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Transport of Inpurity Particle at Plasma/Solid-Liquid Interface
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Mechanism of Tritium Trapping and Re—emission on/from CTR Fuel Cycle Materials
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FT-IR (Fourier transform infrared spectrophotometer) % fij\> T, SUS316, NiO, Cr203 DFr K
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Particle Dynamics in Near—Surface Region of Solid and Their Characterization
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Study of First Wall Fuel Dynamics by Utilizing a Hydrogen Isotope Beam
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Behavior of First Wall During Plasma Disruption

MAT—-<REKE VB BH (FEFHIEHARER)

1 B

KBRS V=713, FAATT v 3 YHORRRE -BEREERET L ) — K W75
AR OREFEEI B L THIR L AT A EH L TR TV B0 AERRBHDT —
2D TR IR R MG L Ao

2 FHREHKR
VEEERLZMPDT7 — 2 Vxy hOREIZL > T, 7OVAEFE L, L) EEAaH
REZBIEDNTELI I oz, REEIR, LRAESNIMPDT7~2 Yy M EHW,
h— R OEFBEHIRTHEBREERL 72, 18R, ERIIAVTVWE A — KL, A%
BHELT AL, BEEEQOE N OB EHVT W, RELIT, N L
DRBEBRHIZT L7010, BEOEHMEES (1G-110) T Hv, BEEBRLER L2, &
B, 5 5MESIREERNR VO, SAOBBICH L CREBRRIENL R LBETF
MINb, 22C, BFLVXRFEL, R LR OREY, BERGHIITE
AL HIZL7:,
HEREN/IMPD7—2 Y xy MZIDESBIIHAMEMA A L, REL KT 5
A< EHMEERTAEIZLY, CH, CH R EIELT A, TS OKRFOREE D
XA, BER - BRI ERIE L. FOER. THERORESMIE. fERD X
A B OBEORNGAE R LHEI Y -7,

o B ETHIZLD, BAFRIHFIHMKT S,

o NATEMDBEINIENT, KEOEALHIVEAISING,
INHOBBRIT, BHICLHER - BAERHR. TAORBIIILLLEIZONDLY, £
DFERIZE L TRBEERAETPTH 5,

3 SHOFE

SHHTREBOFRESMIZEHL T, NABRERLIHEBHICHL TRELTERT S, &
512, BONAERF IS, FOANALEEET 5,

T AT L ARBIEEOMAEERICE LT, EBRERLTFMT AL L DIZ, Bifa—F
R T L, KD, T XTHEMEAND AN F — AFII W 2R EOHE
YBLMICTHELDIC, WRMIIET I X< T 5 X2t % FEECRk D #F T —
FORRELY BT,

4 REERWL') A

(C) EMFREST
L BO S, B EE), BEE B TEUET 1 AT T L a Y IBOTSMORERS ). T
KR THEREOFERTFRE. (1996), HIS,

14



SREBEAKDOERBEIFERE/IANDICH

Application of High Tc Superconductor to Development of Fusion Reactor
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Electromagnetic Nondestructive Evaluation of Fusion Reactor First Wall
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Irradiation—Induced Microstructural and Mechanical Property Changes
in Fusion Materials
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Development of Surface Characterization for Fusion Materials
Using L.aser Resonance lonization Spectroscopy
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Numerical Prediction of Turbulent Fluid Flow and Heat Transfer
in Complex Geometry
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Irradiation Effects of Special Purpose Ceramic Materials for Fusion Reactors
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Characterization of Nuclear Fusion Radiation Field with Optical Techniques
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Analysis of Particle Transport in a Gas Target Divertor
Shigeki Ohtsu and Satoru Tanaka
(Quantum Engineering and Systems Sciences)

Abstract

2-dimensional modelling of divertor plasma was performed with three types of the divertor ge-
ometry configuration. Pumping is effective to reduce neutral recycling to core region in the
configuration without baffle. In baffle configuration, a good shielding of neutrals in the divertor
region can be achieved. The dome configuration reduces plasma density near the null region

and flow shear near the separatrix.

1 Introduction

In the past several years, a gas target divertor has been investigated for controlling high heat

flux in ITER device. [1] Several problems
about gas target divertor operation are
pointed out in terms of impurity seeding

neutral flux

and recycled neutral particles. Neutral 1%’2;0]
recveling to core region should be lower ’

for optimum confinement. For prevent- 1.00E19
ing neutral particles from flowing into the

core region, divertor is designed with a 1.00E18
baffle plate at the divertor throat. In both

problems, it is important to study the re- 1.00E17
lation between divertor geometry and plasma

transports.

In this study, we have modeled a gaseous neutral flux
divertor by using B2.5 code. As a di- 1[_1&;';2]0
vertor configuration, we have investigated
three types of divertor geometries which 1.00E19
includes no baffle baffle and dome. The
effects of a divertor geometry on particle 1.00E18
and heat transports are described in this
paper. 1.00E17

2 Results and Discussions

The 2-dimensional multifulid code (B2.5
code) was used for solving plasma trans-
ports (particle, momentum, energy and

Figure 1: Vector profile and contour of neutral
flux in the divertor and SOL. (a) baffle configu-

ration (b} no baffle configuration.
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charge). [2] The outer half divertor region in the geometry is considered in a single null config-
uration for a steady state tokamak reactor. Mesh refinement was adopted so as to become high
resolution at the baffle and dome boundaries. A pumping duct is located in the lower side of the
outer first wall. We considered the case where only one species, deuterium, was included. The
ion and electron temperatures (7; and 7¢) at the core boundary were 250eV which corresponded
to 14MW power input to SOL. The electron density was 5 X 10'1/m3. The boundaries in the
first wall, the private flux region, and baffle side are in a condition of albedo (=1.0). The particle
pumping was conducted in 3% of thermal flux for neutral 1% for ion except pumping parameter
surveys. The neutral flux of I.-shape baffle is shown in figure 1 a. It is found that the neutral
flux into the core region is decreasing in oder compared with that of the configuration without
baffle (fig.1 b) and the baffle causes neutral preventing flows up to SOL region. As the baffle
inside the sol region, the reflection atthe mid plain where sol width is minimum is increased.
The dome is located in the
private flux region under the
null point. It is shown in fig-

ure 2 of the contour map of (a) (b)
plasma density near the null

point that plasma density has

changed around the null point.

High plasma density area be-

low null point disappears and §“}‘_£gm @H' 5‘;’;‘22

plasma density is decreasing
because dome is shielding neu-
tral flow from the private flux
region into the divertor region.
This can also be pointed out
that less flow shear is observed
near the separatri. In the ITER
calculation , the backflow in
the private region strongly con-
nected to the impurity colling
svstem and MARFE. The dome
configuration can be desirable in impurity seeding since impurity localized in the lower divertor
region without flowing up the private region and forming MARFE type radiation near the null
point.

1.00E19 1.00E19

1.00E18 1.00E18

Figure 2: Hydrogen plasma density contour around the null
point. (a) dome configuration (b) no dome configuration.
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Sorption and Desorption of Tritiated Water Vapor on Piping Materials of Nuclear Fusion Reactor

Satoru Tanaka and Rumi Ohmori
Department of Quantum Engineering and Systems Science

I. Abstract

Sorption and desorption of D20 on Cr203, NiO, SS§316 powders were studied at ambient
temperature. When D20 were contacted with samples after drying at 303K, broad peak was observed
at 2100~2700cm’’ on Cr203 and NiO. Sorption and desorption rate depended on wave numbers.
Isotope exchange rate with H20 vapor was faster than dry desorption rate. By heating pretreatment,
sorption amount and desorption rate for Cr203 and NiO decreased. For SS316, broad peak was
observed only after heating pretreatment at 673K.

II. Experimental

A Shimazu FT-IR 8100 with the diffuse reflectance method was used for the measurement of
infrared absorption spectra of O-D stretching vibration.

Powders of Cr203, NiO and SS316 were used. Before IR measurement, samples were dried with
Ar gas at 303K or 673K. Sorption of D20 was observed by addition of D20 vapor at 303K.
Desorption was observed by H20 containing or dry sweep gas at 303K or by D20 vapor containing
sweep gas at various temperatures. Temperature of the sample was controlled at 303-673K .

Ar gas was used for sweep gas.

III. Results and discussion

When samples were contacted with D20 vapor after drying at 303K or 673K, broad peak was
observed at 2100~2700cm’’ for Cr203 and NiO. For $S316, broad peak was observed only after
heating at 673K. Infrared absorption spectra by D20 absorbed on experimented samples are given in
Fig.1. These peaks were considered to be due to O-D stretching vibration of D20 adsorbed on the
surface. The peak seemed to be composed of three components at 2430cm’'( v R 2580cm’'( v , )and
2650cm’’( v , ). Multiple peaks show that surface is not homogeneous for D20 adsorption. Broad
peak indicates surface inhomogeneity and interaction through hydrogen bond.

From the desorption experiment at 303K shown in Fig.2, D20 was not removed in seven hours
under dry Ar gas but removed in a few hours under H20 containing Ar gas. In other words,
desorption rate by isotope exchange with H20 vapor was faster than by drying. NiO had a similar
tendency. However, D20 sorbed on SS316 surface was found to be removed by more than 70% in a
few hours under dry Ar gas (Fig.3).

— 63i



Result of desorption by heating under 116Pa D20 is shown in Fig.4. Peak intensity decreased
with the increase of temperature for the peaks v jand v ,, but reached a constant level for the peak v ,.
We observed a similar tendency for NiO.

In case of Cr203 and NiO, sorption amount for the samples pretreated at 673K was about 70% of
that dried at 303K. Desorption rate for the sample pretreated at 673K was slower than dried at 303K.
This is considered to be caused by larger adsorption energy for the modified surface by heating
pretreatment .

IV. Conclusions

Infrared absorption spectra on the surface of Cr203, NiO and SS316 were observed in-situ by
FT-IR with the diffuse reflectance method. Sorption and desorption of D20 vapor depended on the
wave length of observed absorption peak. Desorption rate by isotope exchange with H20 vapor was
faster than by dry sweep gas at ambient temperature.

Dry orHZO; 116Pa

T W :
”ﬂ!', NiO — 0® 2640cm™
: 166,56 L O® 2510cm™
; o A 2430cm’
A ss316 : W
Cr203
95,68
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2800 . .,

3000 _ 2200 2000 g g Time/min
Fig.1 Infrared absorption spectra Fig.2 Sorption under 116Pa D20 and desorption
by D20 absorbed on Cr203, under dry sweep gas or 116Pa H20 for
NiO and SS316. Cr203. The sample was pretreated at 303K.
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i 5 Y ¢ 2660cm
I'.(\ : % - & = 2620cm™! 2 * ==l 2590cm !
R e [-R- 25400m! 10¢ ~- &= 2430cm™
e |~ & = 20600m? . - xﬁ — i
| r "I N A -—-——unlm: * 8 L
I “ "__4 : : 6 :-c N’I-&u
RS '- : g
p 4 - ey H
Mg 2§
ﬂ\ e IE : ---------
ti ‘I : 0
0 100 200 300 400 500
400 800 1200 1600 2000
. . Temperature/ °C
Time /min

Fig.3 Sorption under 116Pa D20 and desorption
under dry sweep gas or H20 116Pa for
SS316. The sample was pretreated at 673K.

Fig.4 Desorption by heating
under 116Pa D20 for Cr203.
The sample was pretreated at 303K.
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WORK FUNCTION MEASUREMENT OF THE SURFACE OF SOLID
MATERIALS BY USE OF HIGH-TEMPERATURE KELVIN PROBE

A. Suzuki, K. Yamaguchi and M. Yamawaki

(Nuclear Engineering Research Laboratory)

Abstract

Work function is quite sensitive to the change of surface electronic properties of solid
materials. In the present study, an experimental setup is being developed, which enables
to measure work function of solid materials under controlled atmosphere.

1 Introduction

Work function is quite sensitive to the change of surface electronic properties of solid
materials. In this regard, work function measurement can be applied to fuel-material
interaction studies related to fusion research and development where surface phenomena
play a crucial role; e.g. adsorption/desorption of tritium at the surface of solid breeder
materials [1], defining the role of surface impurities in hydrogen recombination process [2],
etc. The present paper, to begin with, briefly reviews the basic principle of work function
measurement based on contact potential difference (CPD) method. Then the outline of
experimental setup is described, and the current progress and future plan are summarized.

2 Device Configuration

Piezoceramic

- - element
: .
B .

Function Piezo / r __outlet

Generator Driver 5
P.A.
Lock-in amp.
7] QSscC. }
Compensato e

Sample-
Multi e
v meter

CPD=U | == reference

Furnace

“. Coolant

Fig.1:  Principle of measur- Fig.2: Schematic diagram of the Kelvin probe measure-

ing contact potential difference ment system.

(CPD) [3].



An electric circuit which is equivalent to that employed in Kelvin probe system is shown
schematically in fig.1 [3]. Using the symbols defined in the figure, the following equation
holds;

d
R,
dt[
where ¢ is the time, R. is the resistance, and C = C(t) is the capacity between sample and
reference electrodes. If one assumes

ClU+V+V)]+V =0, (1)

C(t) = Co(1 + msin(wt)) , (2)

where Cy, m and w are the constants, then the first term V; of V(t) in Fourier expansion
series becomes

Vi = mwRCy(Vy + U)(1 + RCy)™?, (3)

so that V) = 0 when U = -V [4]. Kelvin probe employs an compensation circuit which
allows automatic determination of V. The measurement system currently under devel-
opment in collaboration with Australian Nuclear Science and Technology Organisation
(ANSTO) is shown in fig.2. The distance between the electrodes is periodically changed by
piezoceramic driving element with a function generator. The CPD signal is first amplified
by pre-amplifier (P.A.) and is further amplified by lock-in amplifier in addition to phase
sensitive detection. A furnace for heating the specimen to higher temperatures (> 1000
K) is being installed. Noise from the furnace can be reduced by use of lock-in amplifier.
Moreover, a personal computer (P.C.) is employed for data acquisition, while sweep gas of
controlled flow rate (regulated by M.F.C. (mass flow controller)) can be admitted to the
probe.

3 Current Progress and Future Plan

At present, CPD as small as 10 mV can be measured at room temperature. To date the
CPD of polycrystalline Li4S104 and ZrO; doped with Y03 or Nb205 has been measured
using Pt electrode as a reference under controlled atmosphere: i.e. equilibrium O, partial
pressure (Pp,); 1073% - 107!° Pa and temperature (T'); 593 - 913 K for Li;SiO4, and Po,; 50

-10° Paand T; < 913 K for doped ZrO,. Pellets of Li4SiO4 are currently under irradiation
elther by fast neutrons or H* ion beam at the University of Tokyo to investigate how the
irradiations affect the value of work function.
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Retention of hydrogen isotopes and helium in nickel
M. Okada, R. Sato, K. Yamaguchi and M. Yamawaki

Nuclear Engineering Research Laboratory

Abstract
In the present sutdy, a thin foil of nickel was irradiated by H;, D'2" and Het to a fluence of 1.2 ~ 6.0 x

102°/m? using the TBTS (Tritium Beam Test System) apparatus. The thermal desorption spectroscopy
(TDS) technique was employed to evaluate the total amount of retained hydrogen isotope and helium
atoms in nickel. In the spectra, two peaks appeared at 440 ~ 585K and 720 ~ 735K for helium. Hydrogen
isotopes irradiation after helium preirradiation were found to enhance the helium release and to decrease
the peak temperatures. Helium irradiation after hydrogen isotopes preirradiation were found to enhance

the helium release, but the peak temperature showed little differnce from that without preirradiatioin.

1. Introduction
The behavior of hydrogen isotopes and helium in the materials is one of the important factors which

determine the performance of fuel plasma. And the helium ash produced by fusion reactions makes it
difficult to sustain the ignition condition because of the fuel dilution and the enhancement of radiation
loss. Additional pumping is necessary when the pumping efficiency in divertor region is not sufficient.
In such a case, metals such as nickel and vanadium may be employed to enhance the pumping efficiency
for helium ash because of their characteristic to selectively pump helium.

In the present study, we investigated the retention of helium in nickel by means of thermal desorption
spectroscopy. Results are shown for thermal desorption of helium and hydorogen isotopes from nickel

irradiated with helium or hydrogen isotopes ions whose dose ranging from 1.2 x 10%° to 6.0 x 102%ions/m?.

2. Experimental
The sample employed in the present study was a 0.1mm thick polycrystalline nickel foils (99.7 %

in purity) and was cleansed in an ultrasonic bath with trichloroethylene. The sample was subsequently
bombarded with 1.2 x 10%° Het /m?s or 1.2 x 10%° H} (D7 )/m?s at room temperature. The total fluences
of Het and HI (DF) were 1.2 x 102'He*/m?® and 5.0 x 102'H}(DJ)/m?, respectively.

After bombardment, the sample was irradiated with 3keV Het or HI (D7) to a dose varying from
1.2 x 10?°/m? to 6.0 x 102°/m?. In order to comprehend the interactive effects between helium and
hydrogen isotopes in nickel, the procedure of irradiation with Het and HF (D7) was reversed. Namely,
Het irradiation after HF (DJ) preirradiation and HJ (D7) irradiation after Het preirradiation were
conducted and the obtained results were compared.

In the thermal desorption spectroscopy (TDS) measurement, the temperature of sample was increased
to 1073K at the rate of 3K/s and the total amount of desorbed gas was measured by integrating the
signal of quadrupole mass spectrometer (QMS) which had been calibrated beforehand.



3. Results and discussion
The thermal desorption spectrum measured for the sample which was irradiated with He* to a dose

of 1.2x10?°/m? is shown in Fig.1. The total amount of helium is 1.2x10!°He/m? and the peaks of
desorption are observed at 552K and 737K. Table 1 summarizes the temperature of desorption peaks
obtained under various irradiation conditions.

The total amount of desorbed helium in irradiarion No.2 was about 3.9x10'°He/m?. However the
amount of helium desorption in irradiarion No.3 was not measured because the atomic weights of both
helium and deuterium are ~ 4.0 and it is difficult to distinguish helium from deuterium by QMS. The
temperatures of desorption peak of helium are 525K and 728K in irradiation No.2 and 502K and 722K
in irradiarion No.3. The hydrogen isotopes irradiation after helium preirradiation shifts the desorption
peaks to lower temperature and increases the total amount of helium desorption, which implies that the
apparent activation energy of He desorption is decreased due to hydrogen irradiation.

The total amounts of desorbed helium are 8.8x10!°He/m? in irradiarion No.4 and 2.4x102°He/m?
in irradiarion No.5. Helium is desorbed at 444K and 723K in irradiarion No.4 and at 551K and 734K
in irradiarion No.5. The total amount of desorbed helium in the case of H} irradiation after He*t
preirradiation (No.4) was much larger than that in the case of Het irradiation after HY preirradiation
(No.5). The shift of helium desorption peaks to lower temperature was more significant in the case of

irradiation No.4 than irradiation No.5.

4. Conclusion
(a) Hydrogen isotopes ions trradiation to nickel after He* preirradiation increases the total amount of

desorbed helium and decreases the apparent activation energy of helium desorption.

(b) The thermal desorption of helium due to Het irradiation after hydrogen isotopes ions preirradiation

occurs almost at the same temperature as compared with that without preirradiation.

(c) The total amount of helium desorption in the case hydrogen isotopes ions irradiation after Het

preirradiation is larger than that in the case of Het irradiation after hydrogen isotopes ions preir-

radiation.
’ Irradiation Temperature of Temperature of
= No|  (onditions the lower peak [K]] the higher peak [K]
S 1 [He 12x16° o) 552 737
ber)
& + 0
g HE 1.2x16° ymt)
é 2 | 525 ( \) 718 ()
- Hy 6.0x16° ym)
& +
& He 12x16° ym)
g 3 502 ( \) 722 (\)
3 D, 6.0x16° ym)
+ 0
N — He 6.0x16° ym
e e W s s Rl EPVIFRNG 723 (\)
Temperature (K) |-|2+ 6.0x 160 ymt)
. ‘ Hs 60x16°
Fig. 1 Thermal desorption spectrum 5 2 0 U 551 (—) 734 (—=)
of He from Ni irradiated to 1.2 He 60x16° [/m’]

x 10°%He* /m?.
Table 1 Temperature of helium desorption under various

irradiation conditions.
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HYDROCARBON TRANSPORT IN THE LABORATORY
PLASMA (MAP)
S. Matsuyama', K. Yamaguchi!, S. Tanaka?, and M. Yamawaki!
1. Nuclear Engineering Research Laboratory, the University of Tokyo
2. Department of Quantum Engineering and Systems Science, the University of Tokyo

Hydrocarbons are admitted in the laboratory plasma in order to investigate the transport
processes of carbon - containing molecules in relation to redeposition processes in the fusion
boundary plasma. When CH4 was introduced into the plasma, CH radical band spectra were
optically identified, while in the case of C;H; introduction, C; radicals were also identified in
addition to CH radicals. Excitaion temperature was determined from CH and C; spectra band,
which was observed to increase on approaching to the target.
INTRODUCTION

Carbon materials have been used as plasma facing components in major tokamaks, and will
be continuously used such as in the form of carbon composites or in the form of the matrix
coated by beryllium or others. However, graphites in general have several drawbacks such as
high chemical sputtering rate and radiation enhanced sublimation. Therefore, the transport
processes in relation to redeposition of the sputtered carbon have been investigated from the
standpoint to determinate the net-erosion rate, but studies of chemical sputtered hydrocarbons
have been performed less systematically, for example, the temperature of impurity molecules in
the boundary region has been scarcely reported. In the present study, we have performed such
experiments that the hydrocarbons (CH4 and C,H;) were admitted to the laboratory plasma
in order to simulate the transport processes of chemically sputtered hydrocarbon species in
relation to redeposition at the target.
EXPERIMENTAL

The plasma generator 'MAP (Materials And Plasma)’ has been employed in the boundary
layer physics and chemistry studies involving plasma and materials. The hydrocarbons (CH,4
and C;H,) were vertically introduced, at 10 cm apart from the target, through a nozzle aperture
into a steady - state hydrogen plasma with a ratio of C,H,:Hy=1:4 (40:160 in cm3/min), The
total pressure in the chamber was P=6x10"2 Pa, while the magnetic field was B = 0.02 T.
The electron temperature was about 10 eV and the electron density was about 10'® m=3. An
optical measurement system with a photo multichannel analyzer (PMA) was used during these
experiments to record photoemission in the plasma. The focusing lens can be driven in axial
and radial directions of the plasma, so that the spatial distribution of the luminescence can be
obtained.

A quantum mechanical approach was employed to calculate the emission spectra to fit the
measured spectra,

]V IJI

Ivlle/IJH = IU AvlvnSJIJN, (1)

L2+ 1 . . . o

where I,j,;» is the signal intensity of photo-emission by a molecular transition from the
vibrational state v’ and rotational state J' in the upper excited electronic state to v” and
rotational state J” in the lower electronic state, Sy j» is the Honl-London factor, N,y is the
number of molecules in the excited - state »’J’, A~ is the Einstein coefficient for the transition.
and ¢~ is the Franck - Condon factor. The value of N, 5 in Eq.(1) for one electronic state
can be defined assuming Boltzman distribution:
—FEp
) (2)
kT,

. —FEy
Nyrgr = K gy exp(ﬁi)gw exp(
,U/
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where A" is constant. Furthermore, g,» = 1 for all vibrational levels in diatomic molecules and
gy = 2J" + 1. Substituting Eq.(2) into Eq.(1) and summing all the constant terms into A
gives

, ~E, ~E,
[.UIJIUIIJH = K IEBqU'U" SJ!JH exp( kT - )exp( kT:]I, ), (3)
A= he/E, A: wavelength. (4)

In the above equation, E is the energy difference between the initial and final states,v and
J, and g,,» is the Franck - Condon factor. v, is the electronic energy difference between the
upper and lower states. The spectra fitting procedure completes by computing photo-emission
intensities I ji,»y» and F and then calculating A to obtain spectral lines with respect to emission
wavelength (nm).

RESULT AND DISCUSSION

In the experiments line intensities of radicals originating from the impurities admitted from
the nozzle to the H, plasma are optically measured in the range of 420 to 560 nm. When CH4
was introduced, the A?A - X2II band of the CH - radical was identified in the vicinity of 430
nm, while in the case of C;H; introduction, not only CH - radical band but also C, band with
large intensity were identified,

Fig.1 show the spectra calculated by a quantum mechanical approach of CH, which agree with
the measured spectra. The calculated spectrum is dependent on the excitation temperature, so
that the excitations temperatures in the experiments can be obtained by fitting the calculated
spectra to the experimental one. Excitation temperatures, as evaluated from the curve-fitting
of the optical emission spectra of CH and C; at selected positions along the plasma axis, are
shown in fig.2. The excitation temperatures of CH and C, were found to be in the range of
3000 to 4000 K. The excitation temperatures of radicals rose gradually in the approach to the
target, which seems to indicate that the radicals, by acquiring energy by collision with the
plasma particles from behind, gradually enhance their energy.

SUMMARY

When CH, was introduced into the plasma, the A2A - X?II band of the CH - radical was
identified in the vicinity of 430 nm, and while in the case of CyH, introduction, not only CH -
radical but also large C; band were identified; namely, the bands of the A3Hg - X311, - transition
in the vicinity of 460 nm and 560 nm. Curve - fitting was performed on the obtained CH and
C, spectra band, and the excitation temperature was evaluated in selected positions along the
plasma axis. It is observed that the excitation temperature rose gradually along the approach
to the target.
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The Rate-Limiting Process of Hydrogen Transport in Mo
K. Ohkoshi, Y. Chikazawa, V. Bandourko, K. Yamaguchi and M. Yamawaki

Nuclear Engineering Research Laboratory

Abstract

Hydrogen isotope transport characteristics of Mo, whose refractory properties are considered to be suitable as plasma

facing material, was investigated by applying 3 keV D} beam to the membrane specimen. The Arrhenius plot

of deutertum permeation probability showed linear increase against the reciprocal temperature and its apparent

activation energy was determined as 41.5 kJ/mol. The simultaneous irradiation of 3 keV Ar* onto backside surface

of specimen had little effect on the deuterium permeation rate. According to these results, the rate-limiting process

of deutertum transport in Mo was determined.

1 Introduction

It is important to understand fuel particle dynamic
behavior around plasma facing materials (PFM) in a
controlled thermonuclear fusion reactor in order to con-
trol the fuel burning process and ensure safety of tri-
tium management.

Mo is a refractory metal whose melting point is 2,893
K and has small hydrogen solubility and diffusivity,
which are considered to be favorable froin the pomt
of view of tritium retention and permeation.

In the present study, measurement of permeation rate
and the effect of surface impurities at different temper-
atures were investigated employing in-situ AES (Auger
electron spectroscopy) and SIMS (secondary ion mass

spectrometry) surface analyses.

2 Experimental

The specimen was a foil of polycrystalline Mo
(14mmeg, 0.1 mmt), which was welded on the top of
a cylindrical sample holder of the experimental de-
vice (Fig.1). The specimen separates the upstream-
side (irradiation-side) and downstream-side (back-side)
chambers and is insulated from the vessel for measure-
ment of the ion current of incident beam.

The beam was a molecular ion {(D}) beam, which
was emitted from 1S2 in Fig.1, and the beam energy
was set at 3 keV and the flux was 3.3x 101D} /m®s.

The base pressure in the upstream-side chamber was

71

around 10~* - 10~3 Pa and that of downstream-side
was 107% Pa. The pressures were monitored by B.A.
gauge during experiment, whereas the partial pressures
were measured by QMS (quadrupole mass spectrom-
The AES and SIMS alnalyses were performed

occasionally in order to check the specimen surface im-

eter).

purities. The specimen temperature was varied from
350 to 1000 K.

3 Results and discussion

The dependence of permeation probability due to
IDP (ion-driven permeation) on the specimen temper-
ature, T, is shown in Fig.2. The permeation proba-
bility reached ~0.20 at 1000 K and the apparent ac-
tivation energy of permeation was determined to be
41.5 kJ/mol. During irradiation of Df beam onto the
upstream-side surface of specimen, irradiation of 3 keV
Art beam onto the downstream-side surface was per-
formed. The time dependence of deuterium permeation
rate after termination of Ar* irradiation is shown in
Fig.3. Quite in contrast to Nb, where permeation prob-
ability shows drastic increase by Ar%t irradiation [1],
the change for Mo was almost negligible. The char-
acteristics described above show that the rate-limiting
process of deuterium transport in Mo is “RD” type,
which means that the rate-limiting processes for the
upstream-side and downstream-side of specimen are the

recombination and diffusion, respectively [2].



The transient permeation behavior due to DI beam
injection showed a “permeation spike”, where perme-
ation rate increased after the start of beam irradiation
and then decreased to its steady state value. It showed
interesting temperature dependence that the peak of
spike appeared 1 minute after the start of irradiation at
900 K, whereas it took 30-40 minutes at 800 K. This dif-
ference may be attributed to the surface impurity com-
positions or surface defects. The downstream-side sur-
face impurity compositions measured by AES showed
the existance of carbon and oxygen, and as shown by
Fig.4, the surface concentration of sulfur rapidly in-
creases In the temperature range 800 - 900 K. In this
sense, more active control of the surface impuritiy com-
positions (i.e., the artificial change of surface impurities

by means of Oz or H2S admission) is required.

4 Conclusion

The temperature dependence of IDP rate through
Mo was measured and its apparent activation energy
was determined to be 41.5 kl/mol. The Ar*t irradi-
ation onto the downstream-side surface showed little
effect on the permeation rate. These results indicate
that the rate-limiting process for Mo is RD type. The
surface impurity analysis by AES showed the existance
of carbon, oxygen and sulfur. A strong dependence of
permeation spike on temperature was observed. Fur-
ther investigation on the effect of surface impurities on

permeation is required.

Fig.1: Hydrogen permeation experimental
device HYPA-IV.
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Quantum Chemical Estimation of Sorption/Desorption of H, and H,0(gas)
at the Plasma-Wall Interface
S.Nagasaki, S.Tsushima, M.Tanaka, Y.Umemura (Quantum Engineering and Systems Science)

Abstract

By using MOPAC Code, we estimated the charge density of SiO,-Al,O,-SiO, metal oxide. We
could find that the such quantum chemical calculation is a fruitful tool for understanding the
plasma-wall interactions from the microscopic point of view.

Introduction

In order to verify the realization of fusion rector, it is important to elucidate the particle transport
phenomena through the first wall or the blanket material. Many experimental and theoretical research
works have been performed on the particle transport phenomena. It is indispensable to study the
interactions between wall materials and transporting particles from the microscopic point of view for
fully understanding the transport mechanism. For achieving this purpose, we take interest in the
theoretical caalcultion based on quantum chemistry. In the present work, for the first step to make
clear the microscopic interaction mechanism in the plasma-wall interface, we calculated the charge
density of metal oxide and confirmed the applicability of quantum chemistry to elucidating the

plasma-wall interactions.

Calculation Procedure

In the present work, we considered SiO,-Al,O,-SiO, layer metal oxide, because the database of Si,
Al, O and H are fully prepared and because the charge density of this type layer oxide has been
experimentally estimated by many researchers and thus we can compare the calculated results with the
experimental results. Figure 1 illustrates the ideal structure of cluster model of SiO,-Al,O;-SiO, layer
metal oxide. Si is located in the center of tetrahedra and Al of octahedra. In the present work,
assuming that the lengths between Si and O and between Al and O are 11.64 A and 1.77 A,
respectively, we developed the ideal structure of the cluster model. We set H atom in the end of the

cluster. This seems that H atom is representative of the end of next cluster or is part of the OH
functional group in the edge region. By using MO calculation program "MOPAC" (version 6.0;
J.S.P.Stewart) with PM3 method, we calculated the charge density of the cluster in the following
three cases.

(1) charge density of ideal layer metal oxide (Fig.1),

(2) charge density of layer metal oxide when Al atom replaces Si atom:

excessive one negative charge,

(3) charge density of layer metal oxide when alkaline earth atom replaces Al atom: excessive one



negative charge.

Table 1 calculation results of charge density

Charge on atoms in each cluster mode!
charge(electron density)

Original S 1)—Al Al-Mg without H(1)
Si(1)] 1.292.71) § 1.03(1.97)1)1 1.87(2.13) 1.59(2.41)

si2)| 128272 | 1.82¢2.18) | 1.892.14) | 1.852.15)

Al(1)] 0.91(2.09) ] 1.22(1.78) 2.00(0.00)2) | 1.21(1.79)

a2 | 071229 | 124076) | 12801.72) | 1.24176)

O(1) | -0.61(6.61) | -0.85(6.85) | -0.93(6.93) |-0.91(691)

0(2) | -0.52(6.52) | -0.67(6.67) ]-0.73(6.73) | -0.97(6.97)

o) [-0sussn | -066666) |-074674) [-071671)

O(4) | -0.54(6.54) | -0.68(6.68) | -1.07(7.07) | -0.81(6.81)

H(1) | 0.20(0.80) ] 0.20(0.80) 025078 | -

[l)Value for AL 2)Value for Mg, I

Figure 1 ideal model of layer metal oxide

Results and Discussion

Table 1 summarizes the calculation results. It was found that the charge profile is not changed by
the replacement of central atom and the negative charge density induced in the surface is small in
comparison with those experimentally expected. Furthermore, we could find that when Al atom
replaces Si atom excessive negative charge can not be localized on the surrounding O atoms and
expand onto the all atoms in the cluster, and that when alkaline earth atom replaces Al atom negative
charge can not be distributed into the surface and be localized on O atoms surrounding Al atom.
However, in fact, the negative charge is localized in the surface or on the O atom connecting too Si
atom. This is considered to be because these O atoms are located on the surface and thus are
negatively charged, and because the O atoms can readily become the donors of electrons. In the near
future, we will estimate the structure and charge density of practical materials for the first wall and
blanket material, elucidate the interactions of the material atoms with transporting particles (atoms) and

understand the transport mechanism.
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Evaporative Behavior of Carbon with MPD Arc Jet.
T. Sukegawa, H. Madarame and K. Okamoto

Abstract

Using the Magneto-Plasma-Dynamic Arc Jet (MPD Arc Jet) device, the plasma-material
interaction during simulated plasma disruption was experimentally investigated. To clarify
the effects of the evaporation, the isotropic graphite was used as a target. The thermal
conductivity of the isotropic graphite was much higher than that of the pyrolytic graphite,
resulting in smaller evaporation. The light intensity distribution during the simulated
disruption for the isotropic graphite was quite different from that for the pyrolytic graphite.

Introduction

During plasma disruptions the plasma facing components will subjected to intense heat
loads for short periods of time. This phenomenon can be simulated using the MPD Arc
Jet device as the heat source. In the previous studies[1], the qualitative ion distributions
for the pyrolytic graphite target were evaluated. Last year, the MPD Arc Jet device had
been modified to generate higher heat flux. The maximum heat flux on the specimen was
about 3.6 MW /m? when the voltage was 400 V and the magnetic field was 0.98 T. In this
study, to clarify the effects of the evaporation, the isotropic graphite (IG110) was used as
a target. The thermal conductivity of the isotropic graphite was much higher than the
pyrolytic graphite, resulting in smaller evaporation.

Result and Discussion

The CII line at 426.7 nm (3d?D-4f2F°) and the CIII line at 465.2 nm (3s3S-3p®P?) were
selected for the measurements of C* and C** ion distribution in the plasma. For the space
resolved measurements, an f = 250 mm collector lens was used. The distance between the
lens focal point and the specimen surface was varied to obtain the spatial distributions. For
the time resolved measurements, 0.2 ~ 2 msec scan duration were used. The scan duration
depended on the light intensity. In the higher intensity case, the scan duration should be
shorter in order to avoid the saturation of the photo detector. Therefore, the intensity was
normalized as the intensity per 1 msec.

Before the experiment, the surface of the target specimen was planed to be flat. Then
the specimen was set in the MPD Arc Jet device. Figures 1 and 2 show the variation of the
intensity for several serial experiments at .« = 2.5mm. The distance between the measured
position and specimen surface was defined as the distance x. As shown in Figs. 1 and 2,
the intensity at the initial pulse (1st) was much smaller than that at the following pulses.
Although the experimental conditions at 1st and 2nd pulse were the same, the results had
large discrepancies. The difference was thought to be caused by the chemical effects on
the surface, or the re-deposition of the evaporated graphite. However, the reason was not

clarified yet.



With repeating the pulses, the intensity had a tendency to increase. This tendency
was observed for every experiments with the isotropic graphite targets(1G110). While,
the intensity for the pyrolytic graphite was almost constant during the serial experiments.
Since the thermal conductivity of the isotropic graphite was much higher than that for
the pyrolytic graphite, the amount of evaporated graphite was very few. Therefore, the
surface condition might highly affect on the evaporation of the graphite. That is, when the
thermal conductivity at the surface might be varied by the re-deposition or the chemical
action, the evaporation rate also might be varied greatly. Then, with repeating the pulses,
the evaporation rate might be varied.

In the 2nd and following pulses, there were twin peaks, 3 and 6 msec. The first peak
was relatively sharp. Since the pulse duration time was about 5 msec, the second peak was
observed after the heat input. The first peak was thought to be the interaction between
the plasma and the evaporated graphite. However, the cause of the second peak was not
clarified yet.

Figures 3 and 4 show the ion distribution of the 2nd pulse. The first peak was observed at
the very small region near the surface. While the second peak was observed at all locations.
Reference
(1) H. Bolt, Y. Ooishi, M. Ilida and T. Sukegawa, “Study of the Plasma-Material Interaction
During Simulated Plasma Disruption”, Fusion Engrg. Des. 18 (1991), pp.117-123
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Application of High T'c Superconductor
to Passive Control of Plasma Position

T.Uchimoto, N.Ikatsu, Y.Yoshida and K.Miya
Nuclear Engineering Research Laboratory, The University of Tokyo
Tokasi, Ibaraki 319-11, Japan

Abstract. This paper presents a new method of plasma position control
with use of high Tc superconductors {HTSC). The shielding current
analysis of HTSC and MHD equilibrium analysis of tokamak plasma are
coupled in order to evaluate the effect of HTSC on plasma motion and
to verify the feasibility of the present method.

1 Introduction

Vertical elongations of plasma cross sections in tokamak fusion reactors are of great ad-
vantage to achieve high § values, which will lead to compact reactors. Such elongations,
however, make the plasma subject to an axisymmetric MHD positional instability in
the vertical direction[?]. The plasma can be stabilized to some extent by the active
feedback control with Poloidal Field (PF) coils and by the eddy current induced in
structures surrounding the plasma. But the above methods have their own defects,
that is, the former requires greater capacity of the power source of the PF coils and the
stabilizing effect of the latter decays on the order of the L/R time of the structures.
Therefore, the elongation of a plasma section is restricted to a modest value in the
design of recent tokamak reactors.

This paper proposes a new method to control a plasma position with use of HTSC.
It is well known that the electromagnetic force due to HTSC is dynamically stable. In
addition, the plasma control by HTSCs is expected to be free from the defects which
the conventional controls have. Therefore, the plasma can be more stable if HTSCs are
arranged around it.

The shielding current analysis of HTSCs and the MHD equilibrium analysis of toka-
mak plasma are coupled in order to evaluate the effect of HTSC on plasma motion.
Feasibility of the proposed method is discussed in comparison with the passive control
due to the eddy current induced in surrounding structures.

2 Formulations

2.1 Plasma Equilibrium Analysis

The plasma, a vacuum vessel and PF coils are simulated as ring currents using a given
number N of toroidal coils, with variable sizes, positions and currents. The plasma in-
ertia is assumed to be negligible, then the plasma equilibrium is obtained by minimizing



the free energy of the toroidal ring system. The free energy is expressed as;

E=UntU=3 ¥ &L+ ¥ &5- [ pdv, (1)

&, =const Ij=const

where U,, and U, are the magnetic energies of the the current constant system (PF
coils) and the flux constant system (plasma and vacuum vessel), respectively, ® the
magnetic flux, I the current and p the plasma pressure. The flux change of plasma and
vacuum vessel is calculated as;

2ult) = 34(0) - [ CRu(t) Lt (2)

where R; and I} is the electric resistance and the current of the k-th ring, respectively.

2.2  Shielding Current Analysis of HTSC

Shielding current of HTSC is evaluated based on the critical state model by applying
the magnetic vector potential method[?]. The governing equations in axisymmetric
problems can be expressed as follows;

e 2 —— =

(VP = )= 3)
8Asc 8AEI

B = (54 ), (4)

where J is the superconducting current density, £ the electric field, A,. the magnetic
vector potential due to the superconductor and A., the externally applied magnetic
vector potential. In the superconductor region, the constitutive relation between J and
E can be expressed as follows based on the critical state model[?]:

E . oJ .
J—Jcm*l' if E#O, E—O if E—O, (5)

where J. is the critical current density. As the dependence of J. on the magnetic flux
density, |B|, Yasukochi model[?}, J.(|B|) = Jeoy/|B| , is adopted

3 Numerical Results

The stabilizing effect by HTSCs is examined in
the configuration of the conceptual design of the
International Thermonuclear Experimental Reactor
(ITER/CDA). Its cross section and the arrangement of
HTSCs are shown in Fig. 1. The plasma cross section
is elongated and then it is magnetohydrodynamically
unstable.

The stability condition in a shell-free plasma of ma-
jor radius R, is given by|[?];

R (m)

R, 0B° 0 6 Fig. 1. Poloidal section of
" T B 9R, (6) ITER/CDA



where B¢* is the vertical component of the externally applied magnetic field and n is
called the decay index. The decay index of the conceptual design of ITER is —1.0.

HTSCs are assumed to be silver-sheathed Bi-based high Tc superconducting cable
and arranged in the form of axisymmetric toroidal coils. The cross section of each
HTSC coil is 0.4 m in width and 0.4 m in height. Four HTSC coils are arranged as
shown in Fig. 1. The critical current density at 1 T, J,,, is chosen to be the realistic
value of 1.0 x 108A/m? in the calculation.

3.1 Stabilizing Effect of Vacuum Vessel

The MHD theory for a shell-free tokamak predicts that the growth rate of the vertical
instability is of the order of micro-second. However, due to the presence of a conducting
shell, it is reduced to the order of the L/R time of the shell[?]. Fig. 2 shows the time
evolution of the plasma vertical position, where the stabilizing effect of a vacuum vessel
is taken into account. The growth rate of the plasma vertical displacement is about 8
ms. it roughly agrees with The L/R time of the vacuum vessel.

Fig. 3 shows the change of plasma magnetic surface in the vertical motion. The
plasma touches the wall in 120 ms, which shows the limit of the stabilization by the
vacuum vessel.
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Fig. 2. Time evolution of plasma vertical (a) O(msec) (b) 120(msec)
position, where the stabilizing effect of a Fig. 3. Change of plasma magnetic
vacuum vessel is taken into account surface in the vertical motion

3.2 Stabilizing Effect of HTSC

In the following, only the stabilizing effect of the HT'SCs is taken into consideration. Fig.
4 shows the change of the magnetic energy as a function of the vertical displacement
of the plasma. The decay index, n, is —1.0 in this case. In the absence of HTSCs,
there is no stable region. On the contrary, if the HTSCs are introduced, the stable
region exists in the neighborhood of the equilibrium point. Fig. 5 shows the relation
between the decay index and the depth of magnetic energy well in the stable region.
The depth of energy well decreases when the decay index is reduced, that is, the degree
of the instability increases. When the decay index is reduced to be —1.6, the well depth
becomes almost zero. The HTSCs could stabilize the plasma whose decay index is up
to —1.6. Therefore, it is concluded that higher elongated plasma can be stable if the
HTSC is arranged around the plasma.

The time evolutions of the plasma vertical position are calculated in the case of
n = —1.0. In the absence of disturbance field, the plasma position is fixed near the
initial equilibrium point as shown in Fig. 6, whereas the plasma with a shell moves in



the time scale of 8 ms (see Fig. 2). This shows the feasibility of position control of
plasma by HTSCs. The various magnitude of disturbance field, By, is exerted in 1 s by
changing the current of PF 4. When 10 or 50 G of By is exerted, the plasma remains
staying near the initial equilibrium point. However, the plasma position jumps upward
and moves toward the vessel wall gradually after 100 G of By is exerted. It can be said
that the stabilization by HTSCs could withstand a disturbance to significant degree.
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The new method of plasma position % 0.4r By=100G : ]
control with use of the HTSCs is pro- & 0.3- | By=0G -
posed. The time evolution of the toka- g 0.2t \f BBd:;gg i
mak plasma equilibrium with the HTSCs S oit : ‘ ]
is computed with the consideration of the g ok 2T §
coupling between the plasma equilibrium i . ,
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analysis. The result of the calculation time (sec)
verifies the possibility of the proposed Fig. 6. Time evolution of plasma po-
method. sition, where the stabilizing effect of

HTSCs is taken into account
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Computation of eddy current - crack interaction based on

vector potential integral formulation
Y.Yoshida and K.Miya

Abstract This paper describes a new solution of a forward problem in eddy current testing,
which is based on the vector potential integral formulation. By introducing a vector potential
dyadic Green’s function, a conventional electric field integral equation can be transformed to
a vector potential integral equation, where the kernel has weak singularity of 1/R while the
kernel in the electric field equation is hyper-singular. The validation of the proposed theory
has been done by comparing the numerically predicted results with measured ones.

1. INTRODUCTION

Among the numerical methods for the forward problem in the eddy current testing (ECT),
the volume integral approach using the electric dyadic Green’s function is considered as an
attractive and useful way because of its less requirment of computational resources. For this
reason, the electric field integral equation (EFIE) were used by many researchers so far (e.g.
see [1]).

In this paper, an alternative formulation using a vector potential dyadic Green’s function
is proposed. This vector potential formulation has an advantage that the Green’s kernel has
weak singularity of 1/R while the kernel in the EFIE is hypersingular.

The vector potential formulation is applied to the computation of the ECT probe responses
due to an ideal crack in conducting half-space. Except for the crack region, the host conductor
is assumed to be homogeneous and its conductivity is denoted as gy. The crack surface is
assumed to be perpendicular to the air-conductor interface. This is a good approximation of

real cracks in most cases.

2. THEORY

According to the conventional electric field integral formulation, the scattered electric field

due to defects in the host conductor is written

E'(r) = iwpo [ Go(r,v') - P(r)dr' (1)
v
By introducing a vector potential dyadic Green’s function G4 defined by
1
Ge(r,r') = ﬁv X V x Ga(r, 7", (2)
(1) can be rewritten as
B'(r) = ~V x V x [ Galr, ) - P, (3)
o) 1%



(3) leads to the following integral representation of the total field:
E(r) = Bi(r) + glgv XV x [ Ga(r, ) P(r)r (4)
In the limit as the field point approaching to the crack face, we have
{an - %V,} : /v(]A(ri,r') - P(e"dPr' = Ji(rh), (5)
where J: = goE*-n. Operating the inverse of V? and applying the ideal crack model [1] yield
po [ Gr* oo )s' + y(r*) = —A0(r*), (6)

where A®) = —uV;2J:, and V29 = 0. The Green’s function is given by

Gr,r') = {'n - v;?%v,} Galr ) m. (7)

The above integral equation is discretized by the method of moments utilizing the bound-
ary conditions: p = 0 at buried edge, and n' - V,p = 0 at conductor surface, n’ being the
unit vector normal to the conductor surface.

3. RESULTS

Numerically predicted probe responses are compared with measurement performed by
Burke [2]. Figs. 1 and 2 show the impedance change due to a rectangular surface breaking
crack in half-space conductor as a function of eddy current probe location. A very good
agreement assures the validity of the proposed theory.
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A modeling of radiation induced microstructural evolution under
applied stress in austenitic alloys

Hiroyasu Tanigawa, Akira Kohyama, Yutai Katoh' and Yutaka Kohno'

Institute of Advanced Energy, Kyoto University, Gokasho, Uji, Kyoto 611, Japan
t National Institute for Fusion Science, Nagoya, Aichi 464-01, Japan
t1 Department of Materials Science, University of Tokyo, Hongo, Bunkyo, Tokyo 113, Japan

Abstract

Effects of applied stress on interstitial type Frank loop evolution at early stages of irradiation
were investigated by both numerical calculation and irradiation experiments. In the experimental
part of this work, microstructural inspection has been made by transmission electron microscopy
with a special emphasis on Frank loops and perfect loops on every {111} plane. The results of
the TEM observation revealed that Frank loop concentration on a {111} plane increased as the
resolved normal stress to a {111} plane increased and that small perfect loops were more likely
produced on {111} planes where larger resolved shear stress was applied. The model of a stress
effect on Frank loop unfaulting was provided, which is triggered by nucleation of a Shockley
partial dislocation loop in a Frank loop, was proposed. The results of the numerical calculation
was successful to predict the strong dependence of Frank loop concentration on the resolved
normal stress to {111} plane, which was the characteristic feature seen in the irradiation
experiments.

1. Introduction

There have been many attempts to model irradiation creep but the basic processes underlying those models have
not been understood or proved sufficiently. The most experimental results used to make those models were obtained
under insufficient conditions in controlling applied stresses and many irradiation parameters.

In our previous work [1], the EAST(External applied stress in tension) apparatus was developed to improve
accuracy of ion irradiation experiments with external stresses. The ion irradiation experiments under applied stress by
the EAST apparatus revealed the clear effect of applied stress on Frank loop evolution in Fe-Cr-Ni ternary alloy. It was
found that Frank loop nucleation on {111} planes became larger with increasing magnitude of resolved normal stress to
the corresponding {111} plane. A numerical calculation, based on the mechanistic model, was also carried out by
integrating rate equations which describe the behavior of point defects, defect clusters, Frank loops and network
dislocations. The SIPN (Stress Induced Preferential Nucleation) model was discussed to understand thc applicd stress
effect on Frank loop nucleation. The formation probability of a tri-interstitials on a specific {111} plane denoted by the
suffix k [2] is given as:

exp(3007 fk,T)
ancl -
4 100001
exp(3Q07 fk5T)
i

, where () is atomic volume, ¢ ," is the magnitude of resolved normal stress to {111} plane, kg is Boltzmann constant.
and T is absolute temperature.

In fig.1 both results from the numerical calculation and from the experiments were plotted, where the external
stress conditions was 35 MPa in the direction of {1 11]. The stress effect index on Frank loop number density. in the

figure, is defined as :

( Stress effect index ) N{ ‘I'(O' ap =X MPG)
b

on Frank loop mumber density) ~ N (/1 lll-) (g’ ap =0 MPn)



, where N/ (o app=X MPa) is Frank loop number density on a particular {111} planc denoted by k under the external

applied stress of X MPa.

The predicted valuc of stress effect index on Frank loop number density by the numerical calculation showed
positive dependence to resolved normal stress, but the quantitative difference between the computational result and the
ion irradiation experimental result was quite large. This result might require the further improvement of the model to
predict the effects of applied stress on Frank loop evolution.

In this work, rc-analysis of previous work is carried out to improve the model emphasizing the Frank loop unfaulting
process. In the latter part of this paper, first we will show the results of TEM observation analyzing perfect loops. and
then will propose a stress effect mode!l on Frank loop unfaulting. And the calculation results and discussion will be
presented in the last part of this paper.

2. Experimentals

2.1 Experimental procedure [1}

The material used in this study was Fe-15Cr-20Ni ternary alloy. The 4 MeV nickel ion irradiation was carried out
at the HIT facility (High-fluence Irradiation Test facility), the University of Tokyo, and external stress was applicd by
the EAST apparatus.

The displacement damage, the nominal damage rate and the irradiation temperature applied were 1 dpa, 2 X 107

dpa/s and 673 K, respectively. The applied stress condition was 35 MPa. The microstructure of the irradiated spccimens
was examined with a JEM-200CX transmission electron microscope (TEM). The range for TEM inspection was
determined to be 500 to 600 nm in depth from the irradiated surface, where both displacement damage gradicnt and
deposited nickel concentration are fairly small.

2.2 Results of the TEM observation on perfect loops

The TEM obsgrvation with the special emphasis on prefect loops was performed to the TEM specimens used in the
previous work [1]. Series of TEM dark ficld images were taken in order to clearly present Frank loops and unfaulted
perfect loops, separatelv (fig.2). From these images, the perfect loop size distributions on each {111} planc were

obtained (fig.3). For the case of ¢ ,= 12MPa , many small perfect loops on the {111} planes were obscrved, where

rcsolved shear stress were being applied. Whereas, for the case of ¢ ,= 36MPa, the population of the small loops was

quite small, where no resolved shear stress was being applied, compared with the former case. This result suggested a
mechanism that resolved shear stress assisted Frank loop unfaulting. This mechanism has been recognized to be an
important process to understand the microstructural evolution in irradiation creep. This will be discussed in the
following section.

3. Computational study

3.1 A modeling of stress cffect on Frank loop unfaulting

Figure 4 provides the two representative mechanisms of Frank loop unfaulting; (a)unfaulting process triggered
by the nucleation of a Shockley partial dislocation loop (Shockley loop) inside a Frank loop, and (b) unfaulting process
triggered by the reaction with gliding (or climbing) network dislocation [3,4]. C.H. Henager Jr.[5] proposed the model
of internal stress assisted Frank loop unfaulting to calculate the creep strain. He calculated an activation barrier for the
unfaulting process of a Frank loop by the nucleation of a Shockley loop, depending on stacking fault encrgy and shecar
stress applied in the direction of the Burgers vector of Shockley loop. This model is based on the model of the activation
encrgy for the unfaulting of vacancy-type loops in quenched metals, proposcd by Saada [6].

In the following model, the Frank loop unfaulting by the nucleation and growth of a Shockley loop was included as
one of the important mechanism to understand the stress effect. Hereafter, this model is called as “SIPU (Stress Induced
Preferential Unfaulting) model”. The Frank loop unfaulting by the reaction with network dislocations ( (b) in fig.4) was
recognized to be another important process in  microstructural evolution under irradiation with applied stress. But. at
present, the model does not care for the mechanism including the stress cffect.

3.2 STPU model description
The process of Frank loop unfaulting by the nucleation and growth of a Shockley partial loop can be represented by
following Burgers vector reaction:

53'-(11 1)+%(115)=%(1m)

84 —



We can cstimate the total energy of a Frank loop with a Shockley loop inside, by considering those line tension and the
stacking fault energy (5]. The energy of the Frank loop system with resolved shear stress 7 , to {111} plane in the

direction of <112> is given approximately by:

2 2
b
W(r):WO[-IZ;im(LJ— LY X %0 (A]

4 bO bg}/c }’c bg}/
with:
W, = nbg}'c
and:
Gb?
Ye=—"""

, where r is Shockely loop radius, b, is the Burgers vector of Shockley partial dislocation, 5, =a/6<112>. G is Young
modulus, y is stacking fault energy and by is the core radius of Shockley loop, by = 2b,. The shear stress effect term is

negative because it acts to allow the shear stresses to do work and lowers the energy of the system.

The maximum value of W(r) on a {111} plane denoted by k :W,™, is acquired at the critical Shockley loop radius:
r.. This value defines the activation energy of Shockley loop nucleation, i.e. the activation energy of Frank loop
unfaulting. Here, the assumptions are (1) the formation energy of Shockley loop nucleus is negligible and (2) the
nucleated Shockley loop grows monotonically. and the probability of Frank loop unfaulting yields to:

- AW,
P =exp| - ") B
X ‘P( inT [B]

with:

AW, =W~
, where W,” is W(bo) on a {111} plane denoted by k.

These unfaulting probabilities are included to the Frank loop growth term in the rate cquation modcl of
microstructural evolution under applied stress.

The rate equation model for the microstructural evolution under irradiation has been developed by Stoller and
Odette [7] and by the prescnt authors [8,9]. As the one extension of the model, it has been improved to be able to predict
microstructural evolution under applied stress [1]. In the model, Frank loop growth rate equations werc given for cach
{111} plane separately, considering the stress effects on the Frank loop nucleation and growth. In this study. the
stress effect on the Frank loop unfaulting has been taken into account.

The evolution of the Frank loops on each {111} plane denoted by the suffix k is given by the following cquation :
"’d‘,’\,j;g")'=“RA(")N:,(")("‘ﬂwf)‘Nk(f)ﬂm/

+R,,(i~1)N,‘(l—1)x(l—P,‘”")x(l—P,f,"g) (S R(i-1)>0)

—R,(:‘+1)N,,(:+1)x(1—P,“'!’) (I R(i+1)<0)

, where Ny (i) is the number of Frank loops in a given size class with radius r;, and R(i) is the transfer rate between sizc
classes given by:

A -t
1. =In.|{dr,‘(1)} dr,
R.(1) = dt
and:

dr (i) 2T
dr b! ln(ro/rc)
where b' is Burgers vector of Frank loop, 1, is the mean dislocation spacing, (;zp,,)"/2 , I 1s the core radius of Frank loop.

2b', 2,(i) is Frank loop/interstitial (x=1) or vacancy (x=v) bias in a given size class [10], Dy is the diffusivity of poit
defect x, and C, is the concentration of point defect x. Py 5" is the possibility that Frank loop unfaults upon contacting
network dislocation while it is growing[7]. Unfaulted loops are counted as the part of network dislocations.

Rate equations for the concentrations of self-interstitial atoms and interstitial clusters in this model were noted in
previous work, considering the stress effect on clustering coefficients {1].

These rate equations are integrated using LSODE (Livermore Solver for Ordinary Differential Equations) [11].

{z,’(/)D,C, -z hD,C,



4. Result and Discussion

The parameters used in this study are listed in table 1. The resolved shear stress conditions yield to the magnitude
shown in fig.5, under the external applied stress conditions of 35 MPa in the direction of (T11]. From fig.5. it is
understood that the maximum resolved shear stress in the dircction of <112> are 34 MPa on (111), (111) and (111)
planes, and 0 MPa on (111) plane. In both resolved shear stress condition, the total energy of Frank loop system.

which was calculated by equation [A], increases until Shockley loop radius reaches the critical radius (about 0.7nm).
and then decreases monotonically (fig.6). The difference of the activation energy for Frank loop unfaulting is 0.04 e¢V.

but by equation [B], the unfaulting possibility for {111} planes except (111):0.011 is double to the value for (111)

plane:0.006.

The results of the numerical calculation showed almost the same dependence of Frank loop concentration on the
resolved normal stress to {111} planes, which was seen in the irradiation experiments (fig. 7). This result means that
the SIPU model successfully describes the resolved normal stress dependence of stress effect index on Frank loop
number density.

But the calculation result suggests that the number density of Frank loop do not increase compared to the unstresscd
condition; on the other hand, the experimental result is increased. This conflict might indicate that there should be morc
significant applied stress effects on point defect clustering process than the current model, e.g. stress effect on clustering
coefficient, or stress effect of cascade production rate.

S. Summary

(1) The model of the applied stress effect on Frank loop nucleation (SIPN model) could not predict the positive
dependence of the Frank loop concentration on the resolved normal stress to {111} planes

(2) The TEM observation revealed that small perfect loops were more likely produced on {111} planes when larger
resolved shear stress was applicd.

(3) The model of the applied stress effect on Frank loop unfaulting (SIPU model), which was triggered by nucleation
and growth of a Shockley partial dislocation loop, was provided.

(4) The numerical calculation was successful to predict the strong dependence of Frank loop concentration on the
resolved normal stress to {111} plane.

(5) The SIPU model could not predict the increase of Frank loop concentration, and possibilitics of the stress effect
were suggested.
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Fig.4 Schematic drawings of Frank loop unfaulting processcs triggered by (a) the nuclcation of a Shockley
partial loop and (b),(b’) the rcaction with a network dislocation.
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Table 1

The calculation parameters

Lattice parameter ag
Vacancy migration energy ES"
Vacancy formation energy E/
Interstital migration energy E"
Interstital formation energy E'
Vacancy vibration frequency v,
Interstitial vibration frequency Vi

Initial dislocation network density , ,

Stacking fauit energy
Young modulus

3.68x10"° m
14 eV

1.5 eV

0.85 eV

5.0 eV
5.0x1d%"
5.0x1d%"
1x10m?
0.31 Jin?
64.9 GJ/m’
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Extraction of density distributions and particle locations from hologram images
K. Okamoto, K. Ikeda and H. Madarame

Abstract

In this study, the simultaneous measurement technique for three-dimensional density and three-
dimensional velocity distributions was evaluated. The Holographic Particle Image Velocimetry
(HPIV) was the technique to record the three-dimensional position of the tracer particle on the
hologram. When there were density distributions in the interrogation region, the plane optical
wave may be modulated because of the difference of the refraction indices. Then, both of the
plane wave modulated by density and the spherical wave by particle scatter were interfered
with the reference beam, being recorded on the hologram. With reconstructing the hologram,
the both of the modulated plane wave and spherical wave were reconstructed. Since the plane
wave and spherical wave had low and high frequency, respectively, the two information could
be separated using low-pass and high-pass filter. In the experiment, a jet of carbon-dioxide into
air with mist were measured. Both mist particle position and the fringe shift caused by the
density distribution were well observed, showing the effectiveness of the proposed technique.

Introduction

When a Loss of Vacuum event (LOVA) would occur in the fusion reactor, air may flow into
the vacuum vessel, resulting in the buoyancy driven exchange flow between heated light air and
heavy air. The study on the buoyancy driven flow is very important for the accidental analysis
of the Fusion Reactor. However it is very difficult to measure the transient three-dimensional
field. The three-dimensional velocity distributions are measured by the Holographic Particle
Image Velocimetry (HPIV). (Barnhart et al., 1994, Applied Optics, 33) The three-dimensional
density distributions are measured by the holographic interferometer with computer tomogra-
phy technique. (Mezkirch, 1974, Flow Visualization, Academic Press). Since both technique
uses the holographic technique, the three-dimensional velocity and density distribution might
be measured simultaneously. Yano (1983, Flow Visualization 1II) proposed a simultaneous
measurement technique for two-dimensional density and velocity distributions, using triple ex-
posure hologram. However, there are very few studies on the simultaneous measurement of the
three-dimensional density and velocity distributions. In this study, to confirm the feasibility of
the three-dimensional technique, the three-dimensional particle position and variation of fringes
caused by the density distribution were extracted from the Hologram images.

Results and Discussion

In order to investigate the feasibility of the simultaneous measurement technique for three-
dimensional density distributions and three-dimensional velocity distribution, the heavy gas jet
with smnall particles was measured. As experimental fluid, carbon-dioxide and air were used. In
a carbon-dioxide jet into air, mist of water were introduced as tracer particles.

Figure 1 shows the schematic view of the experimental setup. As an illumination, 100mW
CW diode excited Nd:YAG Laser (A =532nm) was used. The expanded laser beam separated
into object beam and reference beam by the half mirror (A). On the holographic plate, the
hologram of the particle and density distributions were recorded.



Figures 2(a) and (b) show the reconstructed images of particle and density, respectively. Using
the high-pass filter, the background noise of the plane wave could be clearly cut, causing the
particle image to be sharp(Fig. 2(a)). This image was taken by the CCD camera. With shifting
the CCD camera location, the three-dimensional particle positions can be reconstructed. In Fig.
2(b), the fringe pattern for the jet flow was cleanly observed. From the hologram, the density
information could be clearly extracted. With taking the holograms from several directional view,
the three-dimensional density distributions could be reconstructed using computer tomography.

The information of the density distribution and the particle positions could be reconstructed
from one hologram. Therefore, the feasibility of the simultaneously measurement technique for
the density and velocity was demonstrated. However, the image still had lots of noises as shown
in Fig. 2. Further improvement of the technique should be needed.

Conclusion

The feasibility of the holographic technique for the simultaneously measurement of three-
dimensional particle position and three-dimensional density distributions were demonstrated.
The particle position and density information could be clearly reconstructed from the hologram,
using high-pass or low-pass filter with relay lens.

Mirror

8

CCD CW Nd:YAG Laser i) Mirror
Mirror, y Shutter

Mirror

Half Mirror (A)

Hologram Plate
Object Field

Stop ¥ Mirror

Figure 1. Schematic view of the experimental setup

Figure 2. Reconstructed image for particle position (a) and density (b) measurement
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New tracking algorithm for particle image velocimetry

K. Okamoto, Y. A. Hassan, W. D. Schmidl

Abstract The cross correlation tracking technique is widely
used to analyze image data, in Particle Image Velocimetry
(PIV). The technique assumes that the fluid motion, within
small regions of the flow field, is parallel over short time
intervals. However, actual flow fields may have some distorted
motion, such as rotation, shear and expansion. Therefore, if the
distortion of the flow field is not negligible, the fluid motion
can not be tracked well using the cross correlation technique.

In this study, a new algorithm for particle tracking, called the
Spring Model technique, has been proposed. The algorithm
can be applied to flow fields which exhibit characteristics such
as rotation, shear and expansion.

The algorithm is based on pattern matching of particle
clusters between the first and second image. A particle cluster
is composed of particles which are assumed to be connected by
invisible elastic springs. Depending on the deformation of the
cluster pattern (i.e., the particle positions), the invisible springs
have some forces. The smallest force pattern in the second
image is the most probable pattern match to the correspondent
original pattern in the first image. Therefore, by finding the
best matches, particle movements can be tracked between the
two images. Three-dimensional flow fields can also be
reconstructed with this technique.

The effectiveness of the Spring Model technique was verified
with synthetic data from both a two-dimensional flow and
three-dimensional flow. It showed a high degree of accuracy,
even for the three-dimensional calculation. The experimental
data from a vortex flow field in a cylinder wake was also
measured by the Spring model technique.

1

Introduction

Particle Image Velocimetry (PIV) is a superior measurement
technique for studying fluid flows. It offers many advantages
over other conventional velocimetries, such as laser doppler
anemometry and hot-wire anemometry. The primary
advantage is the ability to capture spatial velocity distributions
simultaneously and noninvasively.
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The fluid flow is visualized by seeding with small particle
tracers. Then the flow visualization images are analyzed to
obtain the velocity distribution of the flow. Many algorithms
for analyzing the images have been proposed. These include
the cross correlation technique (1, 2, 3] and particle tracking
technique [4].

In the cross correlation technique, the flow in a small
sub-region is considered to have a similar vector. The
sub-regions of the first and second image are denoted as
fixy and g, respectively. The relationship between fand
g is assumed to be,

fu,y):gu—ur.y-mr) (1)

where (u, v) is a velocity. The cross correlation coefficient
between fand g is

SUSan=1)(gaepy-g—§)dV
T T dvi(g—g)av

where fis denoted as an averaged value of f Then, the
velocity, (u, v) =(p/Jt, g/At), can be calculated from the
displacement, ( p, 9), which has the highest cross correlation
coefficient, R.

Although the cross correlation technique has many
advantages, it also have several weak points. For example, it
requires a lot of calculation time. It is also difficult to
implement for three-dimensional measurements, since the
technique is based on two-dimensional images.

Several studies have been carried out 1o improve the original
cross correlation technique. Uemura et al. [3] proposed
a binary cross correlation technique. The visualized image is
digitized into a binary image. Then, the calculation of the cross
correlation was modified into a very simple form resulting in
a very fast calculation time.

Kaga et al. {5] proposed a pattern tracking algorithm. In
this algorithm, to reduce the calculation time, the candidates
with lower cross correlation coefficients were successively
abandoned. Using this algorithm, the calculation speed was 100
times faster than that of the original cross correlation
technique.

Okamoto et al. {6] proposed a Velocity Vector Histogram
technique, in which the vector histogram was used instead of
the cross correlation. Since the information of the particle
location was used directly, this technique can easily be applied
to three-dimensional measurements.

In the original and improved cross correlation techniques,
the motion of the particles is assumed to be parallel as shown

(2)



in Eq. (1). However, in a real flow field, there are other kinds
of motion. These include rotation, shear and expansion.
Therefore, if the other motions are not negligible, the cross
correlation technique can not track the flow.

In this study, a new technique for particle tracking is
proposed. It is based on a pattern matching technique which
can accept rotation, shear and expansion. A highly accurate
velocity distribution can be reconstructed in a short cal-
culation time. This technique can be easily extended for
three-dimension measurements.

2

Algorithm

Many pattern matching algorithms have been proposed which
accept a large deformation of the pattern {7]. In Particle Image
Velocimetry, a small particle cluster is considered to be an
object. The clusters are matched in consecutive images. In this
study, the deformation of the particle cluster is assumed to be
small, resulting in a simpler algorithm.

2.1

Spring model

Typical patterns, for a particle cluster in two consecutive
images, are illustrated in Fig. 1. In the second image, the
pattern changes with a small rotation and shear. In this case,
the cross correlation factor between the two images is very
small, since there is no overlapping of the particles between the
images, except for the center particle. Therefore, using
conventional cross correlation techniques, the correct result
can not be obtained. However, humans can easily identify that
both cluster patterns are similar.

The evaluated particle P is called the target. The cluster is
constructed with several particles which are located around the
target P. In this study, the particles in the cluster are assumed
to be connected by invisible elastic springs as shown in Fig. 2.
Each particle in the cluster is connected by a spring from target
P. These particles are also connected to their neighbors as
shown in Fig. 2. The determination of their neighbors are
based on the location. In the first image, all the springs are in
the base condition (i.e., springs have no force).

In the second image, the cluster of particles is shifted by
rotation and shear. According to the changes of shape, every
invisible spring holds some forces.
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Fig. 2. Spring model

where k is a spring factor, Tand 5" are the relative vectors of the
springs in the first and second image, respectively. The average
force for the invisible springs is,

1 N
E:-}QZE, (4)

When there is no rotation, shear or expansion, the average
force is zero (i.e., 3,=7). When there is a small rotation, shear
or expansion, the average force has a small value, because of
the small deformations of the springs. If the target particle in
the first and second image do not correspond, the average force
will be very large, since the particle cluster shape will probably
be very different. Therefore, pattern matching can be
conducted by considering the spring force.

For a target particle cluster in the first image, the
correspondent cluster in the second image is searched. The
average spring force of a cluster in the second image is
calculated with Eq. (4). However, for the cluster, several
combinations of the springs might be considerable, since the
shifting of the cluster pattern is not known. Therefore, the
smallest force in these combinations is thought to be an
average spring force for that cluster. Then, the average spring
forces for every possible cluster in the second image are
calculated. The cluster with the smallest force in the second
image is considered to correspond to the cluster in the first
image.

In this model, even when rotation, shear and expansion are
applied to the flow, the particles can be correctly tracked. For
example, in Fig. 1, the invisible spring force is not zero, but it is
very small, since the deformation caused by rotation and shear
is not very large. Therefore, the particle cluster can be easily
tracked correctly between the images.

2.2
Spring parameter

2.2

Spring factor

In the spring model, there is one unknown parameter, k, the
spring factor. In a particle cluster, particles which are closer to
the target particle should have a greater influence on the
pattern matching than particle which are father away. This is
because particles which are closer together will have a greater
probability of moving together. This weighting is implemented
througha spring factor. Therefore, the spring factor of a closer
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particle will be greater than that of a farther particle. The
following spring factor is used in this study.
1
k, =a - (5)
I3,
where a is a constant. In this study a is set to unity. By
substituting Eq. (5) into Eq. (3), the force of the invisible
spring is,

15,5

E; =
[5:!

(6)
In this model, noise in the image may result in erroneous
particle positions which lead to larger spring forces. To reduce
noise effects, the maximum force. E,, is limited to 1.

222
Appearing or disappearing particle
Particles appearing in the second image but not the first (or the
reverse) result from image noise and the movement of particles
in and out of the illuminated area. The effects of these particles
on particle tracking should be taken into account.
Appearing and/or disappearing particles are considered to
be a generated or broken spring in this study. The generated or
broken spring is assumed to cost a force of 0.3. The force plays
a role of penalty for the matching.
Even though the appearing and disappearing particle exist in
the cluster, the corresponding particle cluster should have
a low force for the correct matching. Therefore, the penalty
should be small. On the other hand, if the penalty is very small,
the cluster with very few particles always has a low force,
resulting in the mismatching. In this study, the penalty is
empirically assumed to be 0.3 from the results of several
numerical simulations.

2.3
Pair selection
The above procedure for finding corresponding pairs is
repeated for all of the particles in the first image. In this stage,
erroneous pairs may be included. The cleaning procedure is
carried out by using information about the spring force.
Since the cluster pair matching is based on the first image,
there may be several possible candidates for each cluster in the
second image, as shown in Fig. 3. The cluster pairs are sorted
by information about the spring force. Then the lowest spring
force cluster pairs are selected. In Fig. 3 thick line pairs are
considered to be correct.

First image Second image
cluster 1
cluster 2
cluster 3
cluster 4

cluster

cluster 6

Fig. 3. Particle cluster matching between two images

Finally, the corresponding paris of clusters are converted
into the velocity field.

24

Three-dimensional measurement

In the three-dimensional measurement, the particle positions
in the three-dimensional flow field should be known. To obtain
the three-dimensional positions, several techniques [6, 8]
were proposed. In this study, the particle positions are
assumed to be obtained by one of these techniques. Once the
three-dimensional particle positions are known, the Spring
Model procedure can be applied to obtain the three-
dimensional velocity field. Particles in the three-dimensional
particle cluster are considered to be connected to each other by
the invisible springs. The invisible spring force is calculated
using the information about particle positions in the second
image. The least force particle cluster in the second image is
corresponded to the cluster in the first image. Then the
three-dimensional velocity distributions can be obtained with
the Spring Model technique.

3

Verification

In order to verify the Spring Model technique, velocity
distributions were reconstructed from synthetic particle data.

Two-dimensional and three-dimensional flow fields were
calculated by a numerical simulation code. Using the simulated
flow, the movement of the particles was calculated. Then, the
flow was reconstructed from the particle information, using the
Spring Model technique. To compare the results, the flow was
also reconstructed using a cross correlation technique (2], with
the same particle information.

There are a few cross correlation technique which can be
applied to a three-dimensional flow field. Hassan et al. [2]
proposed a cross correlation technique based on the particle
location, which can be applied to two and three-dimensional
flows. In this study, the Spring Model technique was compared
with the cross-correlation technique.

33
Two dimensional flow

Figure 4 shows the simulated two-dimensional laminar flow
field calculated by a Finite Element Method (FEM) code. The
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Fig. 4. Reference two-dimensional flow



inlet and outlet are located at the top. Five hundred particles
were inserted into the flow field. The images of the first and
second frame are shown in Fig. 5. The size of the images is
200 x 200 pixels. Humans can easily identify the corresponding
particles, e.g., A—A"and B—B".

Using the two images, the velocity field was reconstructed
with the Spring Model and cross correlation [2] techniques.
Figures 6 and 7 show the results of the reconstructed flow field.
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Fig. 5. Example of the synthetic images
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Fig. 7. Two-dimensional velocity distributions reconstructad by
spring model

The cross correlation technique results had a low degree of
accuracy because of the rotation and shear. Only the region
where the movement was almost parallel was correctly
reconstructed.

Table | shows the number of reconstructed vectors. 482
vectors should have been calculated, since 18 of the 500
inserted particles lowed out through the outlet. However,
using the cross correlation technique, only 64% of the vectors
were found. The ratio of erronecus vectors to calculated
vectors was 23%.

On the other hand, the spring model technique could
reconstruct the flow field with 2 good degree of accuracy. Even
in region A of Fig. 5, where rotation and shear highly distorted
the particle patterns, the velocity vectors were correctly
reconstructed. In this simulation, 87% of the vectors could be
correctly obtained by the spring model. The ratio of erroneous
vectors was only 9%. So, the spring model is superior for
measuring a flow field with rotation and shear motion.

32

Appearing and disappearing particle

The velocity field was again reconstructed with some appearing
and disappearing (A&D) particles.

For the same particle data in the previous section, 20
particles were randomly vanished ir: an image, which simulates
the A&D particles. Therefore, the number of particles to be
tracked was 442, i.e., 482 — 2 x 20. Table 1 shows the results of
the reconstructed vectors.

For the Spring Model, the difference of the correct vector
number without A&D and with A&D was 41, which was almost
the same with the number of the appearing and disappearing
particles, 1.e. 40. The number of erroneous vectors with A&D
was also similar to that without A&D. Therefore, the appearing
and disappearing particle did not affect on the vield for the
Spring Model technique.

However, for the cross correlation technique, the number of
correct vectars reduced dramatically. The appearing and
disappearing particles lead to mismatching, resulting in the
large number of erroneous vectors.

The effects of the appearing and disappearing particles were
correctly taken into account in the Spring Model. The Spring
Model was found to be effective for the flow field with the
appearing and disappearing particies.

33

Three dimensional flow

Figure 8 shows the simulated three-dimensional flow field
calculated by the FEM code. The inlet and outlet were located

Table 1. Results of reconstructed vectors

Dimension of flow field 2D 2D with A&D*** 3D

Technique CC» SM"" CC*  SM**  CC* SM*
Correct V'ectors [A] 309 417 91 376 260 387
Erroneous Vectors {B] 89 40 188 38 89 39
Particle 1o be tracked [C] 482 442 484

Yield [A/C] 648 87%  21% 8532 34% 80%
Error ratio [Bf(A=B)Y] 23% 9% 63% 9% 26% 13%

*Cross Correlation technigue [2]
**Spring Model technique
***Appeaning and Disappearing particles
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Fig. 9. Three-dimensional velocity distributions reconstructed by
cross correlation
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Fig. 10. Three-dimensional velocity distributions reconstructed by
spring model

at the left bottom corner and right top corner respectively. The
size of the cubic was 200 x 200 x 200 pixels, and the inlet
Reynolds number is 4000. A large three-dimensional
circulation and shear flow were observed.

Five hundred particles were inserted into the flow field.
Using the information about the particles, the three-
dimensional velocity distributions were reconstructed by the
cross correlation technique [2] and the Spring Model
technique. The results are shown in Figs. 9 and 10.

In this case, the maximum particle displacement was about
100 pixels, which was about half of the length of the cubic. With
the cross correlation technique, the small velocity field could
be correctly reconstructed. However, the fast velocity region
with large shear could not be measured. Table 1 shows the
number of reconstructed vectors. Only 54% of the vectors were
calculated. On the other hand, using the spring model, about
80% of the 500 velocity vectors were correctly reconstructed,
even in the large displacement region. The ratios of the
erroneous vectors were 26% and 13% in the cross correlation
and spring model respectively. So, the spring model was found
to reconstruct the three-dimensional flow field highly
accurately.

In the above simulations, the yield and erroneous factors
for the cross correlation technique were not good because of
the long displacement of particles and rotations. If the
displacement is small enough, i.e,, if the time interval between
the images is short enough, the cross correlation technique can
reconstruct the flow field perfectly. The Spring Model
technique is superior for the measurement with the large
displacement and/or the rotation fields.

4

Experimental application

The Spring model technique was applied to a two dimensional
flow field with a vortex. Figure 11 shows the schematic of the
test section. The measurement system was the same as that of
Hassan et al. [2]. The wake of the cylinder was visualized by
a laser light sheet. Fluorescent seeds, 0.03 mm in diameter,
were injected into the liquid phase. In the wake of the cylinder,
a large vortex was periodically generated. Since the average
velocity was 0.1 m/s and the cylinder diameter was 8 mm, the
Reynolds number was about 800. The visualized image was
digitized into a 640 x 480 pixel image every 53.8 msec.

Using the cross correlation and Spring Model techniques,
the velocity distributions were calculated from the visualized
images. In the calculation, about 500 particles in the whole
images were processed and about 300 vectors were recon-
structed for both methods. The yields were almost the same for
both methods, since the flow was almost parallel except the
wake field.

T~

& 0.1m/s
~— .

Cytinder
Fig. 11. Schematic of the test section



Fig. 12. Velocity distributions of a cylinder wake reconstructed by
cross correlation
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Fig. 13. Velocity distributions of a cylinder wake reconstructed by
spring model

Figures 12 and 13 show the velocity distributions in the wake
field reconstructed by the cross correlation and Spring Model
technique, respectively. In the wake of the cylinder, large shear
and rotating motion exist. Therefore, with the cross correlation
technique, the wake field could not be tracked. It could only
reconstruct the region where the flow was almost parallel.

On the other hand, the wake field was reconstructed by the
Spring Model technique as shown in Fig. 13. Even though there
was large shear and/or vortex in the flow, the spring model
could reconstruct the velocity field with a high degree of
accuracy. However, the results contained some errors. So some
improvement of the Spring Model technique is still needed.

The calculation time for the reconstruction by the Spring
Model was about 15 seconds using a Hewlett-Packard model
9000/720. It was much faster than that by the cross correlation
technique, since the cross correlation technique took more
than 3000 seconds using the same computer.

5

Conclusion

A new tracking algorithm for Particle Image Velocimetry has
been proposed, which can be appliad 1o a dow fleld with
rotation, shear and expansion,

Corresponding patterns of particle clusters in the first and
second image are composed. In the first image, the particles of
the particle cluster are assumed to be connected by invisible
elastic springs. In the second image, according to the pattern
changes of the particle cluster, the invisible springs have some
forces. The smallest force pattern in the second image
corresponds to the original pattern in first image. Using this
information, the particle movement can be tracked. This
technique can be applied to flows with rotation, shear and
expansion. A three-dimensional flow feld can also be
reconstructed with this technique.

The effectiveness of this technique was verified with
synthetic data from two-dimensional and three-dimensional
flows. The results showed a high degree of accuracy. The vortex
flow field of a cylinder wake was also measured by the
technique and resulted in a high degree of effectiveness.
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Develpoment of Resonace lonization Spectroscopy System
for Fusion Material Surface Analysis

T. Iguchi1, Y.Satoh? and M. Nakazawa?
1 Nuclear Engineering Research Laboratory
2 Dept. of Quantum Engineering and Systems Science

Abstract

A Resonance lonization Spectroscopy(RIS) system is now under develpoment aiming at in-situ
observation and analysis neutral particles emitted from fusion material surfaces under irradiation
of charged particles and neutrons. The basic performance of the RIS system was checked
through a preliminary experiment on Xe atom detection.

1. Introduction

Under nuclear fusion reactor environments, complicated particle transport phenomena occur
through sputtering and erosion of plasma facing materials, recycling of fuel particles, nuclear
transmutation and damage of materials by neutron irradiation, etc. These phenomena strongly
depend on the surface condition of materials, and so far some beam probes of electrons and
ions such as EPMA, AES, SIMS, etc., have been preferably used for the surface characterization
of fusion materials. The charged particle beam probes, however, are not suitable for the analysis
of neutral particles which are dominantly transported in the processes of sputtering, absorption
and desorption through the surface of fusion materials. As one of the most promissing technique
to analyze neutral particles emitted from material surfaces, Resonance lonization
Spectroscopy(RIS) is available, in which wavelength-tunable lasers are used to efficiently and
selectively ionize atoms of a specific analyte element. In this study, we are aimig to establish an
in-situ observation technique and its application for neutral particle analysis on fusion material
surfaces under irradiation of charged particles and neutrons. Here are reported on an outline of
the RIS system and the preliminaly results on the system performance, in particular on the
efficiency and selectivity through Xenon gas detection.

2. RIS system and preliminary experiment

The RIS system used in this study is one of the main equipments being developed at the Fast
Neutron Science Facility in NERL, the University of Tokyo. Fig. 1 shows an experimental
arrangement for the basic performance check, which consists of one tunable laser, a pulsed
Nd:YAG laser ( Quanta-Ray, GCR-190-10 ) pumping dye laser ( Lambda Physik, Scanmate-1E-
UV ) system and a time-of-flight reflectron type mass spectrometer with a field-free drift region
approximately 90cm long and a pair of chevron-mounted microchannel plate ion detectors. As a
test sample, Xe atoms of natural abundance were analyzed where a resonance ionization
process utilizing a two-photon excitation of its 5p56p[5/2]2 level (256.02 nm) followed by one-

photon ionization at the same wavelength from the excited state was employed. This
experimental simplicity is good for the RIS on dynamic process of neutral particles emitted from
the material surface, but must be counterbalanced by the fact that the high-intensity light
necessary for the two-photon transition with a low probability can cause nonlinear processes
such as multiphoton ionization leading to interferences by other species.



3. Results and discussion

Fig.2 shows an example of the time-of-flight mass spectra of Xe atoms of natural abundance
obtained from the preliminary experiments. The experimental ratios of isotopic abundance
agreed well with the reference data in the concentration below 10'® atoms/m3 . The good
selectivity of Xe atoms was also confirmed through the laser wavelength scanning. The
detection limit was estimated around 56 atoms per a sensitive volume along the laser path from
the 124Xe (natural isotopic abundance of 0.096%) peak counts and the MCP noise level. The
detection efficiency was also determined as ~0.12 through the '29Xe peak counting. At

present, the laser power is 0.7 mJ/puise at maximumcorresponding to ~8X108 W/cm? and not
so high that the resonant ionization probability is saturated. By increasing the laser power,
therefore, the detection limit or efficiency will be further improved.

As the next step experiment for the solid surface analysis, the puilsed abilation laser to atomize
the sample will be introduced into the present system, being synchronized with the RIS laser.

DSA computer
BB mass spectrum signal | | trigger signal
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Fig. 1 Experimental arrangement of RIS for Xe atom detection
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Fig. 2 An example of the time-of-flight mass spectra of Xe atoms of natural abundance
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Abstract

Active control of vortex dipoles and heat transfer is studied by performing numerical simulations.
Wall deformation is chosen for control. A two-dimensional flow model is constructed with a vortex
dipole and a Couette flow by replacing a longitudinal vortex and a wall-sheared flow in wall turbulence.
Simple feedback control laws are tested in this study, which sense a velocity component, v or w, near
a wall and produce a discrete wall-velocity normal to the unactuated wall multiplied by a constant
under constraint of a constant cross-sectional area. Drag reduction is achieved, 12 % at the maximum
for a v sensing law and 6 % for a w—sensing law, for the modeled flow field. The variations of the
phenomena which lead to drag reduction are discussed by comparing flow fields and wall shapes of
drag reducing cases.

1 Introduction

For control of turbulence transport phenomena, various devices have been developed in passive
and active means: riblets and LEBU (large—-eddy-break—up) devices for passive ones and polymer
additions, blowing & suction and wall oscillations for active ones. Feedback control can achieve higher
performance with the feedback of the information of the flow field especially when the flow field is
spatiotemporally changeable. Wall deformation is chosen for an actuator of the feedback control in
this study.

Turbulence drag reduction can be achieved by attenuating turbulence coherent structures, such as
longitudinal vortices and sweeps, and reducing Reynolds stresses. To simplify the phenomena and
extract the effect of the wall deformation on the longitudinal vortical component, a two-dimensional
flow model is proposed by replacing quasi- streamwise vortical structures and a wall-sheared flow
in wall turbulence by a vortex dipole and a Couctte flow and assuming a uniform flow field in the
streamwise direction. Active control with wall deformation is tested for the drag reduction problem
of the flow model. Simple control laws are devised which sense a velocity component, v for v—sensing
laws or w for w-sensing laws and calculate wall velocity multiplied by a constant under constraint
of a constant cross-sectional area. The objectives of this study are to discuss the applicability of the
active control with wall deformation and to obtain a generalized concept for control of skin-friction
and heat transfer.

2 Numerical Procedure

An incompressible flow and a passive scalar arc assumed for fluid and temperature respectively. The
governing equations are the Navier-Stokes equations, the continuity equation and the energy equation.
All equations are expressed in general coordinates because a boundary-fitted coordinate system is
used. The computational grid is calculated at every time step, that is, at every wall deformation.
For the temporal discretization, a four—step fractional-step method is used for the velocity field and
a Crank-Nicolson method is used for the temperature field. For the spatial discretization, a discrete
sccond-order difference method is used.

A flow function of a vortex dipole is given by ¢y = U~aJ;(kr/a)siné (r < a, k = 3.83), which is
a hmaginary one induced in the cylinder in the uniform invisid flow. The governing parameters for
the vortex dipole are decided based on the observation of direct numerical simulations for turbulent
channel flows and turbulent boundary layers. All parameters are nondimensionalized by wall units
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of the initial Couette flow. The vortex diameter and the vortex height are set to be 25 and 30 v/u,
respectively from the most frequent values. The vortex circulations are set to be 60 and 500 » from
the most frequent value and thc maximum class value respectively. Prandtl number is set to be unity.

For active control laws with wall deformation, v-sensing laws and w-sensing laws are used. The
v-sensing law and the w-sensing law are expressed by v!*! == C,v? and v2*! = C,(jw?| ~ [w?])
respectively under constraint of a constant cross-sectional area, where C,,, C,, =const. and v2*! u7
and w? are wall deformation velocity at t"*! sensed v and w components at t* respectively. The
sensors are located very close to the wall in this study. For v-sensing laws, the wall actuation promotes
the Auid motion when C, > 0 and the wall actuation bumps the fluid motion when C, < 0. For w-
sensing laws, C,, > 0 is only assumed. The wall velocity becomes positive when the magnitude of the
spanwise wall shear stress becomes large and negative when the magnitude of the spanwise wall shear
stress becomes small.

3 Results and Discussion

The v-sensing laws of C,, > 0 are effective on drag reduction of the flow model for the whole range
of the longitudinal vortex circulation. The w-sensing laws of C,, > 0 are effective on drag reduction
for the vortex dipoles of high circulation. In these drag reducing cases, sweep positions (v < 0 regions)
correspond to valleys of wall shapes. By taking this mode, local skin—friction can be reduced at valleys.
This contributes to the drag reduction in spite of the existence of the high shear regions at crests of
both sides of the valley. For the v-sensing laws of C, < 0, this is not the case.

The behavior of the heat transfer almost agrees with the behavior of the skin friction at the present
Prandtl number (Pr=1).
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Basic Study on a Thermoacoustic Refrigerator
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Abstract

The thermoacoustic refrigerator consists of a speaker, a tube resonator and a stack of thin plates
aligned parallel to the tube axis. As the gas oscillates along the stack, heat pumping effect occurs by
heat exchange between the gas and the stack. In this study, The axial temperature distribution was
measured in the resonance tube in order to understand the thermoacoustic effect and to compare

with the numerical simulation performed last year.

1. Introduction

A thermoacoustic refrigerator used in this study is schematically shown in Fig.1. Acoustic
oscillation is excited by the speaker which connected with the resonance tube by the tank. The
speaker-side end of the resonator is designed to reduce the loss of acoustic energy.
When the speaker drives the acoustic oscillation at the wavelength about four times as long as the
length of the resonator, the gas inside the resonator oscillates with a velocity antinode at the
speaker-side end and a pressure antinode at the closed end. A stack of thin, well-spaced plates is
installed in the resonator. By the acoustic pressure, a parcel of the gas near the plate moves toward
the closed end and is adiabatically compressed. At this time the gas temperature is higher than the
stack, so the gas at a few penetration depth from the stack rejects heat to the stack. Similarly, when
the gas is at the side of the speaker, the parcel of the gas absorbs heat from the stack. This is because
adiabatic expansion has brought its temperature below the stack. Thus, the parcel of the gas
transports a little heat from the speaker-side to the closed side during each cycle of the acoustic

wave. As a result, a temperature gradient is made along the stack.

2. Experiment

In the experimental apparatus, a laud speaker was used, and the tank and the resonance tube were
made of acrylic resin. The resonance tube was 500mm in length, and its cross section is 50mm in
width and 60mm in height. A honey comb, which is made of vinyl chloride, was used as a stack.
Temperature was monitored by thermocouples at each position of the resonator.

With this experimental apparatus we made two experiments. The first experiment was performed
by changing the position of the stack. In this experiment, the length of the stack was fixed at 100mm.
The second experiment was performed by changing the length of the stack, fixing the center
position of the stack. In each case, temperature was measured at both ends of the stack at 10W, 20W
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and 30W of electrical input to the speaker.

3. Result

Figure 2 shows the result of the first experiment. In this figure, the x-axis represents the position of
the stack and the y-axis represents temperature change. The temperature difference has a maximum
when the position of the stack is 150mm. The result of the second experiment is shown in Figs.3
and 4. Figure 3 shows the effect of the length of the stack on the temperature change. Figure 4
represents temperature difference between the hot end and the cold end. According to Fig.4, we can

see the maximum temperature difference when the stack is 120mm long.

These two experiments qualitatively agree with the numerical simulation performed last year.
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Fig.1 Experimental apparatus
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Study on the surface hydroxyl group on solid breeding maerials
by infrared absorption spectroscopy
Satoru Tanaka and Masaki Taniguchi
Department of Quantum Engineering and Systems Science

Abstract

Hydroxyl groups on the surface of Li;O were studied by using a diffuse reflectance method with
Fourier transform infrared absorption spectroscopy at high temperature up to 973K under controlled
D,0 or D, partial pressure. It was found that hydroxyl groups could exist on Li;O surface up to 973K
under Ar atmosphere. Under DyO containing atmosphere, only the sharp peak at 2520cm~! was ob-
served at 973K in the O—D stretching vibration region. Below 973K, multiple peaks due to the surface
-OD were observed and they showed different behavior with temperature or atmosphere. Multiple peaks
mean that surface is not homogeneous for D,O adsorption. Assignment of the observed peaks to the
surface bonding structure was also discussed.

I. Introduction

On the surface of Li;O, tritium is considered to exist as a hydroxyl group of -OT. Tritium is released
by recombination of surface -OT. It means that the reaction rate is influenced by the bonding strength
of -OT to the surface. Therefore it is strongly required to understand the nature of surface -OT at
high temperature and under the controlled atmosphere expected in the fusion reactor blanket. In-situ
infrared absorption spectroscopy, which observes the O-D stretching vibration of surface hydroxyl group
of -OD at high temperature under controlled atmosphere, was found to be a powerful method for this
purpose because the vibration frequency is affected by the bonding strength of -OD to the surface.

II. Experimental

Infrared absorption spectra were recorded using a Shimadzu FT-IR 8100 with a resolution of 2cm™!.
In order to observe the absorption spectra of powder samples, the diffuse reflectance method was used.
The temperature of the sample was controlled from room temperature to 1073K by the heater attached
under the sample holder. The atmosphere in the chamber was controlled by the sweep gas of dry Ar, Ar
+ D,0O (1~400Pa) or Ar + D, (0~1.0 %). At the downstream the water vapor pressure was checked
by a dew point meter.

III. Results and discussions

Fig.1 shows the change of absorption spectra of Li;O at various temperatures. Before measurements,
Li;O sample was exposed to 300Pa D,O atmosphere at 833K for 8 hours and then, the sample was
dried under Ar atmosphere and the temperature was increased slowly up to 973K. The spectra was
measured after at least 12 hours at each temperature. Several peaks were observed in the O—D stretching
vibration region (3200 - 2200cm™"). At 833K, broad bands attributed to -OD were observed at 3100 -
2800cm™'and 2700 - 2400cm™!. Intensities of these bands decreased with increasing the temperature,
and they disappeared by drying at 973K for more than 12 hours under dry Ar atmosphere. This means
considerable amount of -ODs could exist below 973K under Ar atmosphere and these -ODs desorved
through recombination reaction above 973K. These peaks also disappeared at 833K when the sample
was exposed to 3400Pa Hj containing atmosphere for more than 24 hours. Disociative adsorption of
H-> 1s considered to enhance the desorption of -OD as HDO.

We also observed the absorption spectra of Li;O under D3O vapor at various temperatures. Multiple
peaks were observed and they showed different dependence on temperature and D,O vapor pressure.
Fig.2 shows the typical absorption spectra of Li;O under D,O atmosphere at 833K. Under a low
D,O vapor pressure, only the peaks at 2520cm™! and 2490cm™! were observed. These peaks became
larger with increasing D;O vapor pressure up to 76Pa and peak intensity at 2520cm~!was saturated
above 76Pa. Peaks at 2660cm™! and 2620cm™! appeared only under higher D;O vapor pressure. These
peaks could not be observed under low DO pressure below 76Pa, but in the region of higher D, O pressure
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above 157Pa, these peaks appears and increased in intensities with increasing D,O vapor pressure. These
facts indicate that surface is not homogeneous for DO adsorption and there exists multiple adsorption

sites for -OD.

The observed peaks at various temperatures and their tentative assignments are summarized in Table.1
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Table 1: Tentative assignment of observed peaks to the surface nature

observed peaks

surface nature

2900cm !

many O~ exist around the -OD, on irreversibly stabilized
or modified surface by heat treatment at 973K

2748cm ™Y, 2717cm !

“{solated” deutroxyl groups with several adjacent O~

2660cm " deutroxyl group with several adjacent -OD
2540cm ! deutroxy! groups with small number of O°~
2490crm ! in the neighbor
2520cm ! adsorbed on a most active site
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Study on the surface hydroxyl group on solid breeding maerials
by ab-initio calculations
Satoru Tanaka and Masaki Taniguchi
Department of Quantum Engineering and Systems Science

Abstract

The nature of -OH on the surface of Li;O was analyzed with the ab-initio quantum chemical calcu-
lation technique. Calculation results showed that the stretching vibration of O—H is affected by the
chemical species around the -OH.

I. Introduction

On the surface of Li; O, tritium is considered to exist as a hydroxyl group of -OT. Tritium is released
by recombination of surface -OT. It means that the reaction rate is influenced by the bonding strength
of -OT to the surface. Therefore it is strongly required to understand the nature of surface -OT. For
this purpose, we observed the hydroxyl group on the surface of various lithium ceramics by using the
diffuse-reflectance FT-IR. However, some of the results were difficult to be explained only by the exper-
imental technique. For example, effect of the O?~ around the -OH, interaction between the Lit and the
-OH, edge and corner in the crystal, rampling and relaxation of the surface, and so on. Therefore, we are
now trying to apply the quantum chemical calculation technique to clarify these problems. But in the
present stage, most of these subjects contain problems to be solved. In the previous paper, we will show
the preliminary results which we have performed using the quantum chemical calculation approach.

I1.Calculation Method

To treat the adsorption phenomenon on the surface of the crystal, we have utilized the CRYSTAL92,
the ab-initio Hartree-Fock crystalline orbital LCAO SCF program. In this calculation code, crystalline
orbital 1s expressed as the linear combination of atomic orbital and no other adjustable prameters are
needed. The basis set used in this work was the optimized one by Dovesi et al. for bulk Li,O. This basis
set is triple zeta quality for the oxygen and includes the polarization function for the lithium atom. It
is reported that latice constant, elastic constant and some other properties for bulk Li;O calculated by
using this basis set were in good agreement with experimental value.

III. Application of ab-initio calculations to the analysis of -OH on Li,O (110)
surface

Slabs consisting of atomic layers parallel to the Li;O surface have been considered in order to deal with
the surface adsorbate. To evaluate the effect of the interaction between O2~ and OH~, we considered four
types of geometry, which differ in the configuration of O%~ jon around the OH~ as shown in fig.1. Under
these geometries, we searched for the equibirium O—H bonding length of OH. Total energy of the system
was calculated as a function of O—H distance (d). Results for all the geometries are summarized in table
1. Bonding length tends to become shorter (bonding strength becomes stronger) with increasing the
number of 0%~ around the OH. This tendency is in good agreement with Peri’s explanation mentioned
above. However, when the number of O?~ is four, the bonding strength became the longest. Such a
structure as too many O%~s exsisting closely in the neighbor is considered to be not stable.

We also analyzed the -OH on Li,O (110) surface at various coverages. For this purpose, we considered
three types of configuration as shsown in fig.2. In the geometry A, 100 % of the sites is covered with
hydroxyl group. Each hydroxyl group has four neighboring -OHs. In the geometry B, 50 % of the site
1s covered with hydroxyl group and another site is occupied by the oxygen ion. Each hydroxyl group
has two oxygen ions and two hydroxyl groups in the neighbor. And in the geometry C, 25 % of the site
1s covered with hydroxyl group. Each hydroxyl group has two neighboring oxygen ions and two oxygen
vacancies. To discribe 25 % coverage, Supercell method was adopted.

For these configurations, the equibirium O-H bonding length was calculated by the same method as
mentioned in the previous section. The results of the calculation were 0.99 A for the geometry A (100
% coverage) , 0.96 A for B (50 %), and 0.95 A for C (25 %).

Bonding strength of O—H became weaker with increasing the coverage from 50 % to 100 %. This
is considered to be by the reason that interaction between the two adjacent hydroxyl groups for the
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geometry A is larger than that for the geometry B. In the case of the geometry A, such an interaction

as hydroxyl bonding might occur.
Bonding strength of O—H did not change so much

when the coverage changed from 25 % to 50 %.

The distance of the two adjacent hydroxyl groups in the geometry B is considered to be long enough not

to interact with each other.
geometry B is longer than that for the geometry A.
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Table 1: The equibirium bonding length of O-H
number of 0*| O-H length
A 1 0.980 A
B 2 0,955 A
C 3 0.950 A
D 4 1.00 A
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Figure.2 : Geometry for the calculation
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The influence of irradiation defects on tritium release from Li,O

Satoru Tanaka and Victor Grishmanov

During reactor irradiation of Li;O defects are introduced by neutrons, triton and
helium ions produced by ®Li(n,a)3H reactions and <y-rays. Simultaneous measure-
ments of luminescence emission and tritium release were performed under various
conditions (temperature, sweep gas chemical composition) for Li,O single crystal
and polycrystal in order to elucidate possible influence of defects on tritium release.

1. Introduction

There are a number of papers carrying in-
formation of tritium release retardation from
Li;O [1, 2, 3]. During the temperature tran-
sient 530-640 C, it was observed a negative
peak [3]. There are two hypothesizes for this
phenomenon: first, variation of desorption ac-
tivation energy with surface coverage of sam-
ple, and second, trapping of tritium by irra-
diation defects (or change the tritium form)
in the bulk of specimen.

During the reactor irradiation the lumines-
cence spectrum of Li;O was found to be con-
sisted of five emission bands at 305, 340, 375,
430 and 510 nm [4]. The 305 nm band is at-
tributed to self-trapped exciton luminescence.
The 340, 375, 430 bands are assigned to FY,
F*, F, centers luminescence emission, respec-
tively. The emission at 510 nm was assigned
to F; center luminescence affected by surface
OH™ group. F-centers are the subject of in-
terest because their possible interaction with
tritium. This can cause an influence on tri-
tium release processes.

2. Experimental

Lithium oxide single crystal (or polycrys-
tal, TD=80%) was used for investigation.
Samples were irradiated by a research reactor
“YAYOI” at the University of Tokyo with flux
of thermal neutron up to 10° neutron/cm?s,
using a sweep gas of various chemical com-
positions (N2, N2 + 1.07%H,). The lumines-
cence from the sample was guided through
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a quartz lens and an optical fiber to a
monochrometer, and then was measured by
a photon-counting system. Released tritium
was detected using the ionization chamber.
The experimental facility is shown in Fig.1.

Quartz lens Optical fibre

Cooling gas in

Compuier """'"“‘J pr

L

Figure 1: Facility for simultaneous measure-
ment of luminescence and tritium release un-
der reactor irradiation.

3. Results and discussion

The phenomenon of an excess luminescence
in Li;O at 340 nm under He' ion irradia-
tion during increasing of temperature (200-
500 C) was reported [5]. Similar experiment
was conducted in order to have more detail
information about this phenomenon. When
the temperature was reached 320-330 C the
excess of luminescence was observed with the
maximum at 350 C. It was found out that
only for the emission at 340 nm (F" center)
the phenomenon of the excess luminescence
is peculiarly. By such experiment was shown
that the value of the excess of luminescence



emission is dependent on irradiation time be-
fore a temperature increase. It was not ob-
served the excess of luminescence emission in
the case of temperature increase without ir-
radiation. These results indicate that dur-
ing the temperature increase a generation of
F" centers proceeds and following excitation-
relaxation process of them cause the excess of
luminescence.
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Figure 2: Simultaneous measurement of lumi-

nescence at 340 nm and tritium release during

the temperature transient 295-560 C.

According to mentioned above results,
simultaneous measurement of luminescence
emission and tritium release was performed
for Li;O under reactor irradiation. Unfortu-
nately, there was not observed neither the tri-
tium retardation nor the luminescence excess
(Fig.2). It can be explain by a lower absorbed
dose by the sample under reactor irradiation
in comparison with ion beam irradiation.

Another set of experiments was focused on
luminescence spectrum dependence on sweep
gas chemical composition. The polycrystal of
Li>O was used. The design of experiment was
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as following: the sample was kept at 600 C in
atmosphere of Ny 4 1%H; for 20 hours, then
temperature was decreased and spectra were
taken at various temperatures. Afterwards
the sweep gas was changed to N, and speci-
men was kept at 600 C for 20 hour. The same
operations were performed one more time.

A: Nitrogen + 1% Hydrogen‘[
B: Nitrogen

2000

1500

1000

Luminescence intensity, cps

500

A L L I

350 400 450 500 550 600
Wavelength, nm

o 1
200 250 300

Figure 3: The dependence of luminescence
spectrum on sweep gas chemical composition
at 210 C.

From the luminescence spectra at Fig.3 it
is clear that sweep gas chemical composition
play a significant role in a surface process.
The addition of hydrogen increases lumines-
cence intensity at 300-400 nm and causes dis-
appearing of 510 nm peak (F; center lumines-
cence affected by OH™ group).

It is concluded that simultaneous measure-
ment of luminescence and tritium should be
conducted at high irradiation dose, in order
to create a high concentration of defects in
Li;O. In this case it can be expected the dis-
tinguish interaction of tritium with irradia-
tion defects and as a consequence a change of
tritium release parameters.
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STUDY ON HYDROGEN ABSORPTION/DESORPTION
PROPERTIES OF URANIUM ALLOYS.

H. Ito, K. Yamaguchi and M. Yamawaki
(Nuclear Engineering Research Laboratory)

Abstract

Hydrogen absorption/desorption properties of two U-Mn intermetallic compounds, U Mn
and UMn,, were investigated. U Mn absorbed hydrogen and the hydrogen desorption pressure of
U Mn obtained from this experiment was higher than that of U, which was considered to be the
effect of alloying, whereas UMn, was not observed to absorb hydrogen up to 50 atm at room

temperature.

1. Introduction

Uranium has good hydrogen storage property with low hydrogen desorption pressure; i.e.
high hydrogen desorption temperature, and many alloys were investigated for various utilization.
In order to increase the hydrogen desorption pressure, it is suggested that alloying of metals which
have high hydrogen absorption properties with those with poor absorption properties is promising.
For this reason, we prepared two uranium-manganese intermetallic compounds and investigated

hydrogen absorption-desorption properties.

2. Experimental

In the U-Mn phase diagram, two intermetallic phases, U Mn and UMn,, have been identified.
These compounds were prepared by arc melting in an argon atmosphere using high purity metals.
The specimens were annealed in silica tubes under reduced pressure. After annealing (around one
day at 1000 K) the specimens were cooled slowly. A small fraction of each sample was used for the
hydrogen absorption/desorption measurements. Each sample was first pre-activated in hydrogen
gas of about 1 atm and in the temperature range 300 - 873 K, and subjected to several hydriding-
dehydriding cycles before the P-C-T readings were taken. The isotherms were measured in
desorption; i.e., by extraction of hydrogen in small decrements from an initially saturated sample,
and determination of the H, pressure above the sample after equilibrium had been established. The
temperatures were chosen at 573K and 673K. In UMn,, another experiment was carried out in
room temperature and in the pressure of about 50 atm because hydrogen absorption was not seen at
1 atm. A small fraction of each sample before and after hydriding was used for X-ray diffraction

examinations in order to identify the phases.
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3. Results and Discussion
3.1. UMn

The pressure-composition isotherms of the U Mn-H system is shown in Fig.1 , and that of the
U-H system is shown in Fig.2 for comparison. In the case of U Mn the compound U MnH , , was
obtained. The amount of the absorbed hydrogen per g-mol of U was slightly decreased compared
to UH,. The desorption pressures of U Mn-H system were higher than those of U-H system when
they are compared at the same temperature. The isotherms of U Mn-H system were similar to U-H
system for H/M up to 2.5, but when the value of H/M is larger than that, the characteristics of
isotherms were clearly different from those of U-H system. The X-ray diffraction pattern shown in
Fig. 3 revealed decomposition from UMn to UH, and UMn, upon hydrogenation. The reaction

formula 1s considered to be as follows;

UMn + §—:in = —l—lUH3 + lUMn2
4 2 2
A similar trend was reported in U Fe-H system [1].
3.2. UMn,
No evidence of hydrogen absorption was observed for the Mn-rich compounds UMn,, whereas
a considerable absorption was obtained for U Mn already at room temperature at a relatively low

pressure of 1 atm.
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Fig. 3. XRD pattern of UMnH .
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COMPATIBILITY OF YTTRIA (Y,0,) WITH LIQUID LITHIUM
T.Mitsuyama, T.Yoneoka, T.Terai, S.Tanaka

(Depatment of Quantum Engineering and Systems Science)

ABSTRACT
Compatibility of Y,0, sintered specimens with liquid lithium was tested at 773K. No cofiguration

change was observed with a slight increase of thickness for 1419 hr. Lithium-yttrium complex
oxide (LiYO,) was formed on the surface, and the inner part changed to gray or black nonstoichiometric
Y,0, .« with lower electrical resistivility. It is concluded that Y,O, has a possibility as a ceramic
coating material for liquid blankets if it can be made into a dense coating on the surface of piping

materials.

1. Introduction

Liquid blanket concepts are promising ones to realize a DEMO fusion blanket system, because it
has advantages such as continuous replacement of breeder for reprocessing, no radiation damage
for breeders, simpler blanket structure and better thermal transfer than solid blanket concepts. On
the other hand, they have critical issues; (1) large MHD pressure drop requires large pump power,
in particular in self-cooling concepts, (2) liquid breeders have a high chemical reactivity including
low compatibility with stractural materials, and (3) large amount of tritium may leak to environment
due to permeation through structural materials in case of Lil7-Pb83 blanket concept. In order to
solve these critical issues, ceramic coatings on the surface of structural materials are proposed. The
coating should have high electrical resistivility, high corrosion resistivility, low tritium permeability
and high thermomechanical integrity.

It is well known that yttria (Y,0,) has remarkably large chemical stability, high resistivity and
high compatibility with lithium. Nevertheless few systematic studies have been carried out on the
material. In this paper, we report some experimental results on the compatibility of the Y,0,

sintered material with liquid lithium at 773K.

2. Experimental

The Y,O, specimens were immersed in stagnant molten lithium metal at 773K for 72h, 232hr,
636hr and 1419hr under Ar atmosphere, as shown in Fig. 1. After prescribed time passed, specimens
were taken out, and immersed in water for 12h and in ethanol in 1 min followed by drying. The
specimens thus teated were investigated by ceramography, XRD, the dimensional change

measurement and the electrical resistivity measurement.
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3. Result and Discussion
No significant configuration change such as fragmentation of the specimens and crack formation

in the specimens were observed after the experimental treatment though the thickness of the specimens
increased a little (less than 1%). The color of the specimens changed from the initial color (white)
to black or gray due to the treatment. The color was getting darker and darker with dipping time
and with distance from the surface of the specimens.

A typical XRD pattern for the surface of the specimen after the treatment is shown in Fig.2. Not
only Y,O, but also a complex oxide (LiYO,) was obserbed. The compound increased in amount
with dipping time in lithium.

Electrical resistivity determined by Cole-Cole plot in impedance measurement at room temperature
decreased with dipping time. Although it decreased to the order of 10" Qm from the initial value of
undetectable level (larger than 10'' Qm) for 1419hr, the final value satisfies the design criterion for
ITER (>0.1 Qm*/1wm). It is known that Y,O, is reduced in severe reduction condition at high
temperature to form Y,0, ,, which is gray or black and electronically conductive. From these facts,
it is concluded that most of the internal part of the specimens changed to the nonstoichimetric

phase. This means the diffusion coefficient of oxygen ion in Y,0, is very large even at 773K.

- 113 —



16-2
iR AR 5 T FLIBE(Li,BeF,) 7 5 D b ) F 7 L U LS
AR, MR, KR, BdH (VA7 4 FFTLER)

Chemical form of released tritium from molten Li,BeF, salt
under neutron irradiation at elevated temperatures

A. Suzuki, T. Terai, T. Yoneoka and S. Tanaka (Dept. Quantum Eng. & Systems Sci.)

ABSTRACT

Chemical forms of released tritium from FLIBE (the 2:1 mixture of LiF and BeF,) by in-pile
tritium release experiment were HT and TF and their proportion depended on the chemical composition
of purge gas and the dehumidification time of specimen at high temperatures. The chemical form
of tritium was determined by the thermodynamic equilibrium of the isotopic exchange reaction (T*
+H, — H" + HT).

INTRODUCTION

The 2:1 molten mixture of lithium fluoride and beryllium fluoride (2LiF-BeF, denoted as
FLIBE) is considered to be a potential liquid tritium breeding material for fusion reactors, because
of no irradiation damage, high chemical stability, possible use as a coolant and low electric conductivity
to reduce MHD pressure drop. Critical issues in liquid blanket systems using FLIBE are corrosive
behavior of TF generated by the nuclear reaction of LiF with neutron, and possible tritium permeation
through structural materials from FLIBE or gas phase containing tritium. To reduce tritium permeation
through structural wall and to recover tritium effectively, it is very important to clarify chemical
form of released tritium from the FLIBE under neutron irradiation at elevated temperatures. In this
report we have carried out some experiments to investigate chemical form of released tritium for
the estimation of tritium recovery and tritium permeation.

EXPERIMENTAL
The in-situ tritium release experiment was performed using the apparatus shown in Fig.1,
which consisted of a purge gas supply system, an in-reactor component, two sets of tritium monitoring
system and a tritium recovery system. The in-reactor component was placed in an irradiation
position of the fast neutron source reactor "YAYOI" of the University of Tokyo with the neutron
flux of 10°-10°n/cm®s. The tritium released from
the specimen as HT or TF was swept by making
purge gas (He+H,) flowing over the specimen with |gnization chamber A
the rate of about 100 cm?/s to the monitoring systems.

| Tritium trapping system |

1 lonization chamber B

The tritium-containing purge gas was divided in Aluminium bed__ g | Molecular sieve bed
two lines: one has an aluminum reduction bed to ’

. .l
convert the condensable species (TF) to non- [Gas SUPPIY system|

condensable species (HT) and the other has a | _HetHa | l—o
molecular sieve bed to capture the condensable
species (TF). Thus the ionizationchamber A
monitored the concentration of all the released
tritium species (HT and TF) and the chamber B Reactor core“" ;

monitored only the concentration of HT. The in- -

Sample comamer

block
reactor component was composed of a sample ,
container, a sheathed heater, a thermal insulator, a Flg 1 Apratus n plle
thermocouple and an Al,O, crucible, as shown in tritium release experiment.
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Fig.2. The sample container was made of Monel
metal (Ni70%-Cu30%), which has high tolerance
for fluoric acid at high temperatures, and the tube
used at room temperature was made of Teflon to
avoid the change of tritium chemical form. About
200g of FLIBE was heated up to 600T in the AL,
crucible (44mm in inner diameter, 200mm in inner
depth and Smm in thickness) installed in the sample
container. It was considered FLIBE reacts with
water as (BeF,+H,O0 — 2HF + BeO) at high
temperature to generate HF, which increases F-
potential in the system, because the sample had
absorbed a small amount of water. So the
dehumidification time of FLIBE is an important
parameter which influences F-potential in the
system.

RESULTS AND DISCUSSION

Chemical form of released tritium was
investigated with changing purge gas composition,
dehumidification time and sample container and
tubing materials. In case of H, purge gas and
He+1%H, purge gas at 873K, HT was the main
chemical form, while the main chemical form of
released tritium after short dehumidification time
(3-5 days) with He purge gas at 873K was mainly
TF. After long dehumidification time with He purge
gas, however, the main chemical form of released

Monel joint lonization
He+Ho chamber
Monel tube Tefron tube

=Alz0s crucible
44mm in inner diameter
200mm in inner depth
and 5mm in thickness

Sheathed — ("
heater Thermocouple
b ™ LbBeF(liquid
TR o
Thermal
insulator

Fig.2 Cross section of Monel
(Ni170%-Cu30%) sample container.

Table 1 Summary of chemical forms
dehumiditication purge gas composition
time He He +1%H: He

3-5 days | mainly HT [ mainly HT
(+TF) (+TF) TF

mainly HT | mainly HT
(+TF) (+TF)

24-26 days HT

tritium changed to HT. A trace of hydrogen existed in the experimental system even in case of pure
He purge gas as an impurity in the He purge gas and in the specimen. Probably, hydrogen was
larger in concentration than the generated tritium in this experiment, because the tritium generation
rate was very small. Table 1 shows the summary of the chemical forms of released tritium. The
chemical forms of released tritium from FLIBE were HT and TF, depending on purge gas composition
and dehumidification time of the specimen. TF was released only in case of low H concentration
(He purge gas) and high F-potential (short dehumidification time) in the system. From these facts,

tritium generated as T* in FLIBE was

released by way of two routes ; (1) HF + HT 2 TF + H:

direct release to purge gas as TF and  high Hz partial pressure He purge gas and short He purge gas and long

(2) release to purge gas after
converted to HT by the isotopic
exchange reaction (T* + H, — HT +
H"). The chemical form of tritium
was determined by the activety of H,
and H* (F-potential) in FLIBE, and
the thermodynamic equilibrium of the
isotopic exchange reaction could be

controlled by the H, concentration Chemical activity

2 >
and HF concentration in the system, gt

as shown in Fig. 3.
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Fig.3 Mechanism of chemical form change of tritium
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Effect of 520MeV Kr*** Ion Irradiation on the Critical Current
Density of Bi-2212 Single Crystals

FHEE, FHET. FRAT CATLBRTLFER. IERMEFER)
Takayuki TERAI, Yasuyuki ITO and Kouji KISHIO*
Department of Quantum Engineering and Systems Science, Department of Applied Chemistry*

ABSTRACT

Change in magnetic properties of Bi,Sr,CaCu,0,, (Bi-2212) single crystals due to Kr'** ion
irradiation is reported, focused on critical current density and irreversibility magnetic field. The Bi-2212
single crystal specimens (3x3x0.3mm’) were prepared by the floating zone method.  Each specimen was
irradiated with 520MeV Kr*®* ions of 10'°-10"' cm? in the fluence. Magnetic hysteresis was measured at
4.2K-60K with a vibrating sample magnetometer before and after irradiation. Very large enhancement
was observed in critical current density and irreversibility magnetic field above 20K.

Particle-beam irradiation is one of the most promising methods to introduce strong pinning centers
into High-Tc superconductors. It has been reported that the critical current density (Jc) is enhanced by the
irradiation of high-energy particles such as ions, neutrons and electrons"*®’. In particular, high energy
heavy ions are expected to produce columnar defects of a diameter close to the coherence length, which
give a very large pinning force for vortices parallel to defects. In order to realize a particle-beam
irradiation technique as a method for Jc enhancement, many different conditions such as the kind, the
energy and the fluence of particles should be examined. We have been studying magnetic property change
due to irradiation with several kinds of particles such as ions, neutrons and electrons on Bi,Sr,CaCu,Oy,,
(Bi-2212) single crystal. In this paper, we show experimental results below 60K on the critical current
density (Jc) of Bi-2212 single crystal irradiated with 520MeV Kr*** ions.

The Bi-2212 single crystal specimens used were prepared by the floating-zone method (FZ). Their

size was 2mmx2mmx50-80um. The specimens were irradiated with 520MeV Kr*®* ion beam parallel to
the c-axis with an AVF cyclotron at JAERI, Takasaki. The fluences were 1x10'°, 5x10'° and 1x10'' cm’
corresponding to the matching field of 0.2T, IT and 2T, respectively. Magnetization curves of the
specimens before and after irradiation were measured with a vibrating sample magnetometer at 4.3K, 20K,
40K and 60K as a function of applied magnetic field up to 7.5T parallel to the c-axis with the sweep rate of

ImT: s to 20mT- s*. The critical current density was calculated from the magnetization hysteresis using
the modified Bean's model.

The magnetic field dependence of critical current density (Jc) calculated from the magnetic hysteresis
is shown in Fig. 1. Figure 2 shows the fluence dependence of Jc in typical conditions of temperature and
magnetic field. The critical current density increased due to the irradiation all over the range of
temperature and magnetic field investigated except 4.3K. At the temperature of 4.3K, Jc decreased with
fluence. Above 40K, on the other hand, the J¢ took a maximum value at the fluence of 1.0x10'° ¢cm? or
5.0x10'° cm®. The enhancement ratio of Jc mainly depended on temperature and it was larger at the
relatively high temperatures of 40 and 60K. The little change in the low temperature of 4.3K means that a
kind of defects existing in the specimen before irradiation can act as effective pinning centers even after
irradiation at such a low temperature. On the other hand, the very large 1.icrease in the relatively high
temperatures of 20, 40 and 60K indicates that contribution of radiation-induced defects is dominant after

irradiation.  Figure 3 shows the irreversibility field, where Jc¢ disappears, increased with fluence at 40K
and 60K.
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Degradation of insulating ceramics due to irradiation
Tomohiro KOBAYASHI, Takayuki TERAI, Toshiaki YONEOKA and Satoru TANAKA

Department of Quantum Engineering & Systems Science

ABSTRACT

Radiation-induced electrical degradation was investigated on single crystal alumina under 2.2
MeV electron irradiation with a dose rate of 5.7 x 10°Gy/s and an electrical field of 1.6 x 10° V/m at
773 K. After irradiation, electrical resistivity both on the surface and in the bulk decreased in the
temperature range of 300 to 773 K. Substantial resistivity decreased from the initial value due to
the 1rradiation, the degradation ratio was much smaller than the case of poly-crystalline specimens.
On the other hands, surface resistivity decreased with increasing temperature for measurement with
an abrupt change by 4 orders of magnitude around 600 K, and it showed thermal hysteresis.

1. Introduction

Alumina is widely utilized as an insulating ceramic material because of its high
physicochemical stability and quite high electrical resistivity, and it has also a potential to be utilized
in systems with high energy density such as fusion reactor systems. In this case, property change
under irradiation is very important. In fusion reactor systems, insulating ceramics are utilized
under complex condition of electric field (10*- 10"V/m), irradiation (10 - 10°Gy/s) and high
temperatures (350 - 800 K) . In such conditions, radiation-induced electrical degradation (RIED)
becomes a problem. Though several groups have been investigating this phenomenon using several
kinds of irradiation such as electron, neutron and high-energy ion beams for Al,O, pol crystalline
specimens, it has not been clanfied whether it is a bulk phenomenon or a surface phenomenon. In
this study, we measured the electrical resistivity change after electron irradiation at an elevated
temperature with an electrical field, in particular, not for polycrystalline specimen but for single
crystal specimen of Al,O,.

2. Experimental

The specimen was a disk (10 mm in diameter and 0.5 mm in thickness) of single crystal Al,O,
in the optical grade. The face of the crystal disk was (1120) plane. It was irradiated with a 2.2 MeV
electron beam from a Dynamitron accelerator of the University of Tokyo at 773 K in air with an
applied electric field. The current density was 1.8 pA/cm” at the specimen. The absorption dose
rate was calculated to be 5.7 x 10’ Gy/s. The specimen was attached to the surface of a heater drum
with silver paste and aluminum was deposited on both sides of the surface as electrodes. The
temperature of the specimen observed with the thermocouple was elevated by 30 - 40 K during
electron irradiation. The applied voltage was 80 V DC and the electric field was 1.6 x 10° V/m.
Irradiation was carried out for three times and the integrated absorption dose was 2.9 x 10* Gy.

The resistivity was determined by measuring current under an applied voltage by two
methods; (a) direct measurement for current with a vibrating reed capacitor type ammeter and (b)
measurement for voltage drop in a standard resistance. In the measurement, separation of the
measured current into substantial current and surface current is very important. The former is
smaller by 4 - 6 orders of magnitude than the latter, and it cannot be measured by the usual method.
In this study, thus, a substantial current was measured using a guard ring system.

Because the substantial resistivity of alumina is very large at room temperature, a vibrating
reed capacitor type ammeter was used for the measurement of a current to 1 x 10" A. In the
measurement at elevated temperatures, on the other hand, a normal voltmeter was utilized, because
the current was too large for the vibration reed capacitor type ammeter, which cannot respond to an
abrupt change of current. In this case, the noise level in substantial current measurement was so
large that the detection limit of the current was 10® - 10° A.  On the other hand, surface current was
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measured by the normal method. Before measurement, the specimens were cleaned with an
ultrasonic cleansing machine to avoid the effects of surface contamination and adsorbed species.

3. Results and discussion
3.1 Substantial resistivity

The resistivity obtained from the results in the substantial current measurement is shown in
Fig.1. For an unirradiated specimen, substantial current could be measured at room temperature
using a vibrating reed capacitor type ammeter, while at elevated temperature, the current could not
be measured because of large noise. The value of resistivity at room temperature decreased by 2 -
3 orders of magnitude due to the irradiation. The substantial resistivity after irradiation decreased
to the level of 10 Qm with increasing temperature to 773 K.

This result is quite different from that of polycrystalline Al,O, specimen reported by Hodgson.
He claimed that a very large reduction in resistivity of more than 5 orders of magnitude was
observed even at elevated temperatures. This discrepancy may derive from the existence of grain
boundaries, which may play an important role for electron conduction with structural change due to
the irradiation.
3.2 Surface resistance

In actual condition for utilization, the surface conduction is more important than the
substantial conduction because the former is much larger in current than the latter. One of the
results of the measurement is shown in Fig.2. When the specimen was warmed with a rate of 3
K/min, in a narrow temperature region, the resistance decreased abruptly by 4 orders of magnitude.
This occurred around 600 K and the beginning point was different in each measurement.  After the
decrease, resistance was almost independent of temperature. In this temperature region, current
was in fluctuation with 10 % changes in long periods and 30 % changes in short periods. In
cooling at a rate of 2 K/min, the resistivity increased also abruptly as indicated with a dashed line in
Fig.2. This temperature always tended to be lower by 50 - 80 K than that in warming. This
temperature difference is larger than that expected from the system between warming and cooling.

These thermal hysteresis may be a characteristic phenomenon in the surface conduction of
single crystal specimens, whose surface is very different from that of polycrystalline specimens in
structure. The mechanism of this anomalous behavior is not clear, but it may come from a kind of
feedback effect. If the resistivity of a part of the surface decreases with temperature, an excess
current flows at the region. As a result, local heating occurs and it decreases the resistivity. In
this mechanism, some conduction paths are finally formed on the surface, and a steady current
comes to flow. Because this behavior was not observed for an unirradiated specimen, surface
contamination such as diffusion of electrode material enhanced by irradiation at high temperature
may be the cause.
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REGROWTH OF TRITIUM RELEASE FROM TRITIUM CONTAMINATED MATERIALS
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ABSTRACT

Regrowth in tritium desorption from type 316
stainless steel, copper and borosilicate glass was studied. It
was found that the tritium, which was penetrated into
materials by long term contact, could not be easily desorbed
by a stream of nitrogen gas ( dry, wet or 10 % H, ) at room

temperature.

The ratio of the tritium amount desorbed from surface
by each purging to the tritium concentration in the gaseous
phase under the sorption /desorption equilibrium on the
surface was found to be constant through the repeated
desorption. The amount of tritium desorbed by each gas
purging was found to decrease by repeated desorption.

I. INTRODUCTION

Elemental tritium (T,) at high concentration may be
present in tritium extraction plants, plasma burning
experiments and tritium - handling facilitics. Knowledge on
tritium release and retention in materials after exposure to
T, cnables the procedures for clean up and handling of
contaminated surfaces and materials. In a tritium removal
system for glove box, experimental room, and in a large
scale reactor hall, the so-called soaking cffect is a matter of
problem, which is sorption of tritium gas or tritiated water
vapor by various materials and subsequent reemission from
them. In simulating a detritiation system or estimating a

required detritiation time, database on tritium sorption and
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desorption on and from various materials is essential 2,
Limited studies have been reported on tritium sorption and
desorption on construction materials 3, paints ¢, cement 3
and surface of a glove box °.

Furthermore, stainless steel, copper and glass pipes
are often used as the piping materials of experimental
apparatus. If these materials are exposed for a long time to
a highly concentrated tritium, tritium is sorbed by the
materials and becomes difficult to be desorbed, removed or
decontaminated. It is well known that the tritium
contamination on the surface of materials increases in a
certain period after decontaminated by the swipe or gas
purging methods. HT can be converted to the radiologically
much more hazardous tritium oxide (HTO) 7, during this
process. It is also pointed out that uptake of tritium occurs
through skin by contacting with tritium-contaminated
surfaces 3. Thus, the regrowth phenomenon is very important
for safety handling and containment of tritium.

In the present paper, the regrowth phenomena of
tritium from stainless stecl, copper and glass, which were
contacted with tritium gas for about onc and half year were
studied. The effect of the sweep-gas chemical composition
on desorption and decrease in surface tritium concentration

by repcated desorption was also studied.
II. EXPERIMENTAL

Type 316 stainless stecl, copper, and borosilicate glass
in the shape of pipes (~30 cm? in surface arca) had been
FUSION TECHNOLOGY
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exposed to the tritiated gas (~1.1x10” Bg/cm?) for about one
and half year in the contact vessel made of glass at room
temperature. The tritium contaminated specimens were put
in the reaction vessel (~23 cm® in volume ) made of stainless
steel. They were stored at room temperature. The sample were
swept by purging gas ( dry, wet and N, + H, (10%) ) for
about 2 hours at prescribed intervals. The tritium
concentration in the swept gas was measured by an ionization
chamber (100 cm?) + vibrating reed electrometer.

The holding period between the two desorption
processes were about a few days at initial runs and two to
three weeks after about ten runs. Flow rate of the purging
gas was 100 cm®/min. Repeated desorption was conducted
about 15 times and total period for them was about five

months.

III. EXPERIMENTAL RESULTS AND DISCUSSION
A. Regrowth phenomena

An example of the repeated desorption is shown in
Fig. 1. The tritium concentration in the purge gas is plotted
against the elapsed time for the each repeated desorption. As
shown in this figure, the initial tritium concentration for the
each repeated desorption is higher than the final tritium
concentration in the previous run. This shows the regrowth
of tritium between the two desorption runs.

B. Evaluation
of the apparent desorption rate constant

REGROWTH OF TRITIUM RELEASE FROM CONTAMINATED MATERIALS

An example of tritium concentration in the purge gas
for one desorption run is shown in Fig. 2.

The decay of tritium concentration Tn in the purge
gas can be expressed by three components,

Tn=Cne®™ + Sne™®™ +Xne®™® —ee- (),
att=0,Tn=Cn + Sn + Xn.
The first term corresponds to the exhaust of tritium in
_the chamber by gas purging because a1 was found to be

independent of materials and can be expressed by the flow
rate and the chamber volume. The second term is considered
to be the tritium desorbed from the surface of sample and
the third term tritium diffused out of the bulk to the surface
during this desorbing process.

In Fig. 2, the intercepts at the Y axis indicate the

initial concentrations Cn , Sn and Xn for each component.
Cn
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Fig. 2 An example of tritium activity in the purge gas
during desorption for stainless steel.
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Fig. 1 Regrowth of tritium activity by repeated desorption
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Slopes, a2 and a3, are the apparent desorption rate
coefficients for the second and the third component,
respectively. Cn is considered to be the equilibrium tritium
concentration in the gas phase contacting with tritium
contaminated materials. Sn is considered to be the tritium
amount desorbed from the surface by each purging process.
By using the surface area of the sample, the volume of the
chamber and the purge-gas flow rate, equilibrium_
concentration on the surface can be calculated from Sn.
Fig. 3 shows elapsed time dependence of the apparent
desorption coefficients a2 and a3. al is also plotted for
comparison. The values of a2 were found to be constant
through the repeated desorption. This means that the tritium
desorption rate is independent of the desorption run number,
or the desorption mechanism does not vary from desorption
to desorption. Some scatter was found for a3, this was
considered to be caused by low concentration and the

influence of desorbing period.
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Fig. 3 Elapsed time dependence of

apparent desorption coefficient

Fig.4 shows thc apparent desorption rate cocfficients
for the materials and the purge-gas tested. The valucs of the
cocfficients were evaluated by averaging the desorption rate
cocfficicnts of all the desorption runs. It was found that a2
for the wet sweep gas was larger than the other sweep gas.

This indicates the effect of exchange reaction with H,0.

C. Evaluation of the cquilibrium sorption cocfficient
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As explained before, Sn is the amount of surface
tritium desorbed by the n-th gas purging and Cn is the
equilibrium tritium concentration in the gaseous phase.
Moreover, Sn is considered to be proportional to the
equilibrium amount of tritium sorbed on the surface.
Therefore the ratio Sn/Cn is considered to be proportional to
the equilibrium sorption coefficient. In this paper, this ratio
was named as the apparent sorption coefficient.

Figure 5 shows a typical plot of the dependence of
the apparent sorption coefficient on the sampling period, the
time between the two succeeding purging runs. This figure

indicates that the tritium concentration between the gas phase
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apparent sorption coefficient.
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and the specimen surface becomes equilibrium after a holding
period of a few days. The averaged apparent sorption
coefficient for the all materials and the purge - gas tested are
shown in Fig. 6. In the case of glass, it was found that the

REGROWTH OF TRITIUM RELEASE FROM CONTAMINATED MATERIALS

considered to be more appropriate than Sn. Figure 8~ 10,
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effect of the sweep gas chemical composition is larger than
the other materials. The sorption coefficients in glass and
S.S. for dry sweep gas were found to be larger than those for
the other gases. Surface of stainless steel and glass is
considered to be oxide such as Cr,0, or SiO,. Tritium release
is considered to be enhanced by exchange reactions with H,0
or H, on the surface, such as
SiOT+H,~> SiOH+HT, SiO +H,0 -»SiOH+HTO '*!*.
This enhanced desorption from the surface to the gas phase
causes lower sorption coefficient.
On the other hand, surface of copper is considered to

be clean or oxide layer is thin.

D. Decrease of the tritium amount desorbed

by repeated purging

Figure 7 shows the plotting of the desorbed tritium
amount Sn by each purging agains! the run number. At the
beginning to run number of about ten, lincar relationship was
observed. The holding period between the two desorption
processes was a few days at the initial runs to about ten and
two or three weeks after this. During the desorption processes,
tritium is considered 1o migrate from the bulk to the surface.
Therefore desorbed tritium per holding time, Sn/day, (D) is

FUSION TECHNOLOGY VOL. 28 OCT. 1995

102

% T i 3
g 3 ox% 3
= [ ° X add.H, } ]
o

£ 10| e dry -
¥z 3 O wet 3
° F (XS X 3
2z ; ol ]
s E - L ) x 1
;; 10° 3 * 06 x A
22 F o o ° x 3
£o 9 * o
=9 L e © 4
gw 107 * o0 oX o o
2 F Cu_sample 3
o F 3
o [ p
o

° o r

102 Lo o dets N B S
0 50 100 150

elapsed time (day)

Fig. 8 Elepsed time dependence of desorbed (tritium amount
per holding time by repeated desorption for Cu

10} T
: i ]
s o x add.H, | 1
g~ [ s dry 1
3% 40 x o wet
2 v E XX &, 3
“.,E C p
&3¢ I o o* p
ES [ ><SZ * ]
3 o 3 O - h
£ Q1o xxx o R .
- d N 3
[ [o] * b
é [ %x o) N ]
8 1 ) 4
o 8.5, _sample X 4
o - Xy o
10! ' L A A 1 " A PR Y ) I FARIY
0 so 100 150

elapsed time (day)

Fig. 9 Elepsed time dependence of desorbed tritium amount
per holding time by repeated desorption for S.S.

1253

— 123~



Ono et al.

102 e T -

E '0 L L T ‘r l LS L] L E
g e
= ° x sdd.H, ]
g_p i :’?Q (o) ] l:!ryl N
Z Tk ° O e .
2;! L 4 3
- X .
3.5_ L 4 x’pQ.Om J

u‘ -

Eax o X o
3~ . R
= ol [o) -
E % 107 x x E

E x 3
2 i ]
£ L e o 1
- Mﬂg
]
© ’o-l PN S 1 " ] I 2 " A 1 2 A X A

0 50 100 150

elapsed time (day)

Fig. 10 Elepsed time dependence of desorbed tritium amount
per holding time by repeated desorption for glass

show the Sn/D against the elapsed time from the beginning
of first desorption. Linear relationship was found in a wider
range than in Fig.7. From the linear relationship logSn = a -
bn, where n is the desorption run number, in the period of
about 10 -100 days, the slope b was calculated. Table 1 shows
the evaluated slopes for the tested materials and the sweep
gas.

The slope for glass was found to be smallest. In the
same material, the slope for the wet sweep gas was found to
be largest. The slope is considered to be affected by the tritium
migration velocity from the inner part or bulk to the surface.
In the previous experiment ', it was found that tritium

penetrates deeper in glass than in S.S. and copper. In all

Table 1 Value of the slope b in the fitting of

logSn=a-ben
N, glass S.S. Cu
SWEEP  -memm-mmc-emcesccecseeneoceeas
gas (elapsed time:day™! )
addH, 0.0303 0.0399 0.0509
dry 0.0352  0.0363 0.0449
wet 0.0394 0.0442  0.0537

matcrials, tritium was found to penetrate more than 25 um. But

the concentration at the few pm depth from the surface was
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found to be about three orders of magnitude smaller than
that at the surface for glass. But for copper it was about six
orders of magnitude and for stainless steel about four orders
of magnitude. Slower tritium diffusion in glass is also
considered to be one of the reasons.

Fig. 8,9 shows that the decreasing rates become
smaller in the longer elapsed time than 100 days. This is
considered to show the different tritium migration or trapping

mechanism.
IV. CONCLUSIONS

Tritium regrowth phenomena were studied by
repeated desorption by gas purging. Following conclusions
were obtained by these studies.

(1) For the materials contacted with high - concentration of
tritium for a long period, tritium regrowth was found in a
short time after desorption by gas purging.

(2) It was proved that apparent desorption rate coefficient
for each desorption process is constant through out the
repeated desorption and is susceptible to the component of
the sweep gas. Wet gas sweeping hastened the desorption
rate by exchange reaction.

(3) From the estimated equilibrium tritium concentration
in the atmosphere and the tritium desorbed from the surface
for each desorption process, the equilibrium sorption
coefficient was evaluated. It was found that this coefficient
became constant if the holding time between the two
desorption processes was fonger than a few days. Equilibrium
sorption coefficient for 10% H, added N, is the smallest on
glass and stainless steal samples but the largest in the case of
copper sample.

(4) The tritium amount Sn desorbed by each purging was
found to decrease by repeated desorption. The relation of
logSn = a - bn was obtained at the beginning, where n is the
desorption run number. The magnitudes of the decreasing
rate (b) was in the order of Cu>S.S.>glass.
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A Study of Defect Cluster Formation in Vanadium by Heavy Ion Irradiation

Naoto SEKIMURA, Yasuyuki SHIRAO and Kazunori MORISHITA

Formation of defect clusters in thin foils of vanadium was investigated by heavy ion irradiatign. In
the very thin region of the specimens less than 20 nm, vacancy clusters were formed under gold ion
irradiation, while very few clusters were detected in the specimens irradiated with 200 and 400 keV
self-ions up to 1x1016 jons/m2. The density of vacancy clusters were found to be strongly
dependent on ion energy.  Only above the critical value of kinetic energy transfer density in
vanadium, vacancy clusters are considered to be formed in the cascade damage from which

intersititials can escape to the specimen surface in the very thin region.

1. Introduction

In BCC metals, cascade damage results in very low density of defect clusters in irradiated
specimens compared with FCC metals [1]. Vanadium alloys are attractive candidate materials for
fusion structural materials because of their excellent low induced activities in addition to mechanical
properties at elevated temperatures. The effect of helium on irradiation behavior of vanadium alloys
has been extensively studied for example by DHCE (Dynamic Helium Charging Experiments) and
tritium trick techniques. However, very limited data are available for fundamental defect production
behavior in vanadium. Recently molecular dynamic simulation of cascade damage from high energy
PKA (Primary Knock-on Atom) has successfully demonstrated that defect production behavior in
vanadium [2].

In the present study, thin foils of pure vanadium were irradiated with self-ions and heavy ions
to investigate defect cluster formation by cascade damage to understand correlation rules for vacancy
clustering.

2. Experimental

Thin foils of 99.9% pure vanadium were annealed at 1173 K for 1 hr in high vacuum
followed by furnace cooling. These specimens were electro-polished to get thin foils for TEM
observation. They were irradiated with 200 and 400 keV self-ions vh up to 1.0x1010 jons/m? at
room temperature. This foil samples were also irradiated with heavier ions ( 50 - 400 keV Au',
1x1016 jons/m? ) at room temperature.

Irradiated specimens were observed by TEM operated at 200 kV.

3. Results and Discussion

Very few clusters were detected in the specimens irradiated with 200 and 400 keV self-ions up
to 1x1016 jons/m?2. However, gold ion irradiation produced visible defect clusters in thin foils of
vanadium. The density of vacancy clusters were found to be strongly dependent on ion energy.
Figure 1 shows specimen thickness dependence of areal density of observed clusters. Density of
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observed cluster images was found to decrease with thickness. In the thicker region of the
specimens, interstitial clusters are formed, considering the depth distribution of displacement damage
deposition by gold ions. However, in the very thin region of the specimens less than 20 nm,
vacancy clusters were formed under gold ion irradiation.

Figure 2 shows cluster density per damage energy by gold ion irradiation. In very thin
region of the specimens, cluster density was found to increase linearly with deposited energy.

From these results, vacancy clusters are considered to be formed in the cascade damage from
which intersititials can escape to the specimen surface in the very thin region, only above the critical
value of kinetic energy transfer density in vanadium,
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Figure 1 Thickness dependence of observed defect Figure 2 Ion energy dependence of defect

cluster density in thin foils of vanadium irradiated  cluster density per damage energy in thin

with 50 - 400 keV gold ions to 1.0x101€ jons/m?.  foils of vanadium irradiated with 50 - 400 keV
gold ions to 1.0x10!© ions/m?.
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Figure 3 Schematic representation of defect cluster formation
in thin foils of vanadium irradiated with gold ions
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Microstructural and Microchemical Evolution in Vanadium Alloys by Heavy Ion Irradiation

Naoto SEKIMURA, Hironori KAKIUCHI, Yasuyuki SHIRAO and Takeo IWAI

Microstructural and microchemical evolution in vanadium alloys were investigated using heavy ion
irradiation. No cavities were observed in V-5Cr-5Ti alloys irradiated to 30 dpa at 520 and 600C.
Energy dispersive X-ray spectroscopy analyses showed that Ti peaks around grain boundaries.
Segregation of Cr atoms was not clearly detected. Co-implanted helium was also found to enhance
dislocation evolution in V-5Cr-5Ti. High density of matrix cavities were observed in V-5Fe alloys
irradiated with dual ions, whereas cavities were formed only around grain boundaries in single ion
irradiated V-5Fe.

1. Introduction

Vanadium alloys are attractive candidates for fusion blanket structural materials because of
their high temperature mechanical properties and low induced radioactivities after neutron irradiation.
However, it was recently shown that moderate additions of undersized solutes such as Fe, Cr and Si
can induce swelling rates that are much higher than those observed in fcc alloys [1-3]. Fe additions
in particular appear to induce large swelling without any indication of saturation occurring. The
origin of this behavior and its relationship to other fusion-relevant irradiation variables are not yet
known in detail.

In this study, microstructural and microchemical changes in V-5Cr-5Ti, V-5Cr and V-5Fe
alloys under ion irradiation were examined focusing mainly on the effect of He generation on
swelling and microstructural evolution.

2. Experimental

V-5Cr, V-5Cr and V-5Fe alloys were prepared by arc-melting in an inert gas atmosphere and
annealing at 1000°C for 3.6 ks in high vacuum, followed by rapid cooling. They were irradiated
with 4 MeV Ni>* jons to 30 dpa at the damage peak depth with simultaneous implantation of helium
by 400 keV He' ions at He(appm)/dpa ratio of 5. Irradiation temperatures were 520 and 600<C.
Irradiated surface of the specimens were removed by electropolishing and back-thinned to perforation
to observed damage peak depth region by TEM (Transmission Electron Microscope). Microchemical
distributions of irradiated specimens were also measured by EDS (Energy Dispersive X-ray
Spectroscopy).

3. Results and discussion

Cavities were formed in irradiated V-5Fe at all the irradiation conditions. Cavities grow
larger at 600°C.  Co-implanted helium was found to affect distributions of cavities in this alloy.
Cavities were uniformly distributed in the matrix in the dual beam irradiated specimens, whereas
single beam irradiation produces high density of cavities near the grain boundaries.

No cavity formation was detected in V-5Cr-5Ti irradiated only with Ni ions at 520 and 600°C.
At 600°C, high density of V,C precipitates were observed in the matrix of V-5Cr-5Ti and defect free
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zone was observed near the grain boundaries. Figure 1 shows measured microchemical evolution in
V-5Cr-5Ti irradiated with Ni ions at 600°C.  Ti atoms has their peaks at 50-100nm from the grain
boundaries. These are considered to come from the binding of Ti atoms with O (oxygen) atoms
which are the major interstitial impurities in vanadium alloys. No segregation of Cr atoms were
observed whereas Cr is undersized solute in vanadium alloys. At 520°C, no distinct segregation of
solute atoms were detected.

Helium atoms produced by transmutation reactions in vanadium alloys under fusion
conditions can enhance swelling as studied by tritium-trick method and DHCE (Dynamic Helium
Charging Experiments). In this study, helium is also found to increase dislocation density of
irradiated V-5Cr-5Ti alloys. Table Icompares measured dislocation density in V-5Cr-5Ti irradiated
with dual ions and single ions at 520 and 600°C to 30 dpa. It was also found that Ti addition to V-
5Cr reduces dislocation evolution.

Concentration of Cr and Ti (Wi%)
w

Distance from Grain Boundary (nm)

Figure 1  Solute Distributions in V-5Cr-5Ti irradiated with Ni ions at 600C to 30 dpa.

Table 1 Dislocation Density in V alloys irradiated with Heavy Ions to 30 dpa (m-2).

Irradiation Temp. 520°C 600°C
V-5Cr-5Ti
15 15
single beam 1.8X10 1.7X10

V-5Cr-5Ti

dual beam 2.1x101°2 | 2.0%1015
V-5Cr 15
dual beam 2.4X10
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Construction of Ion Beam Pulse Radiolysis System

N. Chitose, Y. Katsumura, M. Domae, K. Ishigure and T. Murakami
Department of Quantum Engineering and Systems Science

Abstract An ion beam pulse radiolysis system has been constructed at HIMAC facility. Ion beam of
24 MeV He®" with the duration longer than 1 ps is available for irradiation. Three kinds of aqueous
solutions, (CsHs),CO, NaHCO; and KSCN, were irradiated and the absorption signals were observed.

Introduction

It is widely recognized that the radiolysis of aqueous solution is a basic subject not only in radiation
chemistry bur in the many other fields in technology, biology and medicine. A number of studies have
been carried out by electron beam pulse radiolysis, and the process of the water radiolysis with low
LET radiation is well known. Recently the use of high LET radiations for cancer therapy has arouse the
interest in LET effect. In the present research, a system of ion beam pulse radiolysis has been
constructed at HIMAC (Heavy Ion Medical Accelerator in Chiba) facility, and the species produced in
the radiolysis of aqueous solution were observed.

Experimental

The irradiation chamber as shown in Fig. 1 is set up on one of the beam lines. Helium ions (24 MeV)
pass through the window of 10um harvar foil, and reach the sample. The beams are chopped and the
duration is adjusted from 1 to 100us. As the penetration range of 24 MeV He”" ion is short (~500 pm
in water), the solution is directly contacted with the window. The window is supported by the stainless
steel plate with mesh to prevent the bending. Only ion particles which pass through the mesh reach the
sample. The shape of the plate is also shown in the figure.

The yields of products are measured by the absorption method. Laser light, 633 nm line of He-Ne
laser or 488 nm line of Ar ion laser, is used as the analyzing light. The light passes through the sample
cell in parallel to the surface of the window, and goes along the line of the holes of the stainless mesh,
giving the optical path of 5 mm. It is necessary to measure the signals as a function of the distance from
the window in order to determine the yields as a function of LET. So, the analyzing light is expanded by
a cylindrical convex mirror after passing through the cell, and cut by the slit. In the present experiment
the area within 100 um from

the window is normally 0°0
measured. Window (00000
9o00

Fig. 2(a) shows the
trigger system. The trigger £ _
pulses of the accelerator are Beam li T T = <
put into the digital delay el |}
generator to trigger the ﬂ% g |—-| ,,,,,, |
shutter and the digitizer . ¥

synchronously. The beam
current is picked up at the end

Fig. 1. Irradaiation system. Pump
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of the vacuum duct and measured by the current integrator or by the digitizer. The beam current and.the
output of the photodiode can be recorded in the digitizer simultaneously, and it can bg used to adjust
the trigger delay. Typical trace of the digitizer is shown in Fig. 2(b). The absorbed dose is calculated by

the beam current and LET.

—SREN B —
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Laser : Current Integrator
22 —{ ]
Beam ewmup- ) °

Trigger Q S'"lg Lens

I?%

' : __ Shutter

Signal | convex Mirror [ BT
J PIN

.- Beam pulse (2 us duration) - -

: Photodiode
SIS
] <>
Digital Delay Transient Digitizer Fig. 2(b). 10 us
Generator I I I I
Fig. 2(a). Computer Display Terminal Fig. 2(a) Trigger system. (b) Typical optical

absorption signal and beam current signal.

Results
Three kinds of aqueous solutions, benzophenone, NaHCO; and KSCN, were irradiated to test the

system and absorption signals corresponding to (C¢Hs),CO~, CO;™ and (SCN),™ respectively were
observed. The identification of the signals was confined by the effect of scavenger and the saturated
gas. Fig. 3 shows the timeprofiles of the absorbance observed at 488 nm in the irradiation of 102 M
KSCN solution. Pulses of 10 us were used and the absorbed dose was approximately 50 Gy per pulse.
The solution was saturated with nitrous oxide (curve (a)), or with air (curve (b)). The signal was fairly
small in the solution containing 0.2 M ethanol saturated with air (curve (c)). Thiocyanate anion reacts
with OH and produces (SCN),", which has an absorption peak around 475 nm. As ethanol is a
scavenger of OH, the observed signal is identified to be the absorption due to (SCN),". In the presence
of N2O, e.q” is converted to OH. The ratio of the yield in the N,O saturated solution to that in the air
saturated solution was studied, and the value of two has been reported in the irradiation with electron
beam. In this experiment, the ratio of the

yield at the maximum is less than 2. Though 14
the maximum yields can not be compared 12
because of the decay taking place during the
pulse, the ratio is considered to depend on
LET.

Different signals were also observed
under a certain condition. These signals
have similarity, but they were proved not to
be the absorption due to the species. The
real origin of the signals is not known. One
explanation may be that it is caused by a
change of refractive index of water due to : :
the temperature rise by the irradiation. %OO . 300 ] 400 ' 500
These  signals interfere  with  the

measurement, but they can be reduced by
adjustment of the optical alignment. Fig. 3. Timeprofiles of the absorbance observed at 488 nm in
the irradiation of 10°M KSCN solution with 10pus pulse.

O.D./Dose / arbit.unit

Time / us
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CHANGES IN THE SURFACE ELECTRONIC STATES OF SEMICONDUCTOR
FINE PARTICLES INDUCED BY HIGH ENERGY ION IRRADIATION

Tetsuya YAMAKI, Keisuke ASAI and Kenkichi ISHIGURE
(Department of Quantum Engineering and Systems Science)

Abstract

We performed steady-state and time-resolved measurements of the ion-induced emission and
photoluminescence (PL) on semiconductor fine particles prepared by Langmuir-Blodgett (I.B) methods.
We found that the proton irradiation would establish surface passivation of the particles. The carrier
recombination dynamics and the post-irradiation processes at the particle surface were discussed as to

each emission band.

Introduction

Currently there is considerable interest in nanosized semiconductor particles offering optical
properties which are applicable to nonlinear optical devices [1]. One promising approach to synthesizing
well-defined particles involves their formation in I.B films [2]. LB films have an advantage in that
particles can be coated onto a substrate for incorporation into a device. In such fine particles, a large
percentage of the atoms exist on the surface, where dangling bonds or other defects produce traps for
electrons and holes. Therefore, it has been important to study particle-surface states which have great
influence on the electronic properties of the particles. In this study, CdS (cadmium sulfide) fine particles
were prepared in LB films. And then we examined the changes in the electronic states induced by high

energy ion irradiation, which is known to be useful for surface modification of bulk materials.

Experimental
CdS particles were synthesized through the infusion of H2S onto cadmium arachidate

((C19H39CO0)2Cd) LB films deposited on Si substrates [2]. On those samples, we observed
steady-state spectra and time-resolved profiles of the emission induced by 1 MeV H* bombardment and

then measured PL after the irradiation.

Results and Discussion

Fig. 1 shows typical steady-state spectra of ion-induced emission from CdS fine particles [3,6].
Various emission bands (420-460 nm (R), 500-510 nm (P) and 560-610 nm (Q)) attributed to the
excitonic state and different defects in the band gap were observed at the initial irradiation stage (a). As
the dose increased, the emissions via the trapping sites decreased in intensity and the band-edge emission

developed as shown in (b). This indicates that the ion irradiation would remove almost all the trapping



sites in the band gap.

Ion-induced emission decay curves of CdS fine particles, monitored at 430 nm (R), 510 nm (P) and
600 nm (Q) are illustrated in Fig. 2 [5,6]. The 430-nm emission (R), the band-edge emission, showed a
single-exponential decay. In contrast to this, the decay curves of the low-energy emissions (P) and (Q)
showed a multi-exponential shape which is probably due to the wide distribution of radiative states in the
band gap. These decays could be explained by the model based on a donor-acceptor recombination,

The PL spectra [4,6] taken after the irradiation drastically changed in the course of the surface
processes, such as stabilization and formation of trapping sites, which might be occurring under the
photooxidizing conditions. In addition, it was suggested that new defect sites originating from sulfur

vacancies would generate in the presence of both sulfur-related defects and Cd atoms.
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Knowledge Model of Trainee
for Training Support System of Plant Operation
Y. Furuhama, K. Furuta, and S. Kondo

Abstract: We have already proposed a knowledge model of a trainee, which model consists
of two layers: hierarchical function and qualitative structure. We developed a method to
generate normative operator knowledge based on this knowledge model structure, and to
identify trainee’s intention by means of truth maintenance. The methods were tested by
cognitive experiment using a prototype of training support system.

1. Introduction

The role of human operators are changing from prescribed rule-based behavior to
unprescribed knowledge-based behavior, as automation based on modern technologies has
been introduced. Since a good method of operator training for knowledge-based behavior,
however, has not yet been established enough, we are trying to build an architecture of
training support system which can support trainees to acquire a proper knowledge so that
they can behave appropriately even in unanticipated situations. We have already proposed a
knowledge representation of a trainee and showed its usefulness [1]. In this paper we will
discuss a method to construct the knowledge model a trainee on the proposed
representation, and describe the training support system architecture based on this method.

2. Knowledge Model of Trainee and Its Identification

Trainee’s knowledge is represented as graphs in two layers: the function hierarchy layer and
the qualitative causality layer. A link between two nodes in this representation can be
thought of as an atom of trainee’s knowledge. Each knowledge atom can take one of three
states, “in”, “out” or “unknown”, which stands for the possessional state of knowledge by a
trainee. A set of such knowledge atoms can be the knowledge model of a trainee. A
trajectory containing more than one knowledge atom is called a path, and nodes connected
with a path are reachable. If two nodes at the both ends of a knowledge atom in the
function hierarchy layer are reachable through any path in the qualitative causality layer,
such a path is the justification of the knowledge atom.

Identification of the knowledge model of a trainee is performed by truth maintenance
as follows. When a trainee takes an operation A, its goal X, related to A in the function
hierarchy layer, is selected, and then it is tried to identify the justification path of the
knowledge atom (X-A). If the other operation B is required further to justify the identified
justification path, the following default rule is created, and the state of knowledge atom (X-
A) is set “in”.

(X-4):(X-B)
X« AnB

If a trainee fails to attain the goal X though he/she has performed the operation A, the state
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of knowledge atom (X-B) is changed to “out”. If it becomes clear that the aim of having
done A is not to achieve X, the state of knowledge atom (X-B) is changed to “unknown”.
The consistency of the knowledge model is maintained by altering either the states of
knowledge atoms or default rules in a similar manner.

3. Training Support System

The architecture of the training support system developed based on the method described so
far is illustrated in the figure below. The domain knowledge base contains a plant model and
definitions of unit operations. The knowledge compiler constructs a normative knowledge
model of an operator, and this normative model comes to be the initial framework and the
final goal of the knowledge model of a trainee. The model manager watches response of a
trainee and modifies the knowledge model by the truth maintenance explained above. At the
same time it judges the appropriateness of trainee’s response. The dialogue manager
generates queries to a trainee and the correct answers to them.

This system has been implemented on an EWS using the G2 knowledge shell as well as the
Prolog language. The target plant assumed in a test consists of a few tanks, valves and pipes.
An experiment was performed using a task of filling up a tank with liquid by valve operation.
The states identified for knowledge atoms in the knowledge model were verified against
interviews to the subjects after experimental sessions, and it was shown that the
identification was appropriate in most cases.

Model Manager

T it 1

of Trainee

D)

Dialogue Manager Knowledge Compiler

NI EE

Plant Simulator

User Interface

Figure: Architecture of training support system.
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High Energy Resolution Characteristics on 14MeV Neutron Spectrometer
for Fusion Experimental Reactor

T. Iguchi1, E.Takada? and M. Nakazawa2
1 Nuclear Engineering Research l_Laboratory
2 Dept. of Quantum Engineering and Systems Science

Abstract

A 14MeV neutron spectrometer suitable for an ITER-like fusion experimental reactor is
now under development on the basis of a recoil proton counter telescope principle in
oblique scattering geometry. To verify its high energy resolution characteristics,
preliminary experiments are made for a prototypical detector system.The comparison
results show reasonably good agreement and demonstrate the possibility of energy
resolution of 2.5 % in full width at half maximum for 14MeV neutron spectrometry.

1. Introduction

High energy resolution neutron spectrometry in DT plasma experiments is expected
to derive many useful plasma parameters such as ion temperature (or ion velocity
distribution), ion density, beam-plasma interactions etc. We are now developing one
promising candidate of 14MeV neutron spectrometers suitable for an ITER-like fusion
experimental reactor, which is based on a detection principle of recoil proton counter
telescope in oblique scattering geometry{1]. Here are described the results and
discussion on the preliminary experiments for a prototypical detector system to verify
its high energy resolution characteristics using a 14MeV neutron generator.

2. Preliminary experiments

To verify high energy resolution characteristics on our detector concept, we have
made a prototypical detector system and measured the detector response i.e. recoil
proton spectrum to 14MeV neutrons at FNS (Fusion Neutronics Source) Facility in
JAERI. The detector consists of 10 um thick polyethylene film( a radiator) placed in

parallel to the incident neutron beam, three Si-SSDs with a 2000 mm? sensitive area

and 500mm thick depletion layer as the recoil proton detectors and the recoil proton
collimators made of a 10mm thick lead glass plate with the holes of 200 x m diameter
and 620 um pitch tilted 30 degree to the plate surface, inserted between the radiator
and Si-SSDs, and was operated in the air.

The detector unit was placed at a distance of about 1.0 m from the 14MeV neutron
source target in the direction of 100 degree to the beam line, which ensures almost
monochromatic energy of 14.1 MeV for incident neutrons to the radiator. A slit neutron
collimator, of which thickness is not so sufficient to shield 14MeV neutrons, was also
placed to mitigate the direct incidence of 14MeV neutrons to the Si-SSDs. The pulse
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signals from three Si-SSDs were summed up and fed into a pulse height analyzer after

the gain adjustment using an 28 m o source. To obtain recoil proton spectra
originating from the radiator, subtraction of the normalized pulse height data was
made between the measurements with and without the radiator.

3. Results and discussion

FFig.1 shows preliminary comparison between the measured and calculated recoil
proton spectra. The response calculation based on Monte Carlo technique simulates
the scattering and transmission of recoil protons inside the collimating plate as well as
the energy loss of recoil protons inside the radiator and the solid angle of recoil proton
incidence to the Si-SSDs through the collimator. The calculated result seems to be in
reasonably good agreement with the measured data, which gives energy resolution of

2.5 % in FWHM and detection efficiency of 2 x 10'7 counts/(neutron/cmz), although
they may have a large uncertainty around 20% because of poor counting statistics of
recoil protons and imperfection of background subtraction.

4. Conclusion

Through the preliminary experiments for a prototypical detector system, we have
demonstrated the possibility of high energy resolution characteristics of our detector
concept in 14MeV neutron spectrometry which will be required at an ITER-like fusion
experimental reactor. Reasonable agreement obtained between the measured and
calculated detector responses is also expected to give the validity of the design
results specified for an actual system installed into the fusion device.

Reference
[1] T. Iguchi et al., Conceptual design of neutron diagnostic systems for fusion
experimental reactor, Fus. Eng. Des. 28 (1995) 689-698.
1.5e-5F 7 7 ’ T T
[ Recoil proton peak
: g 277 7] Enperiment

Z ]

% r ) Calculation 3
O 1.0e-51 & [E=25% Z """"""" z T
»-8 F in FWHM Z n E
E r :2 7 t‘j:csll\’?gl:gljn?iﬁse:btraction i
© e — B A7z e P et ]
g 0.5e-5¢ % ’ ]
(@) : Z ﬂ - ]
= r % ; ’ ]
| AR

OF N o NA G o) ]

105 110 115 120 125
Channels (75 kev/ch.)

Fig.1 Comparison between measured and calculated recoil proton spectra
to 14MeV neutrons

— 137 —



24

570 IEEE TRANSACTIONS ON NUCLEAR SCIENCE. VOL. 42, NO. 4, AUGUST 1995

Neutron Radiation Distribution Sensor Using Flexible Plastic Scintillating Fiber
Combined with the Time- of- Flight Technique

E. Takada, K. Sugiyama, H. Takahashi, T. Iguchi, M. Nakazawa

Department of Quantum Engineering and Systems Science, Faculty of Engineering, University of Tokyo

Abstract

As a promising neutron radiation distribution sensor, a
long fiber system has been made using two silica fibers
connected to both ends of the plastic scintillating fiber (PSF).
Its basic properties were investigated to detect the position of
neutron incidence with the time-of-flight (TOF) method.
From the experimental results for the fission neutron source,
the two linear relations were confirmed (1) between the
incident position of the neutrons and the time difference and
(2) between the neutron flux level and the counting rate. The
spatial resolution and the counting efficiency of this system
were about 60 cm (FWHM) and about 1.0x10-4
{counts/incident neutron] respectively using 1 mm diameter
fiber of 100 m length. A neutron dose distribution measured
by this system was compared with the mapping result using a
conventional neutron Sievert(Sv) counter. After some
correction for the spatial resolution by an unfolding method,
both results showed good agreement.

I. INTRODUCTION

Scintillating optical fibers have recently been developed as
a new radiation sensor and some techniques have been
proposed for measuring neutron distribution with glass
scintillating fiber by photonic attenuation (1] or by imaging
techniques [2]. We proposed a technique to apply the time-of-
flight (TOF) method to the signals from PSF ends and it has
been shown that this system can measure the radiation
distribution along the fiber length [3]. But, owing to a small
attenuation length of PSF, the measurable length by these
methods were limited to below 10 m. On the other hand, in
order to elongate the signal transportation length, coupling of
clear normal fibers to the ends of PSF has been tried [4]. In
the present study, we thought of connecting normal fiber
optics to both ends of PSF and applying TOF method to each
PSF+normal fiber system bundled as shown in Fig. 1, where
the radiation distribution along its total length, L, can be
measured at one time.

,(,mlll.lllll.ll...ll. --I-u.--)v-

S
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Fig. 1 Schematic view of the long range radiation distribution
monitor, where TOF method is applied to each PSF+normal
fiber system.
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In addition to the merits of optical fibers, this system is
advantageous in the possibilities (1) of very flexible sensing
of radiation distribution and (2) of continuous measurement for
a long distance. So, it can be applied to nuclear power plants,
where unusual radiation peaks should surely be detected around
the reactor vessel and along very long pipes, etc.

II. MEASURING SYSTEM

The measuring system and the properties of the PSF
(BICRON BCF-20, 2.5-m long) are shown in Fig. 2 and
Table 1, respectively. The number of scintiliation photons
produced by one incident neutron depends on the position
where (n,p) scattering occurs and the emitting angle of the
proton. When the neutron energy is 1 MeV, the maximum
number of photons is evaluated about 1,500 and about 3.44 %
of these are trapped and transmit to the ends of the PSF. The
/e attenuation length of the PSF is about 3.5 m and it is
much shorter than that of normal fiber optics for the same
wavelength, which is generally several hundred meters.
Therefore, when the PSF is 2.5-m long and the neutron of 1
MeV is incident at the middle of the PSF, the maximum
number of photons that enter the Photomultiplier Tubes
(PMTs) is expected about 36.

In our system, the scintillation photons that entered the
PMTs (HAMAMATSU R1635-02) were converted and
multiplied into voltage signal and, then, its output signal was
multiplied again by the fast voltage-sensitive Pre-Amplifiers
(ORTEC VT-120). The time difference between the two
signals from the Pre-Amplifiers was detected through Constant
Fraction Discriminators (CFDs : ORTEC 583) and a Time-to-
Amplitude Converter (TAC : ORTEC 567). The risetime and
gain of the PMTs were about 0.8 nsec and 8x103,
respectively, and the risetime of the Pre-Amplifiers was less
than 1 nsec. Considering that the time walk of the CFDs was
< 75 psec and the time resolution of the TAC was < 10 psec,
this system was expected to detect the arrival time difference

with high resolution of 1 - 2 nsec or less.
ORTEC VT120A

ORTEC VT120A

ORTEC $83

{1y ]

HAMAMATSU
R163502 - Start Stop
~1.000V 3
ORTEC 467

Fig. 2 Measuring system for TOF method. '
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Table 1 Properties of BICRON-20[4]

Ttems Properties
Refractive Index of the Core 1.60
Core Diameter 1.0 mm
Numerical Aperture 0.58
Trapping Efficiency 3.44 % (min)
Peak Emission Wavelength 492 nm
Decay Time of Scintillation Photons 2.7 nsec
1/e atienuation length >3.5m

III. RESPONSE OF THE TOF SYSTEM
WITHOUT NORMAL FIBER OPTICS TO FAST
NEUTRONS

Experimental setup for measuring the response function of
this system 1s shown in Fig.3. PSF (2.5-m long) was placed
in the fast neutron beam (5-cm diameter) extracted from the
fast neutron source reactor : YAYOI (University of Tokyo).
with its peak energy at 1 to 2 MeV. PSF was connected

@!ﬂ)m PMT

PSF

Neutron Beam

> (0 PMT

Fig.3 Experimental Setup

The measured profile is shown in Fig. 4, where the neutron
beam was incident on the middle of PSF, with the PMT gain :
6x10° and the discrimination level of CFD : 0.8 V. From the
fast neutron flux and the measured peak area, the average
counting efficiency was evaluated to be 1.3x10°4
[counts/incident neutron into PSF core]. The spatial
resolution was about 16 cm (FWHM) with the above
experimental parameters.
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Fig. 4 Measured profile without normal fiber optics.

IV. LONG DISTANCE SIGNAL
TRANSPORTATION WITH CONVENTIONAL
FIBER OPTICS

For extending the length, normal fiber optics with low
attenuation (20 dB/km at wavelength around 500 nm) were
connected at each end of the PSF. Main properties of the fiber
are tabulated in Table 2.

Its core region was made mainly of silica glass and its core
diameter was 1 mm, being the same as that of PSF. Because
of its large diameter and refraction rate distribution of step-
index type, mode dispersion in the photonic transmission is
thought to be fairly large. Measurements were performed by
placing the PSF in the fast neutron beam from YAYOI and

fiber optics.
Table 2 Properties of the normal fiber optics that were used
kems Properties
Type of the disiribution of Sep Index
refractive index
Refractive Index of the Cor 1.462
Core Diameter 1.0 mm
Numerncal Aperture 0.20
1/e auenuaton length
a wavelength of about 500nm 20m

A. Efficiency and Spatial Resolution

Measured profile is shown in Fig. 5, where the neutron
beam was incident on the middle of the PSF. Main photonic
losses in this system from the scintillating point to one PMT
are evaluated as follows:(1) 1.5 dB loss in the PSF (1.25 m),
(2) 10 dB loss at the FC connector mainly due to the difference
of Numerical Aperture (NA) between PSF and normal fiber
and (3) 1 dB loss in the normal fiber (50 m). Because of
these, the counting rate was low compared to the case without
normal fibers. The counting efficiency for the incident
neutron into the PSF core was about 3x10* [counts/neutron]
with the discrimination level set at 0.15 [V]. Compared to the
case without normal fiber optics, the profile became broader
and the spatial resolution was about 60 cm (FWHM).
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Fig. 5 Measured profile with and without normal fiber optics
(The discrimination level was 0.8 V in the case of without
normal fiber optics and 0.15 V with them. PMT gain was

about 6x107 in both cases).



In order to improve the spatial resolution of the long fiber
system, we tried raising the discrimination level to 0.3 V, of
which the measured result is shown in Fig. 6. With the
discrimination level of 0.3 V, the spatial resolution became
about 50 cm and was not much improved. The counting
efficiency was reduced to 4x10°% [counts/incident neutron]
which was about 1/8 of that in the 0.15 V case. From the
physical process included in this system, the following factors
are mainly considered to affect the response profile : (1) time
distribution of scintillation process, (2) time resolution of
signal processing and (3) time dispersion in the fiber system.
In our system, the effect of (1) is estimated to be about 1 - 2
nsec, because scintillation decay time of the PSF is 2.4 nsec.
The spectral broadening due to (2) is also estimated to be the
same order or less considering the fast response of the PMTs
and the fast Pre-Amplifiers as mentioned in section II. As for
(3), mode dispersion in the normal fibers (50m x 2) can be
calculated to be more than 3.7 nsec from the numerical
aperture of 0.2. This means that the profile broadening was
dominantly due to the dispersion in the fibers. This will be
why raising the discrimination level was not so effective for

improving spatial resolution.
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Fig. 6 Measured profile with different discrimination levels
(The discrimination level was set to 0.15 V or 0.30 V).

B. Linearity

To confirm the availability of this detection system
composed of PSF and normal silica fibers for a radiation
distribution measurement, we checked the linearity (1) between
neutron flux and peak area of the profile and (2) between
neutron incident position and the peak position. As shown in
Fig. 7 and Fig. 8, this system showed good linearity for the

position and the intensity of incident neutrons.
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Fig. 7 Relation between neutron flux and peak area.
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Fig. 8 Relation between neutron incident position and output
peak channel.

V. UNFOLDING OF THE SPECTRA

As mentioned in section II, the spatial resolution of the
long fiber system is much lower than that of the case without
normal fiber optics. For enhancing the applicability of this
system, an unfolding technique was applied to improve the
spatial resolution.

A. Response Matrices

In order to get the response matrices of this system, we
carried out numerical fitting of the measured data using the
least square method. The following function was used as a
fitting equation:

f(x) =A{exp (- Bx*)+Cexp (— Dlxl)} (1)

where A, B, C, D were the fitting parameters and x denotes
the distance along PSF. The time resolution in the electrical
signal processing, in PMT, CFD and so on, was assumed
Gaussian distribution corresponding to the first term of eq. 1.
The second term comes from the exponential decay of
scintillation in the PSF. The time dispersion in the fibers
was, though it was the most dominant factor, not reflected in
the functional formula, because it was supposed to broaden the
spectra uniformly and not to change the response function

itself. The result of fitting is shown in Fig. 9. It is found
that eq.1 can express the spectra fairly well.
1.2 T
1 A=(.63
B=9.4E:4
_ 08 C=08?
E iD=19E-2
S0 06 [ \ :
E 0.4 / \
@) H
-150  -100  -50 0 50 100 150

Position [cm]
Fig. 9 Result of Fitting
(Neutron beam was incident on the middle of the PSF).

140 -



B. Result of the unfolding

The measured data were unfolded using the SAND-II
algonthm [6] that had been widely used for spectral unfolding
for the activated foil method, etc. The unfoiding formujae are
based on numerical iterations as follows:

S
oy Zwkin (T)
og _ ! S,
k|7 k
08 zwig

)

In

(2)

where,
£ _ 3

Si - ; R:;°g
k _R'l¢:
3 Sk
i,g:Spatial Bin Number
S:Measured Spectra
Q:: Unfolded Spectra
k:Number of iteration

w

R :Response Matrix

The result is shown in Fig. 10. After unfolding, the spatial
resolution of this long fiber system is almost as good as the
case without normal fiber optics that is shown in Fig. 4.
Since the calculation used here is so simple, the result will be
improved by other more refined techniques.
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Fig. 10 Comparison of spectra before and after unfolding
(Neutron beam was incident on the middle of the PSF).

VI. RADIATION DISTRIBUTION
MEASUREMENT USING THE LONG FIBER
SYSTEM

The long fiber system consisting of PSF and two normal
fiber optics was applied to practical measurements of neutron
radiation distribution. A typical neutron test field along the
PSF was produced by a Cf-252 source in the arrangement of
Fig. 11, where three neutron flux peaks were generated.

Figure 12 shows the measured results. The results by the
fiber system (white bars) were compared to those by a
conventional neutron Sv counter (Fuji Electric NSN10001).
Though the results showed to be in good agreement for the
positions of the neutron peaks, the contrast of peak to bottom

by the fiber system was not so clear as that by a Sv counter,
However, it can also be seen in Fig. 12 that our system
detects radiation distribution peaks as clearly as the Sv counter
using the unfolding technique. These results suggest the
feasibility of this long fiber system as a neutron dose
distribution monitor instead of measuring at many monitoring
points with a single neutron counter.

Cf-252
PSF(BCF-20) 2.5m

to normal fiber optics(50m)
Fig. 11 Experimental arrangement for radiation distribution

measurement.

1.2 !

1 : J‘
T 08 (0
= Ry
£ 06 §
2 i
Y04 j

7,
R

s

o
R
e

-120 -80 -40 0 40 80

Position{cm)
=1 Fiber system (before unfolding)

Fiber system (after unfolding)

-3 Sv counter

Fig. 12 Comparison between the results by the fiber system
and a neutron Sv counter.

VII. CONCLUSIONS

In this study, the basic properties of the long fiber system
using the TOF method were investigated as a promising
neutron radiation distribution sensor. Spatial resolution of the
long fiber system was about 1/3 of the PSF spectra without
normal fiber optics, mainly due to the large time dispersion in
the fibers. The neutron radiation distribution measured with
this system was compared with that by a conventional neutron
Sv counter. The peak to bottom ratio of the measured profile
in the raw data was not so clear, however, it was shown that
the profile could be improved by simple unfolding techniques
and its results showed good agreement with that by the Sv
counter. These results demonstrate the feasibility of this
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system as a long radiation distribution monitor for narrow and
complicated facilities such as nuclear power plants.
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Abstract

Fast Neutron Radiography (FNR) results have been successfully obtained by the use of the fast neutron source reactor
YAYOT of the University of Tokyo. However, an effect of contrast distortion in the FNR images was observed. The intensity
of scattered fast neutrons at the center of an object image was analyzed with a simple model of an iron cylindrical sample.

Analytical results agreed well with experimental results.

Keyvwords: Fast neutron radiography; Contrast distortion; Scattered fast neutrons

1. Introduction

Fast neutron radiography (FNR) has been expected to be
a useful 1maging technique for an object for which it is
difficult to obtain an image with thermal neutron radiog-
raphy (TNR). for instance, a hydrogen-rich material thicker
than a few centimeters {I-3]. An electronic imaging
system for the FNR (FNR-TV) has been used to inspect
several materials as a function of thickness up to 10 cm
{4]. It was also useful for inspection of an inhomogeneous
material with low atomic number (Z) in a higher Z
material. which is difficult to image with X-radiography.

An effect of contrast distortion in the image was
observed for many objects, especially around sharp edges.
The distortion is frequently called the edge enhancement
effect [S}. However. the distortion is observed not only on
the edge region. but also for the whole FNR image.
because the source of distortion could be explained due to
scattered neutrons originating in the object and the en-
vironment. The estimation of the scattering intensity and
its spatial distribution is imperative to the quantitative
analysis related to transmittance determinations.

In the TNR. Kobavashi et al. {6] proposed a method to
estimate the contribution of scattered neutrons using an
umbra shadow of a neutron opaque material. Unfortuna-
tely. the method cannot be applied for the FNR. since an
etfective neutron opaque material is difficult to realize.
Hrdlicka and Peterka [7) have proposed a qualitative

* Corresponding author. Tel. +&1 29 287 8457, fax +81 29 282
8242, e-mail voshii@ utnl.gen.u-tokyo.ac.jp.

method to mimimize scattering effects for a thermal
neutron beam.

The intensity generated in an object was discussed in
this paper. A simplified method similar to the Hrdlicka and
Peterka’s model was applied quantitatively to the FNR.
The intensity of .the scattered fast neutron component was
analyzed using the model of an iron cylindrical sample.
The intensity was discussed as the scattered fast neutron
component corresponding to only the center of the object
image. Results will be compared with experiments using
an iron cylindrical sample.

2. Analysis

The simplified model is assumed to estimate intensities
of scattered neutrons from an object. and related parame-
ters are shown in Fig. |. The model is based on the
following assumptions: (a) The object is a cylindrical iron
sample. (b) Incident fast neutron beams are parallel beams.
(c) The incident fast neutrons are attenuated in the iron
sample. (d) The attenuation factor is estimated from the
macroscopic total cross section for the | MeV neutron. (e)
Neutrons are isotropically scattered in the object. (f)
Multiple scattered neutrons are not considered due to that
the mean free path of 1 MeV neutron for iron is about
10 cm. (g) Scattered neutrons are attenuated in the iron
sample with the same attenuation factor as the incident fast
neutrons. since the single scattered neutrons have 4%
decrease energy from the result ot the calculation.

The total intensity (/1 on origin O shown in Fig. 1 of the
scattered component from the object 18 obtained by:

0168-9002/96/515.00 Copanght £ 1996 Published by Elsevier Science BV, All nghty resenved
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Fig. 1. A model for estimating the scattered fast neutron component.

TR [ rcos(§)
1= ——exp(—3(T — 1))
v Jo Jo dma

X exp(—X I dedrdr. (nH

The ongin O is set on the imaging device and on the
centre line of the sample. The distance between the
scattered point and the origin O is shown as *‘a’". X is the
macroscopic total cross section. (T — r) shows the distance
between the upper surface of the sample and the scattered
point. The thickness of the sample is shown as *“T"". The
separation “'d’" shows the distance between the bottom of
the sample to the FNR-TV converter (or imaging device).
The distance of the scattered neutron passing in the sample
1s shown as '/'" and is expressed as:

[ =q ) ()

3. Experiment

FNR images of objects were obtained by means of a
electronic imaging technique for the FNR (FNR-TV) {4]).
The FNR-TV is basically the same as the television
imaging system for the TNR [8] except for the converter
and the imaging tube. A specially designed luminescent
converter was used with the FNR-TV and was made of a
mixture of polypropylene resin and ZnS(Ag) [9]. The
FNR-TV was equipped with a high sensitivity TV camera
(Hamamatsu C2741-08) with a silicon intensifier target
(SIT) tube and a digital image processing system (DPS:
Nippon Avionics Image-sigma) with a video frame mem-
ory. The output image of the FNR-TV were integrated over
900 frames on the DPS. The integrated images (512 X 512
pixels with & bit) were fed to a personal computer for
further data processing. The integrated images were cor-

rected with dark current and shading images. It is shown
that the FNR-TV system has an excellent linearity between
fluence and signal output, and that no correction for non-
linearity effect was required. The integrated image in-
cluded the effect of gamma-rays: however, the effect was
not considered in this study. The gamma sensitivity of the
PP converter was 13% of the total luminescence at the
FNR-TV field [9].

The experimental object was a cylindrical iron sample.
To estimate the scattered component as a function of the
sample radius. five kinds of samples were prepared whose
sizes were 3 cm thick and the radius of 1, 2, 3,4 and 5cm.
To estimate the scattered component as a function of the
sample thickness, six kinds of samples were prepared with
a 3 cm radius and thicknesses of 1,2, 3.4, 6, 8 and 10cm.

Intensities of the scattered component were obtained as
a function of the separation distance *d’’. The distance
was changed from 0 to 25 cm by using a two dimensional
position controller.

4. Results and discussions
4.1. Estimation of the scattered neutron component

The profiles along the radial line of circular images of
the sample as a function of d were measured and are
shown in Fig. 2. The highest gray scale peak at the center
(270 channels in Fig. 2) is observed inside the sample
(channel 220—channel 330) at d =0 cm. The peak height
steeply decreases and the profile is spread out with
increasing d. Finally the profile becomes almost indepen-
dent of d at d > 10cm. Therefore the intensity of the
scattered neutron component generated in the object was
thought to be decreased. Then the intensity of scattered
neutrons was assumed to be the difference of the counts of

V. BEAM QUALITY CHARACTERIZATION
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Fig. 2. Profiles of a cylindrical iron sample along the radial line of
the FNR images for various distances 4.

the gray scale at the centre between d=0cm and d=
10 cm.

4.2. Scanered neutron component as a function of the
radius of the sample

Fig. 3 shows the intensity of the scattered neutron
component as a function of the radius of the sample at a
separation of d = (0 cm (where the sample was in contact
with the imaging device). Analytical results at a separation
of d =0.1 cm werc obtained for the sampic whose sizes
were 3 cm in thickness and from O to 10 cm in radius. The
scattered components for the objects were estimated with
the same method as in Section 4.1. The experimental
values agree with the analytical values shown as small dots
in Fig. 3. From these results, it is concluded that the
scattered neutron component saturates at a sample radius
of 6cm.
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Fig. 3. Intensity of the scattered fast neutron components at the
center of the FNR image as a function of the radius of an iron
cvlindrical sample with a thickness of 3cm (the sample is in
contact with the imaging device).
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Fig. 4. Intensity of scattered fast neutron components at the center
of the FNR image as a function of the thickness of an iron
cylindrical sample with the radius of 3cm (the sample is in
contact with the imaging device).

4.3. Scattered neutron component as a function of the
thickness of the sample

Fig. 4 shows the intensity of the scattered neutron
component as a function of the sample thickness at a
separation of d = 0 cm. Analytical results at a separation of
d = 0.1 cm were obtained for the sample whose sizes were
3cm in radivs and from 0 to 20cm in thickness. The
experimental values agree with the analytical values shown
as small dots in Fig. 4. From these results, it is concluded
that the scattered component has the highest value at a
sample thickness of 2.5 cm.

4.4. Estimated distance for a negligible level of
scattered neutrons

The relations between the intensity of the scattered
component and the separation distance ‘‘d"" are shown as a

Normalized scattered neutron components

5 ) 10 15 20
Separation distance, d (cm)
Fig. 5. Relations between the intensity and separation distance as
a function of the sample radius.
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function of the sample radius with 3 cm of thickness in
Fig. 5. The intensities of the scattered neutrons were
normalized by the intensitics at d = 0 ¢cm for five kinds of
samples. As shown in Fig. S, the intensities steeply
decrease with increasing separation distance ‘‘d’". The
decreasing relations for the samples depend on the radius
of the samples. Results of analysis are shown as small dots
in Fig. 5, and agree well with the experiments. The
intensities are reduced to be negligible at the sample to
imaging device distance “"d’" of twice the radius of the
sample plus | ecm for the 3cm thick iron cylindrical
samples, where the intensities are reduced to the 10% level
in comparison with the intensity of scattered neutrons for
d=0cm.

The relations between the intensity of the scattered
component and the distance “d'" are shown as a function
of the sample thickness with 3 cm radius in Fig. 6. The
intensities of the scattered neutrons were normalized by the
mtensities at ¢ = 0 ¢m for six Kinds of samples. As shown
in Fig. 6. the intensities steeply decrease with increasing
separation distance *"d"’. The decreasing relations for the
samples do not depend on the thickness of the samples.
Analytical results are shown as small dots in Fig. 6, and
agree with the experimental results. The intensities are
reduced to the 10% level in comparison with the intensity
of scattered neutrons of d =0cm at the distance of about
& cm for the samples of 3 ¢m radius.

5. Conclusion

The intensity of the scattered fast neutron component in
a sample was analyzed for a fast neutron beam. The
intensity of the scattered component at the centre of an
object image was calculated using a simple model of the
neutron behavior in an iron cylindrical sample. Results of
this analysis agreed well with the experiments. The
intensity of the scattered component saturated at the
sample radius of 6 cm for the iron cylindncal samples of
3 cm thickness. The intensity had the highest value at a
thickness of 2.5 cm for the iron cylindrical samples with
3 cm radius. The intensities steeply decreased with increas-
ing separation distance ‘'d’’ between the sample and the
imaging device. The intensities of scattered neutrons were
reduced 10 a negligible level at the separation distance of
twice the radius of the sample plus 1 cm for the samples of
3 cm thickness.

Acknowledgement

The authors wish to express their gratitude to the YAYOI
staff members and also to Mr. M. Satoh of the University
of Tokyo for making the objects.

References

{1] Y. Ikeda, K. Yoshii et al., Nucl. Instr. and Meth. A 279 (1989)
183.

[2] K. Yoshii, M. Nakazawa et al., Neutron Radiography (3), eds.
S. Fujine et al. (Kluwer, Dordrecht, 1990) p. 93.

[3] K. Yoshii, Y. [keda et al.. ibid. p. 365.

[4) K. Yoshii, S. Fujine et al., Neutron Radiography (4), ed. J.
Barton (Gordon and Breach. 1993) p. 527.

[S] A.A. Harms and D.R. Wyman, Mathematics and Physics of
Neutron Radiography (Reidel. Dordrecht. 1986).

[6] H. Kobayashi et al.. J. Nucl. Sci. Technol. 29 (1992) 1045.

{7} Z. Hrdlicka and F. Peterka, eds. S. Fujine et al. (Kluwer,
Dordrecht, 1990) p. 131.

[8) S. Fujine et al., Nucl. Instr. and Meth. 215 (1983) 277.

91 K. Yoshii and K. Miva, Nucl. Instr. and Meth. A 335 (1993)
513.

V. BEAM QUALITY CHARACTERIZATION

— 146 —



3 P Ry IR o

FEEELEE 2 —HF — N
PR

#wiE L7

5

-7 /3

GRS

CfEF o

e



BBEFET7 7 o PRATERERZEE 2 -V - D ERICREELL

EELSE, 7— 2 va 7%

—% (CER7 F8)

B i BA fis] 2 & % B 4 35 B 1354-A70 - | &0
(BLTRAGR#E) | HX
95. 7. 17~ JAPAN/US Workshop on Theory Livermore Bkt EA 31
7.18 | and Modeling of Irradiation CKED gl B
Effects in Materials for
Fusion Energy Systems
95.9.29~ 4th Japan-CIS Workshop on 0bnisk il @R 40
9.30 | Interactions of Fuel Particles (av7) o EE
with Fusion Reactor Materials
95.10. 9~ 4th International Workshop on =% :iid i &KX 47
10.11 | Ceramic Breeder Blanket (HZ#) Hdr A
Interactions g &Eal
96.3. 10~ Engineering Foundation San diego TR (% 80
3.15 Conference on Turbulent Heat CKED
Transfer

— 147 —




V. AT 5 o4y bavet
EEREEWN RSN E A E




ERTFE KBEFETS 7o PERGTEREREBERATBME LS

|51 A A i WMRARE 2 WM #H %
. 73 X2 Bk - BEREC (HE M | (YRFLABTILEER)
B2 AR T DX EE) Her M (#HR) FH Bz (GEER
KR 8 (BhF) KiE B (D 3)
o OBFE (M2) HP 5B (M1)
A mK (M1)
(RFHLERAES)
o FE] () b e (D 1)
. HEeSFEEAME~o ) F |Hb A | (YAFLABFI¥EID
Y aftFEHBRHE AN =X A Hefr & (#HBE) K& I (HEABE)
DR Hdr & (M1)
. BUARENES B AR FE |0 FEE | (MBEIERD)
B0 P E DR BT 5 ¥ Eth GRER)
R (BRENIH¥EHRRRER)
Wi EX (HED o FEa (BhER
N OWE (BF) Bandurko, V. (D 3)
$BAk #E (M2) Kk BERL (M1)
M SEIE (M1)
. KEREIRIAE — Atk B i Ex | (MEITERD
£33 ST I N A ¥\ (E¥r Eth GRED)
S E (FEFHITFERRRER)
Wk #XR (FER) o FaE (BEED
NEF OWE (BhF)  Bandurko. V. (D 3)
R # (D1) #4ib W (D1)
W 838 (D1) Swarno, H. (D1)
g & (M2) #HK HE (M2)
KEEER (M1) HHE KE (M1)
LT3R BRSBTS B Bt (y27 B TFI¥FHND
IKFPKET O - BBEic B St (B 2B § (M2)
B9 2 B 7RS0T Hdr 0 (M1) B BE (M1)
L TA4RI T v vBoE—B | HE BE | (RFNIFEHRER)
-3 ) HIE B8 (BB W&  F59 (E®R)
®§ KB GF) B #8F EEAE)
L #®qR (M2) £ H— (M2)

— 149 ~




A

HRRKE

E m

& %

1. BREBBEEOWBEFEE
LD

= Rz

(BFHITFRFRER

H O (3
HH OB (BhF)
Wwm  fiZ (D 3)
m— W& (D 1)
B X (D1)
SHEERLTF (M2)
Ty B o (M1)
Gl A (M1)

)

kIR & (BEER)
KH {Ef1 (D 3)
HE iz (D 2)
T9747:% 7-2 (D 1)
® T (Db1)
#HB EZ (M2)
B FEE (M1)

8. AR RO BRK
R A

=5 =

(RF N THFRRER)

2 R (MDD
=B (BhF)
¥%HE fFE (D3)
N— #T#& (D1)
B IR (D1)
SHELT (M2)
FIF B (M1)
sl AR (M)

HH

kR K (BhEER)
RH {E%1 (D 3)
Hi®] #02 (D 2)
79747-% 7-2 (D 1)
73 Z (D1)
HBE EE (M2)
E RE (M1)

9. Mshic & 2MEEE -
MEHHEILOH R

FH O O@

(MR

=¥ B (WP
el (58] (B
Nl Mg (D1)
A/ (M1)

e RAE (BhF)
FE A (D2)
kH #ha] (M2)

10. F—BEOEG T ICREd 2

B3

A ZT]

(RF 1 THEF AR

HH &8 (3D
B XE @GP
mil A (M1)

A &) (Bh#ER)
% B (D2)
ol #H O (M1)

1. b=~ 4 4 (bt %
AWM aSEERE
BHOFHFEOMR

#O #\wX

(Y27 2B TITH¥HEY)

R B2 GRED)
MEH M (D3)
i {34 (M 2)
AE #E (M1)

(RFHLFRRMER

HO #\wXR (B

BEoNE— GRED)
a8 WE M2)
ik & (M1)
#BH Kig (M1)
)

150—




~ I€1

(1TW) LR
(TW) X
(ZTW) BT
(gW) L¥
(1a) Ly
(eQ) Bk

Y i
¥
0
M)
om
#HY

(TW) %k hH
(ZW) [ Xy
(TW) &% W
(1.a) £0¥ W
(1 A) L/avreh
(B3 v BY (@) HE ¥
(E¥M) =% HE& (E¥) K H
(LT FEHT L X A)

=% HE

HEpis oA
GH s cafUBEHATHA

A

(ITW) UR
(TW) X%
(ZW) BT
(2N) U
(1a) LE
(eqQ) @

Y&
b2
o
)
am
#Y

(ITW) B H
(ZW) 2 X
(TW) =% H
(1 d) £ W/
(1 Ad) L{rThe) g
(B3 v XY (EW) WP Wx¥
(B =% #& (G ® $H
(MBEETFETLLA)

=8 HE

8 sk A B I
ORHARRYT ¢ £ 0 1 PP

91

(Twd) B 4%

(H2EH8013F)

(1d) 1pey ‘ouleans

(1a) # ¥4 E@) HTX &
(H¥E BE Om (B X7 #@m
(EYMENETLFE)

¥R

E2E= 24181
VREN 0TS~ < 4

61

(2W) T O8

(1 @) crevref ¢ (EME) Hi3g Bk
(B =% H& (SH¥) ¥ $H
(EEHETEFBT LY 4)

sk 0¥ T2l
Z £ro 2N I R A B R v 5]

A

(2%) H8
(B¥lE) 943

mze
=13 1:4

(FEW) HE B¥
(Bi%) T% BE
(L THE)

HE BE

EHAMF ORI LEHZ Y

‘g1

(TNW) ¥g
(ZNW)
(%) -

HE
il ¥
¥ &5

(ZNW) E [4hd
(ed) & <=
(BH¥E) Xd) Y&

(MELTHH)

¥ Y&

£ BV O BB B R
- OYP N RN YA BB

KA

2 &

§

ZEY M

Z e - £ X it




[ A 4 HRRESE 2 m # %

18. FPUF U LA-—MEHHEERHI |/ WE | (yZ2 74 BFILFEIO

Bi3BbE5 .y TAN=X A Hdr o (D
(FRF N IL¥HRRRESR)
B EXR (R O #EEG (BhEER
B W (BT B #F (D1)
etk Sk (M2)

19. 414 B TZOBRBRESE | BHA| (¥2AF7ABFIL¥EHR
X2EzxAVF-PKA Ak EA (BhEEH) @ T O(FE)
hRHA - PR R BXRK (HE) HTHIEHNHRER)

HE 2 (M2) HE # (M2)
S OBE M1) S5HE I (M1)
(RFheamate s s —)

&H EX (BF)
(AIVIFEHA€r 5 —)

HH B (3

20. B@AFEME oM TR | BA| (Y272 BTI¥HER

B4 2 B 5% PR EA (B8 "l ' O BF)
H OBRX (BEE) #ZTHGEHMAR)
HE #Z2 (M2) #HE # (M2)
5% ME M1) S5¥E H— (M1)
(RFHetsm|AL 5 —)
5#H EX (BF)
(ALY L¥HRLY 5 —)
“H B (HBR)

. FEBMHOoA A vEBHEYE | Al BE | (v X7 ABTFIEHID

DR L BE (MR B B (3B
wa 5% (BF La KA @F)
&H £ (BF) By 4% (D3)
Al ML (D3) FEHHET (D2)
®2A % (D1) KH B (M2)
Tk #@FE M2) N\% @@t (M2)
mE B4E (M1) R OE— (M1)
WHE /s (M1) 17 E 8 (BFREE)

— 152




Bt

Ky — <4

HRAELE £

# %

20, FEtpih ok RLHAR

U - 3 ¥1)
T B (3D

(v 27 L BFTHHK)

HH —# (BEED)

P B— Garh) TFT&EERE (BFP)
&E W (D3) mEE 5.8 (D 3)
BE & #M(D3) & ®& #M (D2)
#w ¥ W(D1) ®&J ¥ (D1)
KA B (M2) HHE EE (M2)
g Bk (M2) #HAKBE (M1)
mi #gE (M1) KE —B (M1)
23. BB EBRFOWH-FITA HO #AER| (YRFLBFTHHER)
YA F LD &H EE (BhF)  FEE O x# (D 2)
#4 HE (D1) i {53L (M 2)
HE #& (M1) @B XiE (M1)
(T HIFERARHR)
HO BER BHEED
24, XEMNFHCLIEMERIE | PR EE | (YR F2BTFIFEK
BERBOF +>575 Y ¥~ iR EE (B B8 %z GRED
va v EH XE BFE) ¥ kW (BWE)
MEW R (D3) FH¥ =#H (D2)
il $Ai— (D1) &4 H#H (D1)
{1727-7v7 Y9¥(D 1) ¥ W7 7TV1E4(D 1)
a8 BZE (M2) bdr {E3h (M2)
HEZ #x M1) £ £ (M1)
wE Kid (M1)
(BRFH LHFHR )
HO #x (BhEE)
25. HBROETFS A TS5 7 4 &H &E | (HFHhL¥FmRRSR

O B ELER 8 IE

O (BB
HHOEE (BhF)

H0O H\R (BB

— 153 -




FI1 Y A

gk 8 F£10H

R F B SR A 35 AR 2 -22

AR F T F A0 & B 71 %% B 58 B 8t

BREFE TS50y NRIEREREE

HEEHER

EBR HLI fF=%

® OH H4 moFH BT LK 78
MA BEA MA Zd& Lo EH
HHE EE

BLTEHEHN &HH &KH

KRB B R A A 261

v Sz Jarss

Tel. 029 (282) 7321




