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Abstract

Need and requirement for the intense neutron source for fusion materials study have been
discussed for many years. Recently, international climate has been becoming gradually maturing to
consider this problem more seriously because of the recognition of crucial importance of solving
materials problems for fusion energy development. The present symposium was designed to
discuss the problems associated with the intense neutron source for matenial irradiation studies
which will have a potential for the National Institute for Fusion Science to become one of the
important future research areas. o

The symposium comprises five sessions; first, the role of materials research in fusion
development strategies was discussed followed by a brief summary of current IFMIF( International
Fusion Materials Irradiation Facility) activity. Despite the pressing need for intense fusion neutron
source, currently available neutron sources are reactor or acclerator based sources of which FFTF
and LASREF were discussed. Then, various concepts of intense neutron souce candidates were
presented including ESNIT, which are currently under design by JAERI. In the fourth session,
discussions were made on the study of materials with the intense neutron source from the
viewpoint of matenals scientists and engineers as the user of the facility. This is followed by
discussions on the role of universities from the two stand points, namely, fusion irradiation studies
and fusion materials development. Finally summary discussions were made by the participants,
indicating important role fundamental studies in universities for the full utilization of irradiation data
and the need of pure 14 MeV neutron source for fundamental studies together with the intense

surrogate neutron sources.

Keywords: fusion materials, 14MeV neutron source, neutron irradiation, IFMIF, ESNIT,

RTNS, Fusion nuclear technology machine, nuclear data, role of universities, role of NIFS
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Fusion Material Study and 14 MeV Intense Neutron Source
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1, Strategic Analysis of Fusion Material Study
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“DEMD is defined as a device which will demonstrate the solution of all
the technolcgicél problems in a manner suitable for extrapolation to a
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Radioactivity after shutdown per watt of
thermal power (W) in D-T fusion reactors
made of various structural materials: HT-9
ferritic steel, V-15Cr-5Ti vanadium-
chromium-titanium alloy and silicon carbide.
Note the millionfold advantage of SiC over
steel a day after shutdown. For comparison,
radioactivity levels after shutdown are also
_V-A50eSTi given for a liquid-metal fast breeder reactor

' and a SiC fusion reactor using the neutron-
reduced D-3He fuel cycle. (Adapted from a
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Intense Neutron Source for Fusion Material Study especialliy on the 14 MeV
Neutron Source . -
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FUSION MOTA DOSIMETRY: MOTA-1F (CYCLE 10)

Spectral information at 3 locations, gradient information at 9 other locations

Maximum measured fluence: 1.27 x 1022 nfcm?, 40.6 dpa in SS*

(midplane) 6.0.appm He in SS**
(9.56 x 10% nfcm?, E > 0.1 MeV)

Neutron fluence and dpa maps were generated for the entire MOTA.

* S8 = Fe-18 Cr- 8 Ni.
** He includes ®2Ni contribution.
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FUSION MOTA DOSIMETRY: MOTA-2A (CYCLE 11)

Much more comprehensive dosimetry than any previous MOTA experiment

12 spectral dosimetry wire sets
21 flux gradient dosimetry wire sets

Samples will be received from MOTA-2B in about June, 1991
MOTA-2B (Cycle 12}
Dosimetry plan reviewed by dosimetry experts from U.S. and Japan

11 spectral sets
18 gradient sets:
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- Past 1985 - 1989

¢ SNQ Target Cell _

¢ Flux/Spectrum Measurement

e FIM S_tudies inwW

¢ Magnetic Materials

o Glass to Metal Seals

e Ceramics and Graphites -

. Mi’_grqd@r.u_cture Evolution-
Spéctrum Differences )

. & Microstructure Evolution and

Mechanical Properties—
Spectrum Differences
® Resistivity of MZC"

. Siabilitg_&':ﬂof Beam Entry
Window Material '
‘e Helium.Generation/Protons

- Present

¢ SSC Detectors

o Beam Entry Window (HT-8)
¢ SSC Detectors Structure

¢ In-Situ Ceramic Conductivity
. S'pectra‘l. Effects

e Spectral _Eﬁ'ect;l :

LASREF

SUMMARY OF EXPERIMENTS (BRIEF OVERVIEW)

Exp. # - Collaborator
769 KFA-Jiilich
936 Tows State
932 New Mexica: Tech.
LAMPF LAMPF
LAMPE LAMPFE
986,987 KFA-Jilich ,
1014 ‘RISO; Denmark
932 People’s Republic
-of China
'LAMPE  Peoole’s-Republic
_of China
'LAMPF. PSI
LAMPF PSI
1139 UC-Santa Cruz.
'U. of Tennessee
U. of 'Okl?;hoaxii.
1165 PSI '
— " Group MEE-12
— MST.‘Los Alamos
—_ PNL
1014 RISO, Denmark.
{Continued)

?article/Fluence -
2

cem™2
Ht; 8x10%°
H* n% low
H* n% 10%°
n?; 10%°

n’: 10°"

n?; 5x10%°
I+, 1% low to
5x10%°

H*, n%; low to
5x102°

Ht, 2x10'®

H+, 5x10%°

Ht; low to
5x10%°

n?%; IO“

H*; to 1072

n?; to 5x10'°

n% to 5x103°
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Neutron Flux (n/m2/s/energy bin)

1018

10“

#E1. LASREFRNZE. RUROZR. HEE

Copper Metal

Wechaler et al. | Davidaon et al.| Cu Boam Stop W Alloy Beam Stop
“Ip =1 mA Haagurement . Calculated Calculated

Calculated Ip = B00AA Ip = 8004A .| Ip = 800,A |

Cu Beam Stop Cu Beam Stop R = 10.5|R= 5.25}® = 10.5 |R = 5.25
., . : .
-107dpa/e 4 2.7 4.7 30,5 | 11.0 24.4
Ky,
107 appa/s 7 4.7 8.2 [18.4 | 19.2 42.8
1ot :
Displacements .9 6.2 13.8
Per Atom .Pap 1.5 2.8 3
Week g
90% avallablility
107 .
appm Ha Par 2.5 4.4 9.9 10.3° 22.9
Week 3 . . B
90% avallability
Diaplacemente
Per Atom:4n |
2500 houra 0.22 0.39 0.87 fo.91 2.02
4000 houra 0.35 0.62 |1.39 |1.46 | 3.23
. 63500 hours , - 0.57 1.01  |2.26 2.36 5.30

A
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Figute 6 -~ Helium production cross section versus neutron energ} based on
ENDF/B-V and aa calculated by VMMTC.
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PROBLEMS WITH FIRST CAPSULE

» Current Leakage
- Electrical Noise, Heater Leakage

+ Chemical Reactions

» Heater Lifetime

- Los Alamos -~



3. ESNITE B &g hHFiEo o 4 + 7 k

3-1 ESNITOBRE & ERSFAEBEEE & L TOMENIT

BARETDHZEET B - RT3
IFH o

1. Lo
HEHART XL F —BIRW TR FBRME (ESNIT) B, T HHEREBTESE
BEL. 198BR LD EWTEOHBBRAMNMBEh b PHEERHRTH D, ESNITIR
D-LIA MY v B VYRS (Hl: "Li+D* (35 MeV)—=>2n(~14 MeV)+"Be) % R L = FMITOD &
BEOBZANX - THEERKEZTHY.
@  hE R
@ Y- vi+E
@ EEX (BHABAEREZLST)
FOEREET RS,
ESNITOHAMEREFNHHERCHEY, TO0FENREFIMEBEHEORAORE
THHFUFEEDROBRPL TR ESENEZREIFIHEORBETH S, Chobit
BIROMN. RBRAOEHDI>AEMEFHBHEETH 3,

2. ESNITO M B RS HBRMER L L TORHK
ESNITRM B BEREERE LTUTORBEES DI EBNBEEEATWS,
DHREEFLINF A7 NVRE-7HE2E D,
DEBFOMBLALX 2B EEDILICLIDE— VLA NF—2BIRTE D (FMIT
TR MeVEERE) .
DEPREFREBIIBIANF—MFERET S, HL. FHITO & 5 i £ 08 5 W5
100 dpa (ssHM) KIKbOT, HHMWRC I A FWEREEZR L. 50080 5 A M
EERBFRHREEELTWS,
OD-LitMHFHL LTRERNFRERGH PRI KSR EHEHLIEET 5.,
Mﬁ%%«@%ﬁﬁﬁﬂm;(%@%%ﬁ%%ﬁ%#@%ﬁ@ﬂ@%ﬁa)
ORPRHOMBUEIMNBY (FHPFRZINVF—EMGCTETELSE) ,
NEEFRFSBCEY R THEHEOREZVWENSZRESNBELTW S,



3. HEFRE»»PoRELENEFHETFEIEAOLBRYE
HEHRUPLBEREATWAENITOHRB FEFBOVLBERHARUTOBEI TH S,

N-LIREPHFOLFNXF—ARI VOV - FHEDO>IL,

K- 22V F—D3RBLU EICBRETES S (f: 510,14 HeV) ,

AP MHFE: 1.5-3.0x10°* n/cm?/s, 10-20 dpa/y (SSIRE)IM L (BL. HYEAE%
WELSBELTHEEMTI00 dpa, T 22bH. 30 dpa/yﬁ‘iﬁﬁiénélkﬂgi Lw).

4)EBEIAR - 1.5x10'% n/en?/sEL EDFIA100 cn® (5X5%5 cm®) BEM EMLETH 3.,

5)dtt FH WAL : 10 %/cmll T,

B)NNVABHOEBOBEEBITALD. V- ADKIEEEIRIO® sl TET 3,

N FERTLRFNF—FE: 5 ¥LLT,

COFHMTE. TANK-OMENE: EWCRITRERWANSLE TS 5,

B (B LtL) ~OBWRIAKLZHERT.

10RO AMNELESDS20. 22U LB £ (4nx3mx2n) LR TH 3 H,

4. B2t
LTHREREBLELEET. HEWRE2TS520. UTORZENITOEKMHEE £ HE L.
BWREEEDT WS,
1) In# 35 %
OEHDOAF VIR (D*,D ,H*, Max. 50 nA, EE A I VABINE)
S2OOME YN TE 2 BT REThE,
@2 MeVIRIR DRFQ (CWEEE ; 120 MHz, EB A 4 VYEFME)
> — ARIEHHAM ; 107° sBLTF. WA A ORBEER L,
@40 eVt ¥y v 7 HE AR (5 MeVA T v 7)) ODTL (CWEEL; 120 HHz, ERA A VA
BF 0. Max. 50 mA)
ERFMEL RN F—£10-40 HeVOFHE TS HeVAFT v 7 THE, ZhIIHB L. F
HFE—~T7 3L F—D4-15 HeVD % BH T 1B IR T 8L,
—1.5x10"¢ n/cm?/sBl E OB H6x5x5 e’ EERECE 3, BHEHEE15 cn® iR
T NiE4.5%10"% n/em?/s (30 dpa/y. ssiiE ) HMAEE.
@RFE
1 MW S5 A, BEHE120 MHzD RPQR UFDTLARFE H
OERAF VEBMECHIEL, ¥ -4 - 94X - AHGOHEML Y XREWAL Y —
LERR (S—F vy rOERLEDLER)



>HEFR - BHER, P FHRIE TR,
D)y =7y r & '
OFMITE 2 BRAEAL T HHRPLIY—F v b 8

(E—stg—; 2 HE Max., LijH#&; 15-20 m/s, WELIF Z; 7-20 mm)
@MMITR A EA LT DHLIERR

(LifERIEE; 40 1/s, Lifi(b v AF L Ay bbb T (Y, TiFv & =),

| I-REFrFTvT)
NREHEFR
QHEEOEHM L (BHERB. TORERUE. ERBERSLEY)
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1) BEE -5y kD —THRETFEOLE

2) MIEERD — T TR
3) PUFRBORFEL—F v FOHEE

Parameter _of Exis;in_g Rotating Target D-T Neutron Source

fnfem?/s]

2x10'?

.FNS_ OKTAVIAN RTNS-Il *  Lanzou Univ. SNOW-13
(JAERI)  (Osaka Univ.))  (LLNL)" (China) ~ {Kurchatov)
Energy (keV) 350 300 380 300 250
{maximumj) - (400) (400)
current (mA) 20 10 125 30 80
(maximum) (35) (20) - (150) (100)
Beam Size 200 300 100 180 -
(mm}
Neutron Yield 3x10" 1x10? ix10" 3x10'2 1.2x10"
[n/st4x] {(5x10%3) (3x10"%) (4x10") '
. Maximum Flux 1x10'2 - 3x10" 1.2x10" 5x10" 2.4x10°
[n/em?/ s ]
Practical FLux'2 2x10" 7x10' 2.4x10'2 2x10°

*1 Shut down at the present
*2 At the distance of 10 mm from the source



Rotating Target Performance

FNS OKTAVIAN RTNS:II Lanzou Univ. SNOW-13
(JAERI})  (Osaka Univ) (LLNL)Y*  (China) (Kurchatov)
Type RTNS-I Nukem RTNS-1I RTNS-| Beam rotation
(No Swing) . '
Rotating Target 23 20 23,50 20 40
Diameter (cm)
Rotating Speed 800 400 1000- 1100 -
(rpm} (1100) (800) 5000
Tritium Amount 600- 400 1200- 200- 3000
(Ci, =3.7x10'°Bq) 950 5500 1000
RTE 50 cm Target System ‘ [

Turbine air supply

Bearing

Differential pumping groove

Stator biock
Water

. . Turbine wheel
cooled graphite collimator :

Buikhead-cart interface Insufator

Graphite shield
Ul
D"'—Beam—E

N
'\}Oscillation zone

' A Neutron séurce

Roi location

. ot?r . Internally cooled
T:tamu.;m—tritid_e .

! Tritium target
coating

Target cooling
Pivot ~ water fitting
point
. “Ssupply
, o

Return

—_

Lift-off air supply

Rotor spring
Figure 1: The RTNS target system {figure courtesy. of C. M. Logan)
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‘Flgkure 4t Cross section of the proposed upgraded RTINS target.
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MATERIALS TESTING NEUTRON SOURCE

LLNL design utilizes a linear, two—component plasma

Tritium reinjaction (both ends) Neutrel Bsamy

— Caofing lluld tubes/jacket
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‘high pressure’ gas
(about 1 atmosphere)

Samplea

Power transport region

Sample probe
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Nominal operating point parameters

D° beam energy 200 keV 150 keV
Total fusion power 0.7 MW 1.0 MW
Average plasma 3 0.6 —

Plasma (peak) 3 — 1

ny (r = 0) 3.9 x 10®° m™ 8 x 102 m~?
n. (r = 0) 1.3x 102! m * 3.2 x 102" m™3
T. (r=0) 0.19 keV 0.22 keV

B, 63 keV 50 keV

{, 0.30 m 0.15m

a 0.0375 m 0.04 m

R, 0.0375 m 0.08 m!

b 0.0124 m 0.011 m

i, 10 m 10 m

Bo ‘ 4 T_ 4T

Bu 12T . 12T
Quadrupole maguet power 6.8 MW 6.8 MW

1RP = 2 = 4p(inj).

Neutron flux contours

Quadrupole
magnet
windings
Neutrai
beams
/ -
0=3.4 x 10" n/m? s,/ Testvolume \ ¢
Plasma radius w |5
- 7.9 cm q -
I e |8
Neutron Test voluma g :,
fhux S

contours

¢

s 2

Neutral
beams

0

10 cm

Scale

1. ey sk 2
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A COMMENT ON FUTURE INTENSE HIGH
ENERGY NEUTRON SOURCES FROM THE
VARIATION OF MICROSTRUCTURAL EVOLUTION
BY THE DIFFERENCE IN RECOIL
ENERGY SPECTRUM

MICHIO KIRITANI

Department of Nuclear Engincering, School of Engineeving, Nagoya Umversrty
Chikusa-ku, Nagoya 464, Japan

( Received June 7, 1991; in final form Sepiember 14, 1991)

The recoil energy spectrum of the irradiation from presently proposed intense high energy neutron sources
for the development of fusion reactor materials deviates appreciably from that in the fusion environment.
A wide variation of representative elements of defect structure evolution are quoted from the experimental
results and analyses of irradiation with various energetic particles; clectrons, ions and neutrons in fission
reactors and fusion neutrons. Afler all the discussion on the influence of primary recoil energy spectrum,
a strong warning is sent concerning the establishment of a neutron source without sericus consideration
of the problems arising from the difference in the recoil energy spectrum from that in the fusion environ-
ment. The establishment of a medium sized neutron source with a nuetron energy spectrum closest to that
in the fusion environment is strongly recommended.

Key words: neutron source, fusion neutron, neutron irrddiation, fusion reactor material, recoil energy,
micrésctructure, radiation damage.

{ INTRODUCTION

Research and development of materials for future fusion reactors has been carried out
under paradoxical circumstances, where the fusion environment which is typically
expressed as specific high energy nuetrons is unavailable. Most commonly utilized are
existing fission reactors, in which the neutron energy has a broad spectrum and 1s
much lower than desired. Apart from neutrons other energetic particles in use are ions
and electrons. A dual beam irradiation, joining helium implantation to damage
production by electrons, is a typical example of attempts to artificially simulate the
fusion environment. All of these surrogate types of irradiation studies should be
carefully and. thoughtfully inspected as to whether they are properly coordinating
themselves to fusion conditions.

A rotating tritium target type of D-T fusion neutron source RTNS-II (Rotating
Target Neutron Source) which had been in operation till 1987 at the Lawrence
Livermore National Laboratory'? could irradiate samples placed at the closest pos-
ition to the source up to 6 x 10”2 n/m? by continuous operation for 6 months. This
neutron fluence is about four orders of magnitude smaller than that practically
expected 1n a real fusion reactor.

Various types of high energy intense neutron sources have been proposed and
efforts to realize them have been made by various research communities for several
yéars.™ The most representative is to use accelerated deuterium injected at a liquid
lithium target, by D-Li stripping reactions. Extensive discussions have been made on
the technical feasibility of the establishment of such a machine, but examination of
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FIGURE | Comparison of the recoil energy spectrum of various high energy particles in nickel. The
fraction of damage energy by primary knock-on atoms of energy less than E, is shown against the
logarithmic scale of E,.

the extent of the difficulties to be encountered when one wishes to convert the results
to those of real fusion conditions is not sufficient. The energy spectrum of neutrons
from a D-Li neutron source extends to the side of extremely high energy when one
desires an appreciable percentage of neutrons at around the energy of D-T fusion
neutrons. ' '

A thoughtful examination can be made from the present understanding of the
difference and similarity between irradiations with different particles and particles
with different energies. Here, a phenomenological comparison is not sufficient, and it
should be based on mechanistic understanding; the most reliable is the comparison in
terms of recoil energy spectrum. The term recoil energy spectrum is currently used as
the synonym of primary knock-on atom (PK A) energy spectrum, which represents the
collision cross-section distribution along the energy transferred from the incident
particle to constituent atoms of target material. When the understanding of radiation .
effects reaches the stage at which one can analyze the effect in terms of recoil energy
spectrum, there will be a possibility of anticipating effects which have not yet been
experienced. In this paper, recoil energy spectra are compared between irradiaitons
with different energetic particles, and the variation of reaction processes with primary
recoil energy is explained. The expected consequences in the irradiatoin with proposed
neutron sources will be presented, and a proposal for future strategy will be made.

2 COMPARISON OF RECOIL ENERGY SPECTRUM OF VARIOUS
ENERGETIC PARTICLE IRRADIATIONS

As the basis for discussion, characteristic differences in the primary recoil energy
spectrum in irradiations with various energetic particles are reviewed with a short
description of examples of each irradiation. They include electrons, heavy and light
ions, neutrons in fission reactors and D-T fusion neutrons. An illustration of the
integrated cross-section up to certain energy plotted along the logarithmic scale of the
primary recoil energy is commonly used as shown in Figure i. Although this type of
illustration has an advantage when comparing widely varied spectra, a simple linear
scale illustration is favored for the comparison between similar spectra and also for
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the analysts of experimental data by breaking them down into individual spectrum
In this paper this laticr expression is adopted.

2.1 Electrons

Electron irradiation, typicat of that which 1s found in the use of high voltage electron
nucroscopes and utilizing the advantage of in situ dynamical observation of structural
change under irradiation, 1s the simplest among all from the view point of recoil
cnergy. Electrons in the commonly used encrgy range, about 1 MeV, transfer the
energy scarcely enough to displace one atom, only at most several tens of electron
volts as shown in Figure 1. '

Homogencous introduction of simple point defects, vacancies and interstitials,
" enabled the point defect processes to be analyzed by a typical kinetics equations, and
it was ultimately utilized for obtaining fundamental properties of point defects, such
as the motion properties.””” Another feature of electron irradiation with a high
voltage electron microscope is in its high production rate of point defects, as high as
10~*dpa/s under normal operation. The method of analysis and understanding of
point defect processes, the balance and competition between vacancies and inter-
stitials, cultivated during the course of study of electron irradiation damage, are now
serving the basis for the analysis and understanding of more complex defect processes
under irradiation iwth a recoil energy spectrum which extends to higher energy.

2.2 14 MeV D-T Fusion Neutrons

After describing the simplest case of electron irradiation, let us now compare the
irradiations with heavier particles. The distribution of damage energy E, deposited
from the primary recoil energy E, multiplied by the theoretically calculated cross-
section of the collision®’ is shown along E, in Figure 2. With this expression, a more
appropriate judgment can be made on the origin of damage energy; the fraction of
damage energy deposited from each part of the PKA energy spectrum.

The spectrum for D-T fusion neutrons of 14 MeV has an extended peak at a large
PKA energy of several hundred KeV, and the percentage of damage energy from low
. PKA energy is very small. Although a fusion reactor which produces neutrons has not

yet been realized, neutrons produced by the D-T fusion reaction have already been
used for irradiaiton study of materials. The most representative is the accelerator type
neutron source in which the accelerated deuterium ions are shot onto a tritium target,
the strongest of which up to now is the RTNS-II. Microsctructure evolutions in a
variety of materials were examined up to the neutron dose of 6 x [0 n/m? over a
wide range of temperatures,'””'? particularly elucidating the role of large cascade
collisions by high energy recoils. : '

2.3 Light Water Reactor

An example of recoil energy spectrum in a fuel core position in a light water reactor
JMTR (Japan Materials Testing Reactor in Japan Atomic Energy Research Institute)
is shown in Figure 2.° The spectrum has a tail towards high energy, but does not have
such a large peak as that produced by 14 MeV neutrons. Towards lower PKA energy,
it increases occupying a large percentage of the total damage.

A deficiency in temperature control, found in almost all fission reactor irradiations,"?
has been recently removed with an improved design of reactor in-core irradiation rig
in the IMTR." The data obtained from the irradiation with improved control now
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FIGURE 2 Comparison of damage energy spectrum plotted against primary recoil energy for four
energetic particle irradiations. They were normalized so as to have the same integrated area.

qualify for comparison with the fusion neutron irradiation data obtained with the
RTNS-IL" The difficulty encountered in correlating the irradiation effects by neutrons
with these two different energy spectra served as the motivation to publish this paper.

2.4 Fast Breeder Reactor

Because of the absence of thermal neutrons at in-core irradiation positions in a fast
breeder reactor, people often erroneously suppose that the recoil energy spectrum
contains a higher energy component compared with te spectrum in a light water
reactor. Figure 3 compares the calculated recoil energy spectrum between the two
types of reactor,” JMTR and FFTF, in which the levels were adjusted so as to
superimpose the higher side of the recoil energy. It is clearly recognized that the
population of soft recotils in a fast breeder reactor is more than ten times greater than
that in a light water reactor. This difference comes from the difference in the balance
of the neutrons in higher energy range but not from the presence and absence of
neutrons in thermal range. The difference will have important implication through the
difference in the ratio of large cascades which directly form defect clusters and small
recoils which contribute to form freely migrating point defects.

2.5 Light Ions

Although light ions such as proton and helium have been widely used to introduce
gaseous atoms, particularly to simulate their production by neutrons, the interest here
is limited to the damage made by the recoil of constituent atoms by collisions. The
characteristics of the recoil energy spectrum of most commonly used light ions in the
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FIGURE 3 Comparison of damage energy spectrum between a light water reactor JMTR and a [ast
breeder reactor FFTF. Reconstructed from the theoretical calculation by Nishiguchi er al® Levels were.
adjusted so as to superimpose the larger recoil energy part.

MeV energy range can be properly recognized whenit is compared with the spectrum
in fission reactor ncutron irradiation. As is shown in the examples of Figure 2, two
distinct differences should be noticed. The cross-section terminates suddenly at certain
high PKA energies and the increase at lower energy is extremely large in comparison.

2.6 Heavy lons

Heavy ions are characterized by an extremely short stopping range. A typical example
is self-ion irradiation, the irradiation with tons of the same atoms as the constituent
of the target material. Self-ion irradiation, when the energy is properly selected, has
the promising possibility of representing each ocmponent of the recoil energy spec-
trum of all the other high energy particle irradiations.'

Ultra-high energy heavy ions, for instance greater than 100 MeV, are now attract-
ing interest from the existence of so-called excitation damage, the damage indirectly
induced through the excitation of electrons. Apart from this excitation damage, one
should not ignore its characteristic recoil energy spectrum. The highest recoil energy
goes beyond that of 14 MeV neutrons as shown in Figure 1. On the other hand, there
is a large percentage of low energy recoils even below the energy which does not
produce cascade defects."’

2.7 D-Li Neutron Source

When the energy spectrum of neutrons from a D-Li neutron source is illustrated in
a logarithmic scale of neutron encrgy, it looks to have a rather sharp pcak at a
position defined by the energy of incident deuterium. However, when it 1s shown in
the linear scale, one is forced to realize the wide spread of the energy as shown in
Figure 4 which is an example quoted from ESNIT'® (Energy Selective Neutron Source
proposcd by Japan Atomic Energy Research Institute). Moreover, it will contain a
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FIGURE 4 Neutron energy spectrum from a D-Li neutron source.' Variation with the energy of
deuterium illustrated. '

large population of neutrons with smaller energy when one intends to have more
production of neutrons by using a thick lithium target."

The present author has not encountered any reliably calculated recoil energy
spectrum in irradiation with neutrons from a D-Li source, but the expected is not so
simple as to replace that in the irradiation with 14 MeV D-T neutrons. It certainly
extends to a much higher energy than in the case bf 14 MeV neutrons and it has the
possibility of containing a greater population of soft recoils than the latter.

3 VARIATION OF MICROSCTRUCTURE EVOLUTION BY THE
DIFFERENCE IN RECOIL ENERGY SPECTRUM

In this section, several representative examples of the variation of microstructural
evolution, consequently the change of materials, caused by the difference in primary
recoil energy .spectrum, will be quoted from the presently available knowledge
obtained by irradiations with various kinds of energetic particles. They serve as
material for the judgment of the appropriateness of the type of future intense high
energy neutron sources. The discussion and comment will be made keeping the
characteristic difference and similarity of recoil energy spectrum explained in the
preceding section in mind.

3.1 Subdivision to Subcascades and Reaction within Cascades

When the energy of a primary knock-on atom exceeds a certain value, the collision
processes will be divided into smaller units of dense collisions, expressed as sub-
cascades. The question arising here is whether the defect processes do not change
more for larger cascades when they are divided into subcascades. When it is true, the
irradiation which contains larger primary recoils can be converted to the case of
fusion without much difficulty. .

Two photographs in Figure 5 show the same type of microsctructures introduced
in copper by the irradiations with typically different energetic particles, fusion
neutrons™ and light ions.?' They were all irradiated as thin foils in order to preserve
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FIGURE 5 Vacancy clusters produced in copper by irradiations with two different energetic particles. (2} 500 KeV He* jons. 2.5 x 10"ions/m’, and (b) 14 MeV
peutrons, 4 x (0% nfm®. Both of them were irradiated as thin foils at 300 K.

FIGURE 6 Vucancy clusters in D-T lusion neutron irradiated sitver. (u} 1.9 x 10*' o/m® a1 20K, and {b) 4.4 x (0% afm’ an 673K, [rradiated as thin loils,
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FIGURE 7 Variation of vacancy cluster formation with ion energy in self-ton irradiated silver. Irradiation
dose was 2 x 10"ions/m?.

defect structures produced directly from cascades without being perturbed by freely
migrating defects escaping from the cascades. The size distribution of vacancy clusters
produced from cascades, stacking fault tetrahedra in these cases, in spite of the large
difference in the primary recoil energy spectrum, showing the subdivision of collision
cascades into subcascades in the same manner. So long as the subcascades are well
separated as in this example, no more variation is expected above certain values of
recoil energy, and the result from the wrradiation containing larger energy primary
recoils may not be difficult to convert to the irradiation with fusion neutrons. -

When the separation between subcascades is not wide as shown in the example of
silver in Figure 6(a), the situation 1s not so simple as in the case of the widely separated
subcascades mentionéd above. As shown in Figure 7, the result of the sell-ion
irradiation experiment supposing the incident ions are the primary recoil atoms,'” the
vacancy clustered defects produced from subcascades have a relationship very dif-
ferent from the proportional relationship with ion energy. Although the reason for the
deviation from the proportional relationship is unclear at present whether in collision
processes or in point defect processes inside a larger subcascade group, it can be
clearly stated that the surviving defect clusters deviate largely from the proportional
relationship to the primary recoil energy. This makes it difficult to convert the results
between irradiations with different primary recoil energy spectra.

When the irradiation is performed at an elevated temperature, vacancy clusters
much larger than those at lower temperatures though much less in number density are
formed in materials with closely spaced subcascades as shown in Figure 6(b), as the
result of the cooperation among vacancies in subcascades.’ On the other hand, in
materials with widely separated subcascades, the small vacancy clusters simply lose
their ability to be formed at elevated temperatures. This difference in the variation of
point defect processes with irradiation temperature between materials with closely
spaced and widely separated subcascades is a typical example of the complexities
involved in converting the results between irradiations with different recoil energy
spectrum.
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3.2 Balance between Cascade Defects and Freely Migrating Point Defects

Yacancy clustered defects produced directly from cascades are annihilated during
continued irradiation by absorbing interstitial atoms sent from other collisions when
interstitials do not promptly disappear to permanent sinks. Consequently, the number
density 1s much less in samples irradiated as bulk than those in samples irradiated as
thin foils as shown in Figure 8.'"' [n this figure and also in Figure 9, the damage
energy per atom (DEPA) scale is used instead of the conventional displacement per
atom (DPA) scale, because the number of displaced atoms in irradiations with
cascade collisions cannot be uniquely defined. The mode of the increase with the
irradiation dose is also different from the proportional progress in the case of thin
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FIGURE 9 Comparison of vacancy cluster formation between irradiations with D-T fusion neutrons
(RTNS-II) and { MeV He* ions. Irradiated as thin foils at 300 K.
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foils, typically it is proportional to the squarc root of irradiation dosc at clevated
temperatures at which the formation of interstitial clusters is diflicult. This slower
progress appears even in a thin foil irradiatin when the same material 1s irradiated
with light ions (He of 1 MeV) as shown in Figurc 9.3

The slow down in the accumulation of vacancy clusters in light ion irradiation is
due to the reaction of freely migrating interstitials, and the production of large
amounts of interstitials is attributed to the abundant recoils with low encrgy as wus
seen in Figure 2. Here the importance is in the balance between large and small recoil
encrgies. In some of the neutron sources presently proposed, they certainly include
large recoils from higher ncutron energy, and the population of medium and low
cnergy neutrons depends in the case of D-Li sources on their design of target. The
variation of the production of freely migrating defects may change the mode of
accumulation of microstructures. '

3.3 Formation of Interstitial Clusters

The necessity of highly localized formation of interstitial atoms by cascade collisions
for the nucleation of interstitial clusters was confirmed from the comparison of
neutron irradiation with electron irradiation. Decoration of edge dislocations with
interstitial clusters takes place commonly in fission and fusion neutron irradiation,
whereas it does not occur in electron irradiation even with an irradiation intensity
more than six orders of magnitude stronger.” From many observations and analyses,
the growth of interstitial clusters is attributed to the reaction of freely migrating
interstitials.

If the nucleation of interstitial clusters in irradiations with cascades, in other words
in irradiations containing large recoils, ts performed by large recotls and their growth
is performed by freely migrating interstitials which comes more from smaller recoils,
again the importance of the balance between small and large recoils should be
emphasized.

3.4 Comparison of Fission and Fusion Neutron Irradiation

As an example of the comparison of general radiation effects between different
energetic particles, in other words different primary recoil energy spectra, com-
parisons of irradiations with D-T fusion neutrons and in a fission reactor has been
quoted already in Figure 9 for collapsed vacancy clusters. Additional examples are
given in Figure 10 for voids in two materials."” The irradiation has not been performed
up to the same damage energy, so one must compare them at the extrapolation of one
side to the other. One can easily see that a greater irradiation dose is required by
fission reactor irradiation to produce the same microstructural evolution to those by
fusion neutron irradiation. The importance is not only in the inequality between
fission and fusion, but also in the variation of the multiplication factor of fission
irradiation to produce comparable amounts of microsctructures depending on the
combination of materials and microstructures of interest.

The fact that the conversion factor from fission to fusion varies depending on the
kind of materials and defect structures of interest indicates that there does not exist
any unique conversion factor between fission and fusion, even if we confine the fission
reactor irradiation to a well defined specific one reactor condition. This is simply
because of the difference in the shape of recoil energy spectrum, as was shown in
Figure 2, and clearly shows the difficulties in converting the irradiation effect from one
facility to another.
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FIGURE 10 Comparison of void formation in copper and nickel between fission and fusion neutron
irradiation.

4 CONCLUDING REMARKS

Discussion and consideration of the influence of recoil energy spectrum on micro-
structural evolution has pointed out the problems which arises when the result of
irradiation with one recoil energy spectrum is attempted to be converted to irradiation
with other spectra. The presently available understanding of the dependence of the
microstructural evolution mechanism on recoil energy spectrum has been applied to
figure out the problems in converting the expected data from presently proposed
intense high energy neutron sources to that of the fusion environment.

The best solution is to construct an intense neutron source of the D-T fusion
neutron itself. However, the present author does not totally deny the construction of
an intense high energy neutron source, even when the irradiation by the source
consists of an appreciably different primary recoil energy spectrum from that in the
~fuston environment. At least, the necessity of efforts in two directions should be
emphasized. One is to examine extensively the expected recoil energy spectrum effect,
not being pre-occupied with the discussion on the technical feasibility of the facility.
Another is to construct a source of real fusion neutrons of medium strength, with
which the coordination of the stronger source can be made. The medium strength here
means one or more order of magnitude stronger than RTNS-II which has been
already in use and one or more order of magnitude weaker than the proposed intense
high energy neutron source. This medium strength fusion neutron source is also
essential in order to coordinate properly the extensive efforts with fission reactors
towards the development of fusion reactor materials.
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8 General aspects of expected studies
for fusion materials {ceramics)

(1) Electrical, optical and thermal properties
{2) Swelling

(3) Mechanical properties

(4) Diffusion controlled properties

(5) Corrosion

(6) Microstructures

(7) Others



Physical properties, x:
X = X(ngbn(En);t': ¢F(Er):
[np. [@ 2 (Ea)], Atm, V, -]

{1) Well defined radiation environment;

— Controlled T ' |

—~Controlled t f{pulse or continuous)

— Well defined spectrum of neutron and v -ray, -
@ o (En) @ ¢ (Er)

— Works on neutronics for PKA gspectrunm,
f (En, Ep)

X = § @ o (Ba)t(En, Bo)dEndE,

(2) Parameteéers sheuld be changed 1nde§endent1y;

— Neutron + e~ (Acc, ) o ¢ Wl(Ea) /@ o (E2)
— Neutron + 10n(Acc ] = P olln) /@ tno
— Atmosphere g

— Electric fleld

(3} In-situ (°F -In beam) experiments;
—Electrical & optlcal properties
— Synergisti effects 0f knock-on damage,
electronlcﬁex01tat10n and electric field
(e.g. Hodgson effect)
— Swelling (e.g. Itoh & Clinard)
—QOthers . ' -
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A 'f ‘s-.pulse' .
. -1 MeV Electron lrradiaticn
CT=T77K

H

OPTICAL DENSITY
()
o

o, P S
P.HOTON__ENERGY (ev )

- The synergistic  effect of'_ displacement damdge' and"ele,c‘tl_'o_nic

excitation im Alzos- . T .
. animura Jtoh
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Loofvs (cold w.) Cavities (kot w.)
Bright-field micrographs showing dislocation loops or cavities

in MgO irradiated at about 1200K with 1MeV electrons. The. left
or right micrograph is for the specimen rinsed in cold or boiled

water for a few minutes. 4 | h O’ +wH
kn‘noskétm VHJ \/O VH’ 0 ,
Cou=) (Dupl) (__Co-uu‘t) )

Ta Heater

Thermal Shielding Plate

.

~14MeV neutron

Thermo-Couple

BN lnsulator
Thermal Shielding Plate

Noda 4 Kaneda (umpublished )
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§

(1)
- (2)

(3)

(a)
(b)

(¢)
(d)

Strategies and stages of implementation
of developing fusion materials

Qualification of existing materials
— Fusion environment

Development of novel materials

— (Characterized neutron sources
Fundamental understanding

— (Characterized neutron Sources

Importance of

In-situ (or In-bead) experiments

Synergistic effects of low and
high-energy knock-on damages
Synergistic effects of knock-on damage
and electronic excitation

The effects of concurrent irradiation
and electric field, transmutation-
produced gases, displacement bias

and atmosphere
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Characteristics of ESNIT feasible
for the expected studies, and
Further requirements for
irradiation field

Functions . ESNIT Requirements
(1) In-situ experiments _ © Microstructure?
(2) Determination of . ®
f(En, Ep)
{(3) Flux dependence: ©
@ n
(4) Synergistic effects: @] Fast electrons
low PKA/high PKA > 1 MeV
. >10'% e/m?s
(5) Synergistic effects:’ O Fast electrons
knock-on/ionization > 1 MeV
>10%% e/m3s
(8) Synergistic effects: O Fast ions
knock-on/ impurity > 1 MeV
>10'® i/m2sg
(7) Electric field: © '
(8) Atmosphere: (@)
gas, liquid and solid
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:
(1)
(2)

(3)
(4)

Conclusions

ESNIT has characteristics
feagible for the expected studies on ceramic -
materials

Accerelators attached to ESNIT are required
Short R & D cycle is of vital importance
Extremely intense NS is not of primary
necesgsity for ceramic materials

ESNIT is a better step to realize

extremely intense NS
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0. 0227>0. 0263 | 0. 0264X0. 0295 | 0. 0296>0. 0328 | 0. 6330><0. 0363 | 0. 03670, 0405 | 0.0416<D. 0447 | 0. 0456><0. 6523 | 0. 0867X0. 0184

0. 0249 0.0280 0.0312 6. 0350 0. 0389 0. 0440 0. 0497 0.0261
0.0284 0.0303 0.0377 0.0340 0.0343 0. 0345 0.0366 0.0%51
0.0274<0. 0250 | 0. 0. 0314 | 0. 0312<0. 0329 | 0. B327.X0. 6335 | 0. 03340, 0327 0.633 . 0308 | 0. 0347<D. 0242 | 0. 024]<D. 0243
0.0282 0. 0303 0.0316 0.0323 0.0319 0.0298 0. 0240 0.0233

0.0284 0.0273 0.0257 0.0239 0.0218 0.0198 0.0171 0.0
0. 0293<D. 0276 | 0. 0276><D. 0256 | 0. 0257<0.0235 1 0. o13D<0. 0211 | 0. 021<0. 0190 | 0. 01990, 0167 | 0. 01670 0167 | 0. 0170>Q. 171
0.0286 0. 0262 0. 0239 0.0213 0.01%0 0.0168 0.0163 0.0162

0.0:50 8. 0218 0.018¢ 0. 0163 0. 0145 0.0131 0.0127 0.0125
0. 0259<0. 0223 | 0. 0224<0. 0192 | 0. 0193<0- 0164 | 0. 0165X0. 0145 | 0. 0146<Q. 0132 | 0.01324D. 0127 | 0. 0127<0. 0124 | 0. 0124XD. 0122

0. 0243 0. 6206 0.0176 0.0153 0.0136 0.0129 0.0125 0.0122

PRI WEBNE: 0. 02620
FEBER =D REDE 5 L 3ONEAE A YNEBOWEBDE=4 . 00
ag=¢ {a-tep) =n c=67.50 a=0,7663E-5 n=0.01 E=20,.000kg mm2, gy=60, Okg/mm2

4 BRI N DAGND T T v 7 DR

360

_* ‘\ * (* g 8 ?) ?} ® 9 WITH CRACK, d=0.1

NO LCRACH

Kg

&
d
o
ot

300

N0 CRACK, n=0.0}

0 | vith creck

2408

180

120%

60

Ls

TOTAL BONDARY FORCE

o 0.5 1.0 1.5 2.0
BOUNDARY DISPLACEMENT.  mm

CB5 FELEALEHORERELETY Tv 7 LNIELEROBE

— 180 —



5-2  [WREHFFFEMERRE] KOV TDIX L 2

HAERL 5
#H EE
jon B SV :

BREFHBOFRICBIZIRZORFEBEFARLHBBERELLWIB AN
BOaAAVPLEEVWAZETHEYN, KEOHWRBEDODRKRELBE2HFEAD L,
MRECIO>OTEZORIH/ENETHIOR-TLB3ELOEBDIEIDT, £T
—EBICRNRDIICEBHEISHILIOIICEAS., LALBLHAREDY., ZRELF
HEOBEFRICEFLTWR2LEYERLEBE, LTos kAR TH
BOTCHEHBVESD b, , .

BEBSOHFREIDENTRELI¥NHRLEICKELS S ITOIDIN, BEOD
I¥NHRICE. HEHOLLBE2FMI2VWH2EBFEARL HRHEE
CENE-HBOBBRENSENE, 2088, BREFHRBICBUTIHHEHRED
BEE L Ragr2E20T, BHTRLHEHERARIMBTELEBO T CiITD
h2Z2 L OPBEHRHIZEY>ZHZEERWILTHAD, LTEHXOREE2ED TR
HEBEOHRENLEEINATWBILERDAZEERARTHEN,

BHEBOMETI. REOE—RAv VORE, T2LE, TORRYPA
BEEPPCHBOTRSAVWRHMEFRRICHICUDIDCLAIITFEZ AL
BTh5), BEMESRL” ¥AIMR” 2/ EFcRDIOTIRE L,
SJYRBRBHNICHEBERIIFEETARAETHD, 0D, HEWROBEWE
BHREIC L. BULRSBCKRESE, HHBBCESTEI LD ICHRELEET
BB KETH B,

HEBEEHR TR, HEHROBE, 2AHE2HBICTIZLAIEETH
5, BEHBOBMBRIEVWY — RIS LDFAMBETHIEEDOhTEY, ZhiC
BELTVWAEVWSAS3D, LHALW22h2BHMEBBETEIYV ALY, #
HHEBHRTE, PR LEBBAFHNHERBTIE. HHBERBRBIHEEN
STHEY, TOMBOMEBES, BT REAVHAECZL, ThE2RBRATIHE
HOLER, BHAOHLHEIUNEEDELEBRAFEIAOOATHWEIIELEANEITNS,
FLT. OB WOEHERZOD, PR LHEYFABENRBEFRCEY
HakdhorichoTwiiFhiERoRvwoTREVWDA, £ TN,
FHhIZELEELIHPHBOFRT, BRAFLVORELTIENLCATR L
BEALZWVWOTERAEVWEAD D,

T, BNBRAFHNENARIFHTFHERORFANI BTV OOHIHE, KR
SIFBEHBOMERIRA0RETH?. BEHBHREINBNTHTHFROR
WEFUHICERTIEDICR, FOPHETFENTEIETIC, ZRIEMAD
HEHEXB<HEITATHWALIHBEINTLWIERERLIAEEALDILENS
A3,

— 181 —



r= -~

F L& (BEF®)

e =N LI -
HREKRE - IHEH

2. BF (512) LVERESIFHERRICESTIZAZOERICEEL T, ()REHEBORET.
(OH#H (&) BROZEEFHR. Q)RHT IMEFOERHOMRN - s ITHhi. Bl B
E. FICAKFHERRNENADETCANESREBEL L TUOBHABMICERU -BSFBRORS (BatY
TJEORHBIC) . BG)VEBEHEE CTOESNIT OFB O I2BHOHABHRICERL 2.

HEOT, BBIERLLEFREHCIVEROIBINSAROARICH T MR R UBERHIGRT
Thizc. 95, BRMSFHEMRE BHMRA & HHHER LA TEATHd L (1) KPP
BRHFEARARIFEZTCHY CORBLL-> EMUYBL I ENEEND, £ QBHAETH - T
bHENDH-V NI HINETHD. COEBIIHLTBRIRBEE> N0, K2/ LH
HREBICSHALBVTHARERITELSBUYTH S (BH) . EFCHT 365 30E
WCHBT B FTRNENT E SBETEAENDE SN (B8) Er&0nUMHEI N,

DL Y BRAHHREICOVT, BEOSESETORAC L Lo THINENBE LT
BHREBIINTIEBEHZION?. BiL. REBHLINIEHEEATHAINEOBEMNEX
hicp@EBIEN G- 20

KF LU FHKRINS-TINUP-GRADEE M7= & 57 RINS-III" DU BUARRTIETCHINERRY .
HRICTRENLEHFDOPHONEICRSND HE K -ahOIF Iy « BB (CIZRTNS-II1EZ
BH(RAZEEXLND. OHPIIRINS-IIIRFHRBELOBREZATVNZONE OHEBNHE h-
DXL T, TOHPOBEKIIIFTF D FOHBRARICIIRTNS-IIIE GEMOR LI OEHHPET
BORBBHPPVEGIEEBRLEZ2BVTH D, FLHHBHBRHDETFERZOFICE O bHIF
BELRIPMTFENLBLEZITEY RINS-IIIOABEAELABRALE2b Y TH 3] (BH)
& DRADEH > 1=,

REaL Y, BHPEFHICEAL T HARD " SOFT £S WO MU I EHNUBETHB, cnEFE

— 182 —



TLT. 650 LREICHATEARELZZ 3L OABELROTREOA ! BAMCIEE OB
BEEORBEC L SBNPUFEOFICEZ BRI THIEBSOEN, COBGIRIT BE
0 ICRETODTHESME DO NS> e ZHICBEL T, BEE L TRHEESER
BOOETHEALLOENHELTERZLENHBZOTHGTVLD (FE ) ), tyr -7
0¥ IMMESBRCEMOT 07 I E TS 2OEBETREO, RINS-INEZEDSL DK S EAH
BFROTFHEDFLEEE DI ENTARETRENZ I (EF EOBENBE N,

B, COFERCEELTER (B) MOBN M TON. OXTHE FEE L TEREHENES
TEDMBRNBOEWIRIRCH D TOBREXTNETERL. "RINS-IIT" #ABEB LY
FHCHT C S RBATE L0 (EBROICHERL TH) . #> T, SATELLITEQHEICBYD &  AMTH.
BEGROEHSLBRTHE5) LBENTVE,

RIS, BE (B) LUYBBAFBEHORLICHT ZHEOEEN-4310, Jrhssmic s3
BHEPOME (Bik) 2MIBLEREERPRBOGRER LA LHERBLURL. #
KDASTH-2-F TR Y Bbh 4O EEh RIS EE U8 L O - £ F0 RN 0/S L Y 35
Ltaﬁ%m,ﬁh¢ﬁ?ﬁmﬁufuﬂﬂﬁﬁ(%im\mzﬁﬁﬁﬁ%b)%%6:t\%ﬁ
FEEERURH -V OME,. HERROLHICRERLABELHAREE (R OBEICH
WTH) DHEVHLOEESEERBL .

E%%ﬁﬁﬁ@%ﬁ-%%ﬁ"ﬁm\Eﬂ%ﬂ?ﬁ%ﬁ(mm)mm%ﬁ%ﬂuméﬁbtm&ﬁ_
HT;$E&U%ﬁ*ﬂ?ﬁm@%vMTMmuﬁﬁmﬁﬁﬁumémmémnau#\%ﬁm%
ZHCTAMER S EZATHYERI LT LEAFRROMAE LI TRLL. o, PHEFINY
MECHT A5ERTIICOVTRNIFSEBABERAET IO THRERERZIOTEAO N EE R
TWBAEDRENH - o

BILENSERGHBIINT IHEE - THA L K.

— 183 —



W oo~ O W N

L N N S B e I L I L R o e T e e e e e T R R ]
= O D 00~ N L B W N = O Y S0 N R W N =D

K 4

wnH FH
FIE BE
mE 5
Kb FEk
BYEH MRS
ok A
A HE]
BHAa HH
A Ik
o fE
Wx B
2E B
FH EE
a1 FE
LI
FfT EA
FH &
EE  EEX
M F—
We
AMH =
ME EBE
wmH Wz
HE EX
xE #

HE 5
(LS i)

Bk HIE
Kg  BE—BR
TH G
AT #HA

NIFSY v R o AEINELT

BB
HALKFE - R
e L
FALKE: - @FFAHE
B - T
Tk - KB
SR - © CiF
HKE
iR

B
HRAY - THH
() ML

BEBEKRY - LR

2

4

2

A

AL R

A

I

Z

KA -
REKE -
HNAE -

BAfE B

CERL 443 H5H



NIFS-MEMO-1

NIFS-MEMO-2

NIFS-MEMO-3

NIFS-MEMO-4
NIFS-MEMO-5

NIFS-MEMO-6

NIFS-MEMO- 7

NIES-MEMO> Y — XY A b
(Recent Issues of NIFS-MEMO Series)

WEATH, FHMK, BRWEEE. [V a2 ik IPPTIV /5 X<0
FHALE 7 4 — F3y 2 G ] 19914 44

T.Tsuzuki, K.Toi and K. Matsuura, “Feedback Control of Plasma Equilibrium
with Control System Aided by Personal Computer on the JIPP T-II Tokamak™ ;
Apr.1991 (In Japanese)

AREEER, AkiGk, BR B, KB, 9. SIS,
[RERROWE (1) ZATRIEREORRE] 19914 74
Y Kubota, H.Obayashi, A.Miyahara, K.Ohno, K.Nakamura and K.Horii,
“Development of Three-Dimensional Compact Magnetic Dosimeter for Environmental
Magnetic Field Monitoring™ , July,1991 (In Japanese)

[HmESEEMENRENTIES; 1991463819.208 Ltk 77 ] 1991484
“Proceedings of Symposium on Technology in Laboratories; Mar. 19, 20, 1991
Aug. 1991 (In Japanese)

[T XwhiiBiTbh+ ABER] 1991488
“Chaotic Phenomena in Plasmas " , Aug. 1991 (In Japanese)

LigHE, (77 V—RBO oA ST 5 Xhl@~OEH] 1992421
“Fuzzy Logic Application to Troidal Plasma Contol ” , Feb. 1992 (In Japanese)

T 3 FRE mﬁx{-‘rﬂiﬁﬂ%ﬁﬁ FHATLEWEHREE [Kih<(120
HEORRBICT AREMEL 199244

“Development of High Power Microwave Source ” , Apr. 1992 (In Japanese)

ERR 3EHE fiﬁ@éﬂ#ﬁﬁ%ﬁﬁ fEIZE (FAEXBEME) HERRREE
[F5X<izBiFsh+ ABR] 1992611 H '
“Chaotic Phenomena in Plasma, II" , Nov. 1992 (In Japanese)



