complex
of charged particles

: : : _ LLNL, USA
Kharkov Inst. Ukrain National Tsing Hua Unversity, TW

Maximal intensities
3.9X 10%/s for protons, 8.8 X 10%/s for 4He+, 2.2 X 10%/s for‘He?*

1.8 X 10%/s for 132Xel0*, 3 X 10%/s & 8.2 X 10%?/s for “0Ars*
2.6 X 102 pps for %6Fe®* | 1.1 X 10'2 pps for
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The triple beam irradiation of heavy ions & hydrogen & helium
produced by accelerators or implanters

a unique way In a reasonable time period to experimentally
Investigate the radiation damage above several tens of dpa

with appropriate H and He concentrations
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» Triple beam irradiation facilities at CIAE

® Heavy ion irradiation facilities

®Triple beam facilities
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Heavy ion irradiation facilities at the HI-13 tandem accelerator

Heavy Ton Simulation
at CIAFE HI-13 Tandem Accelerator

HI Energy/MeV Range/um RD rate(dpa/uAh)

2c 70 41 2.1
el 80 21 3.9
38Cl1 70 7.7 11.7
1291 100 6.6 26.5
for stainless steel Providing HIs up to Au

=

=

L3

= o

- HI-13 Tandem

E with S-LINAC
= Coulomb
¥ = ]
é 54 .| \\k‘—\k_hﬂmer
Eﬁ APl

g HI-13 Tandem Slimac
]

o o 100 150 20

High beam current irradiation chamber
Mass Number ( anu) For RT irradiation

samples directly cooled by flowing water
Single sample irradiation

Lowbeam current irradiation
chamber for RT irradiation

6 samples installed & irradiated
inturn

without breaking vacuum

Irradiation
|  terminal

RT to 800°C (£10°C)
6 samples mounted & irradiated in turn
without breaking vacuum
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Development and Establishment of
triple beam facilities at CIAE divided into three phases

Atomic displacements /
P Hydrogen

., - advanced nuclear
{_ energy materials

¢y

\ Helium
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Early stage

Temperature RD-12000C
6 samples irradiated in turn

Composed of HI-13 tandem
Accelerator and a 250 kV implanter

HI-13 tandem

providing various kinds
of HI up to AU ions,

250 kV implanter

delivering mixed beam of H & He
Irradiation chamber
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Present stage

250KV
implanter _ . o ; : " Temperature RD1200°C
' feg 6 samples irradiated in turn

implanter

%'3%“ 0 0 s .
| il}.]fl:‘ ”, ’iL] H,I| l ]rIlJJ.l].-Sﬂ]IIP].E, ) chamber

variable tgmperature

.._I '-. ] TIES irradijbﬁ_ mber
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Near future stage _

Temperatare RD12000C
6 samples irradiated in turn

Dedicated triple beam irradiation
facility

Expected to be completed in the .
first quarter of 2015 High-B, 10 GHz, Caprice
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——H 100Kev _Fe
——He 200Kev _Fe

Fe13Mev_Fe
—Au5Mev_Fe
14

0.14

0.014
1E-34 m

A" 71 7 17—
0 1000 2000 3000 4000 5000 6000

No. of vacancies/(Angstrom-lon)

DEPTH ()

Depth distributions of
displacement for 100 keV H,
200 keV He, 1.3 MeV Fe &
5 MeV Au In stainless steel

—— 250keV H

—— 500keV He
2MeV Fe

—3MeV Fe

0.1+

Number/Angstronvion

134
1/

1E4

0 2000 4000 6000 8000 10000 12000 14000 16000
DEPTH (A)

Depth distributions of
displacement for 100 keV H,
200 keV He, 2 MeV and 3
MeV Fe in stainless steel

Depth distributions of heavy ion, H and He are well overlapped



8,3 'f@‘?%’ﬁ‘ﬁ{'%ﬁ'f% High energy triple beam facilities

ENNLCL CHINA INSTITUTE OF ATOMIC ENERGY

Phase 2 Phase 1 Phase 3

100MeV proton cyclotron _

Superconducting LINAC

A
T

e - - -
e —— ]
= St R ad 1
bt b i s e il

Plan view for the planned accelerator complex

at I}N-P CIA:E P]].i]ipﬁ C}’dﬂtrﬂﬂ
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12 - ~—— Tandem+superconducting
LINAC
' Superconducting LINAC
10+ Tandem
3 . — Philips cyclotron

Coulomb barrier (A+Pb)

Energy per nucleon (MeV/amu)

7 -
O b | . I v I v I
U 20 100 150 200

Mass (amu)
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Triple beam irradiations have been carried out
with the established facilities
to study the radiation effects in CLAM, ODS, 304 ss, etc

The radiation effect of
simultaneous triple ion
beam irradiation in
CLAM

Presented by Dr. Yuan
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ﬂ . Pcslitrlml ]if e1l:in1 es (right) m\
I: their intensities (left) as a function of Prev'ous exper|ment

G annealing temperature in o-Al>0;
C hdedspeesf I | imadised by equvaen dose | proved the equivalence of
neutrons orheavy ions the HI irradiation and
. a-Al,O, the neutron irradiation
. for a-Al,O, at the same
== L == irradiation dose
:e ,H;"; i : A
H_H,;H;u ! ,uu«ru”hh
U I — | T Jae e 85 MeV °F ions to a fluence of
tedgempres 1 — 5.28 X 10 cm2 @ 60 °C,

equivalent to the En > 1 MeV
neutron fluence of 3x102° cm

_§'+ . | VH*HHHH'] @ 75 °C irradiated at JJR-2

P}"i sl - reactor, Japan
' I e .
" .u:d*-l:-.-n:r . = ‘e sl c

Modern Physics Letters B18(2004)881
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