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PREFACE

2000 is the year for both fulfilling completely the Ninth-5-year Programs and laying foun-

dation for carrying out the Tent-5-year Programs in the Southwestern Institute of Physics

(SWIP). In the year, the structural adjustment of science research is further carried forward

and the works of key science research items are strengthened furthermore as well. Significant

progress of construction of HL-2A, important science engineering project, has been

made. Physical experiments on HL-1M tokamak were successfully completed as planned. A

number of experiment results with innovation items has been obtained.

In the year, 75 items were carried out, among them 26 were sponsored by the China Na-

tional Nuclear Corporation (CNNC), 9 were supported by nuclear science foundation, 31 by the

National Nature Science Foundation of China(NSFC), 1 by National Defence pre-research

Foundation and 8 by the "863" Hi-Tech. Project. The whole items were accomplished as

planned. In the year, 133 papers were contributed, of which 57 were published in important

journals or presented at conferences both at home and abroad. The major science and technol-

ogy achievement prizes were awarded to 14 items by province or ministry.

The construction of HL-2A engineering progress
HL-2A engineering is an important scientific research project undertaken by the Insti-

tute. Since the construction was started in full-scale on 22 April 1999, 90% of the total main

construct summation has been accomplished up to now with implementing a series of regulato-

ry regime, strengthening organizational leadership, improving the management system and set-

ting-up and perfecting rules and regulations in order to ensure smooth progression of the whole

capital construction. The assembly of HL-2A device was regularly started on 16 October

2000. The works on the development and complement of mainframe are being carried out in-

tensely. A new progress on improving and developming work of power supply system has been

made.

Innovational achievements of HL-1M physical experiments
In order to accumulate data of experiment and engineering for HL-2A device operation

the main experiment object of the year is to improve confinement with combining function of

varies heating and fuel injection under the condition of high parameters. The experiments in-

clude neutral beam injection (NBI) with large power, electron cyclotron resonance heating

(ECRH) and low hybrid current drive (LHCD) etc. respectively and jointly, as well as special

topics of physical experiment study, such as second current rise, MHD instability and cluster
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phenomenon of supersonic molecule beam fueling. The technologies of wall condition and di-

agnostics for high temperature plasma were further developed and improved. A series of inno-

vational achievements were obtained.

A research work on plasma MHD instability of tokamak by collaboration of China-US sci-

entists was successfully carried out and some achievements with innovations have been result-

ed, which contributed significantly to the international fusion research.

Accomplishment of study on plasma physics theory
The research work on plasma physics theory was emphasized on the feature of fusion

plasma in the grade of reactor, the tokamak plasma transport barrier, the advanced tokamak

configuration and stability, the theory of L-H mode transit mechanism and the effective method

for achieving H mode as well as tokamak plasma transport under the condition of H mode. The

results at the international advanced level have been obtained. About 20 papers were pub-

lished in important journals at home and abroad.

Thorough accomplishment of items supported by varies fund
In the year, 42 items supported by varies fund were carried out and thoroughly accom-

plished as planned. Results of research at higher academic level were achieved, which are not

only the frontier of fusion and plasma physics but also the theoretic and technological founda-

tion of the construction and the experiment of HL-2A device, and the concept design of hybrid

reactor as well. Moreover, a number of younger talents of science and technology are grown

up.

Successful accomplishment of tasks of 863 Hi-Tech Project
Fusion reactor design, fusion technology and material researches were focus on accom-

plishing task of 863 Hi-Tech Project and national foundation projects. The main studies are as

follows:

(1 ) Fusion-fission hybrid reactor design of 863 Hi-Tech Project. Based on the engineering

outline design of the Fusion Experimental Breeder (interim report), the final report is com-

pleted. Supplemented are the design study of high power density blanket, the design of particle

exhaust and tritium and deuterium recovery system, the study of enhancement of exhaust effi-

ciency using RF field, and the analysis of tritium leakage. A 1 : 10 model was designed and

built for the Engineering outline design of the Fusion Experimental Breeder. Compared with

the computer-drawn model, the arrangement of coolant pipes at the upper part of the reactor

and the details of the blanket module are shown in the model.

(2)In the aspect of divertor study, a paper, "A study on physics process of divertor tar-
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get with free surface liquid lithium" , was published, a physics model was established, and

some calculations were performed. A thermal analysis was done for the HL-2A divertor target

under pulsed high thermal load. Two scenarios was considered, namely with water cooling and

with radiation cooling only. This study will be useful for the engineering test and rebuilding of

the HL-2A.

(3) A new iteration of study has been done on the task of "high power density blanket

design study" , supported by the National Natural Science Foundation. A specific blanket de-

sign was proposed, and thermal and structural analyses were performed by using the ANSYS

code.

(4) The results were successfuly obtained of micro-crack magneto-hydrodynamic ef-

fect. The properties of new type doped carbon base materials have been improved, such as, the

thermal conductivity was increased from tens W- nv K ~ ' to over 270 W- nv K"1 . The studies of

thermal shock, thermal desoption of methane and chemical sputtering were performed for new

type doped carbon base materials. A big progress was made on fabrication of functionally grade

materials B4C/C, W/Cu and welding of W-Cu. Several small V-alloy ingots were developed

and their properties of oxidation and hydrogen embrittlement with small amount of 0 and H in

alloys were understand on experimental data.

Professor

Director, SWIP

Chief editor, Annual Report of SWIP

PAN Chuanhong

June 2001
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1 Tokamak Experimental Diagnoses
and Tokamak Engineering

1.1 Progress in Supersonic Molecular Beam
Injection into Tokamaks0

YAO Lianghua ZHOU Yan CAO Jianyong FENG Beibin FENG Zhen

LUO Junlin DONG Jiafu YAN Longwen HONG Wenyu LI Kehua

GUI Zhengying LIU Yong WANG Enyao YAN Jiancheng

Key words Supersonic molecular beam

The control of plasma density is an issue

that continues to pose great problems'". After

a long period (more than thirty years) of

study, the ion temperature in tokamaks has

now reached 40 keV or higher. The expected

ignition ion temperature has been reached

and exceeded, and the achieved temperature

is about two orders of magnitude greater than

that of the original fusion device. In contrast

to this situation, one cannot be satisfied with

the progress of the study on plasma densi-

ty. The available density in large tokamaks

hardly exceeds 1 x l 0 2 0 m ~ 3 , except in the

case of a strong field. Looking back to the

history of tokamak progress, one sees the plas-

ma density in present large devices is only

two or three times higher than that of the ear-

liest devices. The situation means that many

difficulties remain for a fusion reactor. As

injection Cluster Fuelling Tokamak

the ITER expert groups point out'21 that the

most commonly used system for establishing

and maintaining density in present day toka-

maks is gas puffing (GP) . A major physics

issue is whether the fuel introduced at the

plasma boundary can penetrate the SOL to

reach the region of the core plasma where it

is needed. The fuelling efficiency:

n,(t) = N f ( t ) / N M ( t ) ( 1 )

where N p ( t ) is the number of hydrogenic

atoms in the plasma discharge and /V10t( t) is

the total number of hydrogenic atoms from

all external fuelling sources. It is of the order

of 10% for GP fuelling in ITER and is

somewhat higher for pellet fuelling. The gas

fuelling efficiency depends on the SOL thick-

ness, and the SOL will probably be somewhat

thicker and hotter in ITER than in present

day experiments, leading to lower gas fu-

® Supported by the Nuclear Industry Science Foundation of China(94C03033) and National Nature Science Foundation of

China (19775011, 10075016).

1



elling efficiency. A relatively strong inward

pinch term has been invoked in medium

sized tokamaks to explain the observed den-

sity peaking in gas puff fuelled discharges,

but the effect seems to be much smaller in

larger devices. It appears that ITER may ex-

perience difficulty in reaching its design

density with GP alone, which will probably

not provide the central particle fuelling re-

quired to sustain a fusion burn, so other

methods must be explored.

Supersonic molecular beam injection

(SMBI) has been successfully developed and

used in the HL-1M tokamak. The device has

a major radius R = 1. 02 m, minor radius

a = 0. 26 m, 5T<3 T and 7P<300 kA, with

two full graphite limiters located at toroidally

symmetrical sections. SMBI is an attempt to

enhance the penetration depth and the fu-

elling efficiency, as well as to reduce surface

adsorption of the injection particles and the

impurity content in plasma. SMBI can be

considered an improvement over conventional

GP and can be compared with the method of

slow pellet injection using small pellets in

HL-1M. Its high performance as a new fu-

elling method was introduced in Ref [3, 4]

and recently was applied in superconducting

tokamak HT-7 [5].

1 Supersonic molecular beam
source
The SMBI fuelling method has recently

been improved to enhance the flux of the

beam and to allow a survey of the cluster ef-

fect within the beam. The supersonic mole-

cular beam source used here is in fact a free

jet. The source consists of a small chamber
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with a short converging nozzle, and the work-

ing gas can be kept at a definite pressure po

and temperature To in the chamber. The

gas, with a small start velocity (Mach num-

ber M *C 1), is accelerated by an imposed

pressure difference ( p o - p \ , ) through the

nozzle to enter into the vacuum chamber. If

the background pressure p\>, of HL-1M is low

enough and the ratio of PO//H exceeds a

critical value,

G = [ ( y + l ) / 2 l 1 ' / l 1 ' - " ( 2 )

that is less than 2. 1, then M - 1 at the

throat of the nozzle, where y = c p / c v is the

heal capacity ratio ( y = 5/3 for a monoatom-

ic gas and y = 1. 4 for a diatomic gas). Be-

yond the exit the gas flow expands isentropi-

cally. As the flow area increases, the super-

sonic flow velocity increases, and the Mach

number continues to increase and becomes

far greater than 1 in the zone of silence'61. The

characteristic dimension of the supersonic

area XM, measured in terms of nozzle diame-

ter d, is given by XM/ d =0. 67(p 0 / /> i ) )
1 / 2 -

In the HL-1M experiment, d = 0. 1 mm and

po/p\,~5 x 107, so X^~41 cm, which is

longer than the distance from the nozzle to

the edge plasma.

2 Experimental results
To improve the beam features, the nozzle

diameter is reduced from 1. 5 mm to 0. 1

mm and the pressure ratio po/p\, is increased

to 5 x 107 for elongating the supersonic area

and avoiding the emergence of Mach

shock. With these changes, the features of

the pulsed supersonic molecular beam ap-

pear as high instantaneous intensity, high

speed, narrow velocity profile and small di-



vergence of the injection particles.

2.1 Cluster-like phenomena

Early in 1972 Klingelhofer and Moser

presented a proposal |81 that intense hydrogen

clusters having a velocity of about 500 m •

s"' can be used for the refuelling of a ther-

monuclear plasma or for the compensation of

particle losses in a thermonuclear de-

vice. They produced the hydrogen clusters by

expansion of precooled hydrogen gas out of a

nozzle into high vacuum. The condensed

molecular beam technique, developed in the

recent beam injection experiments simply in-

creases the gas pressure of the gas source. A

series of phenomena show the interaction of

the beam (including clusters) with the

toroidal plasma. The Ha signals from the

edge show regular variation around the torus

during beam injecting. Around the injection

port, the edge Ha signals are positive rectan-

gular wave, which is consistent with that of

injection beam pulses, whereas the Ha si-

gnals far away from the injection port become

sharp negative pulses. The edge electron

temperature measured by movable Langmuir

probes may decrease by an order of magni-

tude and the density increases by an order of

magnitude within the injection sector. The

Ha emission measured with the CCD camera

at the beam injection port appears as many

separate peaks within the contour plot. These

peaks show the strong emission produced by

the interaction of the hydrogen clusters with

the plasma. Hydrogen clusters may be pro-

duced in the beam according to the empiri-

cal scaling law of clustering onset191:

I. J 0. 85 „kfl por* =• r i02.29 (3)

where d is the nozzle diameter in jxm, po is

the stagnation pressure in mbar, To is the

source temperature in K, and A; is a constant

related to the gas species. If .T*>100, clus-

ters will form. In the present experiment /""*

is about 127.

2. 2 Penetration depth, fuelling efficien-

cy and density peaking

The earlier experimental results discussed

in section 3 show that there is a "cold in-

jection passage" in the injection port and

nearby regions during SMBI. A simple col-

lective model has been developed to study

the SMBI process. The plasma density and

temperature profiles both have a strong effect

on the SMBI penetration depth. The penetra-

tion depths and fuelling profiles in HL-1M,

JT-60U and ITER-like tokamaks with typical

steep and flat plasma density and temperature

profiles have been estimated analytically"01.

The fuelling depth directly affects the fu-

elling efficiency r]<(t) and density peaking

factor Qn. The external fuelling sources N ,0i

(0 in Eq. (1 ) must include recycling parti-

cles from the wall surface, which is strongly

dependent on wall condition and is a tempo-

ral function. Sometimes the recycling parti-

cles are the main fuelling source, especially

in high density operation. Accurate calcula-

tion of fuelling efficiency requires the data

on total number of recycling particles, which

are difficult to measure. Therefore we adopt

the rate of increasing central channel elec-

tron density, dnf/<\t, instead of the fuelling

efficiency rif( t) to study and compare the

two fuelling methods, SMBI and GP, under a

similar wall condition and assuming that the

number of recycling particles from the wall

3



surface is half of that of the particles from

the external fuelling sources for both fuelling

methods during the period of plasma current

ramp-up. The limit of dne/dt for SMBI is

7. 2 x 102 0m~3 • s'1, which is approximately

twice that for GP.

The density profile peaking factor Qn= ne

(0) / \n e ) , after SMBI reached a maximum

value about 1. 67. Qn is normally less than

1. 4 for GP plasmas in HL-1M.

In order to show the interaction of the

beam and the plasma, and the injected neu-

tral particle profile with temporal and spatial

evolution, a contour plot of Ha emission in-

tensity based on measurements from the top

view of the PIN diode array and Abel trans-

formation is presented in Fig. 1. With a pe-

netration depth of hydrogen particles greater

than 15 cm, the injected particles converge

on the core of plasma as time goes on,

whereas at the time the intensity of edge Ha,

which represents recycling particles, is re-

duced and moves outwards.

shot:6529
-1.0

1.0
446.8 448.0

Fig. 1 Evolution ol H,, emission versus radius and lime

for neutral particles injected by SBM in HL-1M

Ohmic discharge: /,, = 115 kA, ft = 2 T, SMB: hydrogen pressure

/'D = 10 bar, 5 pulses of SMB, plasma radius r = 0. 26 m.

2. 3 Desity limit
With the high density operation in the re-

cent experiments, different wall conditioning

techniques (boronization, siliconization and

lithium coating"") and fuelling methods

(GP, SMBI and PI | 1 2 1) have been used in

HL-1M. The best way to obtain the maximum

density is SMBI fuelling with slow current

ramp-up after siliconization of the first

wall. The highest densities on HL-1M are

5.5 x l O ' 9 m ~ 3 for PI, 7. 6 x 1019 nT3 for GP

and 8. 2 x 1019 m ~ 3 for SMBI, with density in-

crease rates dnf/dt of > 1 x 1022 m ~ 3 • s"1;

<3. 8 x 10 20 and <7. 2 x 10 20
m-3

• s ~ ' , respectively. The experiments proved

that the impurities and recycling from the

first wall play an important role in achieving

a density limit. Improved conditioning of the

vessel walls will lead to a higher densi-

ty. The higher density peaking factor Qn af-

ter SMBI is of great benefit for obtaining

high density. The maximum density obtained

was n, = 8. 2 X 10'9 m'3 (shot 4965, pure

ohmic heating hydrogen plasma with current

slowly rising to 186 kA, Bj-2.4 T), this

was about 80% of the Greenwald density

limit. The highest density limit is a factor of

1 . 4 of the Greenwald limit for a low current

IP = 120 kA plasma. The density limit in deu-

terium is somewhat higher than that in hydro-

gen, and the isotope effect scaling is ne°c

m1/3

2. 4 Impurity problem of SMBI
Some properties of the impurities in HL-1

and HL-1M are studied by use of the VUV

spectroscopic diagnostic under different dis-

charge conditions"3'. One of the experimen-

tal results shows that the impurity oxygen ion



(0 VI , 103. 2 nm) spectroscopic intensity

varies directly as the centeral line averaged

electron density h e at the steady state. The

prerequisite for the regularity is that the

electron temperature profiles remain constant

over the given duration. However, the previ-

ous obseved regularity disappears in the

HL-1M plasma with SMBI fuelling, even if

the density increases by a few times, the

spectroscopic intensity of oxygen ion remains

approximately constant. This is caused by the

direct injection of the beam particles, which

are cleaner than the recycling particles from

the first wall. It is the lower fuelling efficien-

cy for GP that results in the increment of re-

cycling particles. On the other hand, the vari-

ation of intensity of the nitrogen ion (NIV ,

99.5 nm) or oxygen ion (OVI, 103.2 nm)

spectrum follows the variation of nf during

the doping gas SMBI with less impurity (air).

The reason is that if the mixture consists of

a small fraction of impurity (heavy) parti-

cles, as the gas at pressure po is accelerated

by an imposed pressure difference ( p o - p i > )

through the nozzle to enter into vacuum cham-

ber (background pressure p \,). At the same

time the gas particles are expanded as a result

of many collisions, the impurity particles will

be accelerated to a speed v\ which in common

with that of light particles1121:

v\ -
2-ykT 1/2

(4)
( y - l ) m -

where in is the mean molecular mass and y

is the mean specific heat radio for mixed

gas. For a doping gas with a small fraction of

impurities, y and in approximately equal

pure working gas specific heat ratio and

molecular mass, respectively. The impurity

velocity then becomes supersonic. Thus it

may be concluded that SMBI fuelling would

reduce the impurity accumulation during the

period of density increase, and that it is also

an effective method for the impurity gas in-

jection into plasma.

2.5 Hollow profile of Tf and negative

magnetic shear after SMBI

A hollow electron temperature profile has

been measured by ECE after helium SMBI

into the HL-1M plasma"41. In recent experi-

ments with hydrogen SMBI plasmas, the hol-

low profile phenomena sometimes appeared

at the end of the plasma current plateau,

where the plasma density had already reached

a high level and was continuously peaking. A

typical example is shot 4957, 12 hydrogen

molecular beam pulses were injected from 50

ms to 550 ms, the line averaged electron den-

sity n f reached 7. 5 x 1019 m ~ 3 at the plasma

current plateau and the Qn value increased

quickly from 1. 45 to 1. 75 in the time range

from 500 ms to 580 ms. An apparent con-

cave Te profile appears from 540 ms and

then develops into a centrally hollow profile,

as shown in Fig. 2. Ohmic shear reversed

configurations have been obtained in HL-1M

by combined control of plasma current

ramp-up and SMBI. They are characterized

by hollow electron temperature profiles and

peaked density profiles. An equilibrium re-

construction code which uses 32 magnetic

probes has been applied to HL-1M database

for deriving the current density profile and

the safety factor q profile"5'.

2.6 Variations of the edge electric poten-

tial and plasma flow induced by

SMBI



A Mach probe array assembly is mounted

on a long shaft, which can be moved radially

inboard and outboard, and rotated around the

axis of the shaft in the HL-1M torus'161. The

changes of M, vv,,\ and E, induced by SMBI

are all between the changes induced by PI

and by GP, when the hydrogen molecular

beams are injected off-axis. After SMBI, the

parallel flow Mach number decreases along

the radius in the outboard direction and it

appears to reverse sign at r = 24 cm, the

variations of the poloidal flow velocity and

the edge electric field are similar to those of

the parallel flow. There is a common radial

location r = 25 cm at which all the three pa-

rameters reach a maximum negative value. It

is clear that the poloidal velocity vpoi, the

vertical component of the plasma flow, is de-

o
-25 -20 -15 -10 -5 0 5 10 15

r/cm
(b)

1.8

1.7

J 1.6

§1.5

1.4

1 . 3

shot4957

0 200 400
f/ms

600 800

Fi<;. 2 (a) variation of T, profile in Shot 4957, (b)den-

sily peaking factor Qu vs time after hydrogen

SMBI

termined by three factors: ( 1 ) the poloidal

component of the E x B drift, (2) the plasma

diamagnetic drift, which depends on the

charge and arises from the gyration of ions,

and (3) the poloidal projection of the paral-

lel flow. The poloidal flow velocity of the

edge plasma can be written as:

_Er 1 d/>i v, B,
B

(5)
B eZ-,n-,B

During SMBI, the peak value of the radial

electric field E, is of the order of — 8 kV •

m ~ ' at B\ = 2. 5 T, and the corresponing

peak value of the poloidal velocity v ,,(,i is of

the order of — 3.8 km • s^ ' .The results

measured by Mach probe show that the

poloidal velocity is mainly dominated by the

E x B drift. The increase of the poloidal ro-

tation velocity may decrease the level of the

turbulence fluctuations, and the plasma con-

finement woul be improved.

2. 7 Energy confinement improvement

with SMBI

It has been reported that the plasma en-

ergy confinement time TA, as measured by

diamagnetisrn for helium SMBI, increases by-

over 30% in comparison with that for a GP

plasma in the density range of (3 ~ 6 ) x 10'9

irT3 on HL-1M | 3 ? 4 ! . In recent experiments the

plasma current increased to the plateau

(150-200 kA) with a slow ramp-up rate

unt i l / = 200 ms, in contrast to the previous-

ly obtained smaller current (100- 120 kA)

with a fast ramp-up rate unti l / = 50 ins. The

results indicate good performance. One of the

important results is the energy confinement

improvement, in addition, the upper end of

the linear ohmic confinement regime has an

apparent increment from the critical density



of 2. 5 x 10 19 rrT3 to 4. 0 x 10 " irT3. Beyond

the density of 4. 0 x 10 '9 m ~ 3 , TK increases

continuously, but further enhancement is

rather slow for SMBI fueling, whereas the

saturation phenomena of TK actually appear

for GP plasmas. The results show that the TK

with a hydrogen SMBI plasma is 10% ~

20% higher than that with GP plasma under

the conditions of slowly rising and larger

plasma current. The ranges of the discharge

parameters for the study of energy confine-

ment are: BT = 2. 4 ~ 2. 5 T, /,, = 150~200

kA and q<> 5 = 3. 9 ~ 5. 5.

It is also significant to investigate the

electron energy confinement with SMBI to

determine if it could allow access to the linear

regime of ohmic energy confinement'171. It is

found that the transition density from the

linear ohmic confinement (LOG) to the sat-

urated ohmic confinement (SOC) driven by

SMBI is slightly increased over that for

GP. The transition density from LOG to SOG

with conventional gas fuelling is about 4 x

1019 m ~ 3 , but it is 4. 5 x 1019 rrT3 with SM-

BI. It is interesting that the same critical

transition density is obtained from different

diagnostics of diamagnetism and ECE for

SMBI fuelling. We can also see that the

electron energy confinement is roughly in a-

greement with the Alcator scaling law in the

LOG regime.

3 Conclusions and discussion
In recent experiments, hydrogen SMBI

has been successfully performed in the

HL-1M tokamak ohmic heating plasma dur-

ing the period of slow plasma current

ramp-up. The experimental results are as fol-

lows:

( 1 ) SMBI may be the best way for refu-

elling the HL-1M plasma and is the means

by which we obtain the highest hydrogen plas-

ma density of rir = 8. 2 x 10'9 irT3. It is also

an effect injection method for doped gas in

which the heavy impurity particles have the

same supersonic speed as the hydrogenic

particles, and a useful method for edge plas-

ma cooling and for transport research on im-

purity particles.

(2) SMBI is a clean and highly efficient

fuelling method. During the plasma current

rise period, the density increase rate with

SMBI is approximately twice that with GP,

and the impurity content of the plasma with

SMBI is less than that with GP for the same

density under a similar wall surface condi-

tion.

(3) SMBI is a possible method to reform

the plasma current and temperature profiles,

so as to obtain a negative magnetic shear

configuration.

(4) Energy confinement improvement and

LOG regime expansion are important results

of SMBI. The electron kinetic energy con-

finement is roughly in agreement with the

Alcator scaling law. The reason for this may

be the density peaking and a sudden change

of edge electric field during SMBI.

( 5 ) A condensed molecular beam tech-

nique has been developed in the recent

beam injection experiments. A series of phe-

nomena show the interaction of the beam

(including clusters) with the toroidal plas-

ma. Hydrogen clusters may be produced in

the beam according to the Hagena scaling

law of clustering onset.
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SMBI could serve as an advanced method

of gas fuelling for small or medium sized

limiter tokamaks, such as HL-1M, and has

been introduced in the superconducting

tokamak HT-7. Considering the relatively

high temperature of the edge plasma in large

tokamaks with divertor, such as JET or

ITER, a supersonic beam with clusters,

which are like micro-pellets, will be of bene-

fit for deeper fuelling. The cluster particles

should be sufficiently fast and large to pene-

trate the separatrix and provide the central

particle fuelling required to sustain a fusion

burn.

l
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1. 2 The Reversed Magnetic Shear Experiments
in the HL-1M Tokamak

WANG Enyao LIU Yong CAO Jianyong DONG Jiafu DING Xuantong

DENG Zhongchao GUO Gancheng LI Xiaodong XIA Hua

HONG Wenyu RAO Jun RAN Libo XU Wenbin XU Deming

YAN Longwen YAO Lianghua ZHOU Yan ZHANG Nianman

Key words Reversed magnetic shear Ohmic discharges

In recent tokamak experiments, successful

improvement of plasma performance in re-

versed magnetic shear discharges has been

reported""31. Here the magnetic shear, S, is

defined as S=(p/q) (dq/dp), q is the

safety factor and p = r/ a is the normalized

flux radius. A reversed magnetic shear con-

figuration is characterized as a configuration

in which S is negative in the innear region

of the plasma and positive in the outer re-

gion. These results have emphasized the im-

portance of current profile control in the

tokamak plasma. In the HL-1M tokamak ex-

periments were performed with supersonic

molecular beam injection (MBI) during the

ohmic current ramp phase, LHCD and ECRH

to obtain a reversed magnetic shear configu-

ration14'.

In recent the HL-1M experiments, plasma

performance was greatly improved through the

use of boronization, siliconization, and l i th iu-

mization15'61. Typical parameters of ohmic hea-

ted hydrogen plasmas are: nf< 8 x 1019 m ~ \

/,,<320 kA, Si<3 T and a pulse duration of

up to 4 s. ICRF at a power level of 0. 3 MW,

NBI at a power level of 0. 4 MW, ECRH at a

power level of 0. 25 MW and LHCD at a

power level of 1 MW have been initiat-

ed. New fueling techniques with pellet injec-

tion and supersonic MBI were also employed

to significantly improve the energy confine-

ment time and density limit171.

1 Reversed magnetic shear in the
HL-1M ohmic discharges

Well collimated hydrogen MBI with a ve-

locity of about 500 m • s"' was injected into

the HL-1M plasma. With a penetration depth

of ~ 10 cm, the ramp-up rate of electron den-

sity d ne/d t is as high as 2. 9 x 1020 m'3 •

s"1 without disruption and the resulting plas-

ma density reaches n, = 8 x 1 0 19 m ~ 3 with a

lower impurity concentration. The density

peaking factor is about 1. 7. The energy con-

finement time measured by diamagnetism is

10% -30% longer than that with gas puff-

ing under the same discharge condition'81.

An ohmic shear reversed configuration

has been obtained in HL-1M by combined

control of plasma current rise and supersonic

MBI. A peaked density profile and hollow

electron temperature profile were formed, as

9



show in Fig. 1. An equilibrium reconstruction

code, which uses 32 magnetic probes, has

been applied to the HL-1M database for de-

riving the current density profile and the safe-

ty factor q profile. For sawtooth discharges,

the position of the q = 1 surface determined

by the code is in good agreement with the

observed sawtooth inversion position'91 . The

current density profile is found to appear hol-

low in the plasma core and the q profile in

such discharges is nonmonotonic. Soft X-ray

sawteeth become small in the center and large

sawtooth crashes appear off-axis. They are re-

lated to a nonmonotonic q profile and hollow

current density profiles.

-20

Fig. 1 Hollow 1\, profiles appear in HL-1M by combined

control of plasma current rise and supersonic MBI

O 400 ms, • 348 ms, A 420 ms. A 436 ms,

T 480 ms. V 500 IDS.

2 Lower hybrid reversed shear
discharges
Up to 0. 85 MW of LH power has been

applied to the HL-1M plasma. The depen-

dence of the current drive efficiency on vari-

ous plasma parameters was investigated. A

significant density increase (up to a factor of

two) has been observed in the HL-1M ex-

periments during combined ohmic and LHCD

discharges. The results indicate a decrease in

the edge density fluctuations in improved

particle confinement mode during lower hy-

brid wave injection. The HL-1M experiments

have shown thai the suppression of density

fluctuations is related to the poloidal rotation

produced by LHW injection. Changes in the

poloidal rotation velocities during lower hy-

brid wave injection can be explained by the

modification of the radial profiles of the ra-

dial electric field. It appears that the

poloidal velocity is mainly determined by

E x B drift "01. The effects of LHCD on MHD

activities (sawteeth, m = 1 mode) are stud-

ied with the soft X-ray emission. The sup-

pression of the sawteeth and m = 1 mode in-

stabilities by LHCD has been observed in

the sawtoothing discharges [electron density

n, = (1 ~3) x lO 1 9 m- 3 l ( see Fig. 2). A de-

crease in internal inductance by LHCD has

been observed during sawtooth and m - \

mode suppression, which suggests a flattened

radial current profile and a safety q profile

with q( r) higher than 1 everywhere in the

plasma1"1. Fig. 3 shows the reconstructed

profiles of / and q for shot 4560, which has

LHCD. At / = 140 ms LHW has not been in-

jected into the plasma, and the reconstruc-

tion current profile is peaked [see Fig. 3

( a ) ] . During LHW injection such as at / =

180 ins arid 220 ms hollow current profiles

appear as shown in Fig. 3(b) and Fig. 3(c) .

The reason for this may be power deposition

of LHCD off-axis. After LHCD the current

10



Fig. 2 Complete suppression of central sawteeth

(a) m = \ mode, (b) sawteeth with LHCI).

Fig. 3 Reconstructed profiles ol J ami </ ior shot 45t>U

(a) ; = 140ms. (b) / = 180ms, (c) < = 220 ms, ( d ) / = 280 ms

profile becomes peaked again fsee Fig. 3

( d ) J .

3 ECRH in the HL-1M reversed
magnetic shear discharges

In the HL-1M tokamak, sawtooth activi-

ties are observed to be strongly modified by

localized election-cyclotron-resonance (ECR)

heating near the q = 1 surface. The com-

pound sawteeth are observed erratically in

some operating regimes, typically, at plasma

currents 150 kA< 7,,<210 kA, line averaged

electron densities nf-(0. 8 ~ 2) x 1019 rrT3

and toroidal field B r = 2. 50 ~ 2. 65 T when

ECR off-axis ( r = l ~6 cm) heating with

microwave power P ^ from 200 to 230 kW on

the high-field side (HFS) is applied. During

ECRH both the period and amplitude of the

soft X-ray are varied and some double saw-

teeth appear during ECRH on the high B

field side. The complete double sawtooth cy-

cle in the plasma center has four phases: a

rise, a disruption with smaller relative ampli-

tude, another rise and another disruption

with greater relative amplitude. For chords

far away from the plasma center, the direc-

tion of the sawtooth is reversed. The forma-

tion of the double sawtooth can be explained

by the following physical picture: the current

density profile or q profile has been changed

due to the off axis ECRH. If there are two

q - \ surfaces because of the hollow current

density profile, the m = 1 / n — 1 magnetic-

islands will develop in the two sur-

faces. When the reconnection and mixing of

the magnetic island encompass the magnetic

11



axis completely, the double sawteeth in the

plasma center and the reversed double saw-

teeth outside of the q = 1 surface can be ob-

served"21. Typical double sawteeth during E-

CRH are as shown in Fig. 4. Primary observa-

tion in HL-1M indicates that reversed mag-

netic shear can be formed with ECR off-axis

heating on the HFS.

0.80
335 338 341 344 347 350

t/ms

Fig. 4 The typical double sawtooth during ECRH

4 Conclutions
An ohmic shear reversed configuration

was obtained in HL-1M by combined control

of plasma current rise and supersonic molec-

ular beam injection (MBI). The current pro-

file and q profile reconstructed by the equi-

librium code show a hollow current profile

during LHCD and they are related to the

nonmonotonic q profile. In ECRH off-axis ex-

periments the occurrence of the compound

sawtooth observed by the soft X-ray diode

array implies that the hollow current density

profiles were formed.
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1.3 Multipulses Thomson Scattering with
Nd-glass Laser in the HL-1M Tokamak

DENG Zhongchao SHI Peilan LIU Zetian CHEN Liaoyuan FENG Jie

LI Wenzhong FU Huiwen HUANG Yuan ZHOU Yan DING Xuantong

Key words Laser scattering Nd-glass laser Electron temperature

Thomson scattering has been developed

as a standard diagnosis for measuring elec-

tron temperature and electron density profile

in tokamak plasma in the world. Utilizing it

we can not only obtain more information of

both electron temperature and density in the

core range of the plasma, but also can inves-

tigate physical phenomena in the boundary

layer of plasma edge and divertor physics"'21.

Using a set of Nd-glass laser scattering diag-

nostic equipment imported from Russian, we

have recently designed and reconstructed a

new Thomson scattering system to measure

electron temperature with better time and

spacial resolution on the HL-1M toka-

mak. The data acquisition is managed by

CAMAC system during scattering measure-

ment.

1 Description of the system
A Q-switched Nd-glass laser with one

telescopic amplifier that can produce 1 or 8

pulses (interval between two pulses is 1 ~

1 000 ms) was employed as a light source of

scattering radiation. A conversion from 1. 06

pum wavelength to 0. 53 |xm is performed by

a nonlinear KDP crystal. The efficiency is

about 20% with about 100 MW laser output

power at 0. 53 |xm. The optic path arrange-

ment of both scattering and collected system

is shown in Fig. 1. The light beam is focused

into the center of plasma and sent up to the

top Brewster' s window from bottom window

of the vessel through three reflective filters,

two prisms. The scattered radiation is viewed

by large aperture collection optic system and

the spectral dispersion is performed by a //

2. 8 grating polychromater that can provide

five spatial points measurement. We put a

view dump on inside wall opposing to the

collected optic path in order to reduce the

background radiation of plasma. The stray

light is kept very low by means of precise

beam alignment. Data acquiring and process-

ing are performed by local microcomputer,

CAMAC crate and data acquisition system

(DAS) of HL-1M during operation.

13



HUM devil

View dumi

Collecting optic ^ CAMAC crate

Power supply

Prism Ground of hall

Focus prism

F'ig. I Schematic diagram of the Thomson scattering diagnostic

2 Detection system
The polychromater with a 600 lines/mm

of grating is used for the detection system

over the spectral range of (530 ~ 600)nm.

This system is composed of a ( 5 x 5 ) = 2 5

channels of photo-multiplier ($37-115M)

array which has a quantum efficiency 14% ~

16% on the wavelength of 480 nm, an im-

pulse gate circuit and CAMAC system which

completes the A/D conversion of scattering

data. Two microcomputers are employed in

the scattering measurement. One as a master

computer executes the control instruction of

experiment and datum processing, the other

connected with the CAMAC is used as the

instruction transmission and acquisition. The

block diagram is given in Fig. 2. The scatter-

ing signal S + G is acquired through gate of

120 ns in the measuring pattern, the back-

ground radiation G of plasma is acquired a-

gain after scattering signal measuring about

1 ms during discharge. It is important that

both the acquisition of the scattering signal

and the startup of impulse gate should be

14

operated in steps. The electron temperature

can be obtained from slope of the l i n e 1 3 1 as

shown in Fig. 3.

|Meas. mode |[Calib. mode]LAN-3 fiber

box, D-I ink

DAS system

J.

Slave

c omputer
with I/O

HG

Fig. 2 Block

6
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( T, =974 e\ . (;, = 1. 5 x 10 "cm-- ' )



3 Calibration
Before the measurement it is necessary to

calibrate each channel using a high-pressure

mercury-vapor lamp with 546. 1 nm and 577

nm wavelength of line radiation. The first

spectral channel is departure from the cen-

tral wavelength of 530 nm more than 11 nm

so as to avoid the influence of incident radi-

ation upon scattering signal. In addition, the

calibration of relative sensitivity of spectral

channel also is necessary. The calibration of

whole spectral channels were carried out by

means of a set of optic system with a tung-

sten lamp of a CHPIII-6-100 type. In case of

calibration, the average value of the calibra-

tion data can be obtained through 100 times

of measurements in each channel. After the

measurement, all of the channels have to be

normalized by using anyone as standard

channel. The coefficients of calibration are

used in account with definition of electron

temperature. If the system is also used for

measurement of electron density then abso-

lute calibration of scattering intensity need

to be done. This system can be used to mea-

sure the range of 100 eV ̂  Te^2 keV with

polychromater of 600 lines/mm grating.

We wish to thank LI Yadong, ZHAO

Jinyu of IPP for their helping in the Nd-glass

laser adjustment.
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1. 4 Investigation of Pellet Shape and Cloud
Structure in the HL-1M Tokamak

ZHENG Yinjia FENG Zhen LI Bo LI Li XIAO Zhenggui

Key words Pellet shape Cloud structure CCD photo

Frozen pellet injected into plasma is ex-

posed to direct action of energetic particles,

mainly electrons. As gyration radius of elec-

tron is much less than pellet radius, elec-

trons can move to the pellet surface. Along

the magnetic field lines the cigar-shaped

cloud, consisting of neutral and partially or

fully ionized particles are formed immediate-

ly around the pellet, the latter may follow the

local magnetic field ' ' ' . The intensity of Ha

radiation from the cloud often infer the pellet

ablation rate, so pellet ablation characteristic-

is usually studied photographically. Various

ablation models, such as neutral gas shield-
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ing (NGS), neutral gas and plasma shielding

(NGPS) and their modification are devel-

oped121.

A great deal of progress in the pellet fu-

elling experiments has been achieved on the

HL-1M tokamak. The aim of this paper is to

demonstrate experiment results of pellet

shape and cloud structure.

1 Experiment set-up
In order to observe pellet itself and its

injection, an experiment set-up was designed

on the injecting output window. It consisted

of a ruler, a flash instrument, CCD camera,

personal computer and related control and

trigger unit. The whole arrangement is shown

as Fig. 1. One flash shot duration is 0. 7 JJLS,

so CCD camera should be exactly opened for

taking photo on time. On the window below

along the injection direction the ruler was

put to indicate dimension in millimeter. The

pellet experiment set-up on the HL-1M toka-

mak was reported (See Ref. [ 3 ]).

Fig. I Experiment set-up lor pellet injection

1 flash Instrument, 2 CGI) & pc, 3 ruler, 4 pellet in-

jection direction, 5 fiber & control un i t .

Two kinds of settings were chosen for

camera control: (A) multiple and (B) long

exposures. Setting A is program control of

exposure and delay (between two exposures)

times with purpose of observing ablation pro-

cess in detail. For a cycle of del. time +

exp. time, up to 10 cycles can be set. Setting

B is for the whole pellet ablation history, its

exposure time is greater than pellet ablation

duration r a( ~ 0. 4 ms).

The experiment was carried out on the HL-

1M tokamak, which is circular cross-section

tokamak with an iron core transformer. The

ohmic-heated plasma current 7,, = 120~250

kA, toroidal magnetic field 5r = 2. 2 ~ 2. 7

T, target electron density ne = (0. 3 -3 .5) x

1019 m ~ 3 during horizontal injection of 8 hy-

drogen pellets (2xc |>1.0 mm, 6 x c j > 1 . 2

mm) as well as supersonic molecular beam

injection.

2 Pellet injection and flight veloci-
ty measurement

It is well known the fact that pellet flight

velocity is assumed constant before and after

entering plasma. Along the injecting tube

there was pellet flight velocity ( vv} mea-

surement unit. The v ,, measuring unit, being

composed of semi-conductor laser and fiber

optic interrupter array, was fitted on the in-

jecting tube. v p can be determined by two of

signals from the interrupters. Meanwhile it

may be given according to the duration and

distance between one of the interrupter and

cloud position. In most cases the flight ve-

locity ( f p) range was of 500 ~ 1 100 m • s"1 ,

the error was estimated to be about ± 15%.

We chose ice methane as test pellet. A lot

of photos were taken as indicated in Fig. 2. In

general cryogenic pellet was injected through
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Fig. 2 Pellet injection shapes

the injecting tube of cylindrical form, occa-

sionally in bullet shape. On the exit region of

injecting tube, out-injected pellet position

was not all centralized, sometime they might

be away from the central position. During

their flight most of them injected out were

found tumbling. The CCD observation proved

the extruder could work in sequence satis-

factory, therefore continuous pellet produc-

tion (up to 8 or more pellets were injected

for one injecting gun) realized. For the cryo-

genic cylindrical pellet the typical diameters

from 0. 5 to 1.2 mm and lengths from 3 to 8

mm were observed. In a word, these photos

suggested that before going into plasma, ini-

tial pellet almost formed in the cylindrical

shape [for example, r,,0 x (3 ~ 10) rpo] with

tumbling frequently.

(a)

3000 r

a 150C

3 Pellet cloud investigation
The most cloud shapes were spherical,

cigar-shaped, dynamics, fragments. Spherical

shape demonstrated that pellet entered plas-

ma with slow velocity in more cases in our

experiment, for example, vf, = 2\Q m • s'1

and ablated only in the outer plasma region

( g>2 ) . The particles in the cloud were near-

ly neutral particles, its expansion was unaf-

fected by the magnetic field, so the cloud

expanded spherically and HQ intensity had a

gaussian-peaked profile, darker central re-

gion was not seen [Fig. 3 ( a ) ] .

The cigar-shape indicated pellet went into

deeper area ( q ̂  2), apart from neutral par-

ticles in the cloud, its outer region contained

ionized particles. There ions dragged neutral

particles to move along the magnetic field

[Fig. 3(b)] .Owing to collision, the cloud

evolution underwent two clearly distin-

guished phases: (a) radial flow confinement

((JLS time-scale), (b)free expansion along the

magnetic field (ms time-scale) . As soon as

outer cloud layer became ionized, cloud ex-

pansion dropped until full stops of the radial

expansion. In normal case, lengths were 50 ~

90 mm along the magnetic field and the ra-

Fig. 3 H« profile of pellet cloud intensity

pellet flight direction, I — — plasma eurrel, B --- -toroidal magnetic field, C - ion drift side,

(a)spherical, (b)cigar-shaped. (c) l rack bending,

electron drifl side
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dial widths were 5 — 10 mm, expansion rates

were nearly (2.5 ~5) x 104 m • s ~ ' , almost

two order higher than v f .

Concerning the structure of cigar-shaped

cloud ablated in the deeper region of plas-

ma, usually there existed a plateau with ap-

proximately constant emission intensity and

hollow in the central. The plateau seemed to

be straight, the plateau was much larger than

plateau radius that was obviously larger than

pellet radius rp. Outside the plateau light in-

tensity decayed exponentially with a charac-

teristic length. The longitudinal decay length

was greater than that across the magnetic

field131.

Time-integrated image illustrated the

whole pellet ablation process. First in the

boundary the cloud radiation intensity was

very weak due to lower n f and Te, the shape

became spherical, at ablating beginning

cloud often expanded symmetrically. Later

cigar-shaped, the cloud freely expanded a-

long the local magnetic field and changed its

shape to sharp cigar-shaped. The maximum

length reached 174 mm. Then the pellet di-

mension dropped, accordingly cloud length

decreased, finally disappeared.

A lot of fragments dispersed m all direc-

tions. We considered they already existed

before entering plasma. In some photos we

can see instead of being straight the pellet

trajectory always bent towards the electron

drift side of plasma /,,.

Asymmetry of Ha emission on the ion and

electron side of plasma [Fig. 3 ( c ) ] showed

unequal heating flow, resulting from rocket

effect driven by the superthermal electrons

(10-150 keV), the presence of which was

observed in the experiments by hard X-ray

diagnosis '4l.

4 Summary
CCD photography (exp. 100 ns) provided

a good deal of information for pellet injection

and ablation. Pellet shape just injected out

from the injecting tube exit was ob-

tained. Cloud shape, structure, ablation pro-

cess and trajectory bending were ana-

lyzed. These observation results will be of

benefit to the further pellet fueling experi-

ments.
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1. 5 Fishbone Instability Excited by
Electrons in Tokamaks®

YAN Longwen DONG Jiaqi DING Xuantong LIU Yi

GUO Gancheng WANG Enyao LIU Yong

Key words Fishbone instability Precession frequency ECRH

Fishbone instability in tokamak plasma

was observed for the first time in PDX neu-

tral-beam injection heated discharges"1 . Its

mode frequency (10~20 kHz) is compara-

ble to the precession frequency of deeply

trapped ions in the energy range of 22 ~ 42

keV, which rotates in the ion diamagnetic

drift direction. Fishbone instability can cause

the obvious loss of hot ion energy and neu-

tron emission. It is harmful to the confine-

ment of fusion alpha particles. The ideal MHD

theory predicts that there are two branches of

fishbone instability excited by the hot trapped

ions. One has the averaged precession fre-

quency of hot ions ( o>dh) with higher thresh-

old of hot ion beta, called Chen branch |2i.

Another has ion diamagnetic drift frequency

( o>» i), called Coppi branch131. Chen branch

has perturbative real frequency <yr>£t> * i, while

Coppi branch has a)* i /2< <w r< (o* \. They co-

alesce when (OT —>• a>* -,. In addition, Chen

branch not affected by non-ideal effect, while

Coppi branch will be changed weakly unsta-

ble mode if resistivity is considered141.

The precession direction of deeply trapped

electrons is opposite to ion diamagnetic drift

direction so that they cannot excite the fish-

bone instability. However, the precession di-

rection of barely trapped electrons is the

same as the deeply trapped ions because

these electrons spend more time on the high

field side. Therefore, these electrons may ex-

cite fishbone instability. The effect has been

identified by the electron cyclotron resonance

heating (ECRH) experiments aided by neu-

tral beam injection on DlH-D 1 5 1 .The larger

the poloidal angle of the ECRH layer is, the

easier the fishbone instability excites.

The superthermal electrons that can re-

sonate with the m - \ mode should have the

same precession frequency in the same di-

rection. A theoretic analysis of fishbone in-

stability excited by superthermal trapped

electrons is given in the following. Using the

information in Ref. [6], the precession ve-

locity ( t> , i« j>) of superthermal electrons satis-

fies equation:

mvlg \ I E ( k )
eBtr [ \ K ( k )

2q'rlE(k)
q \K(k)

Rv
2

= 2rvl

( 1 )

(2)

Here K ( k ) , E ( k ) are the first and the se-

®Supported by National Nature Science Foundation of China (19885004, 19789502).
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cond complete elliptic integral, respective-

ly. The bounce angle ( O b ) of banana parti-

cle can be derived as cos 9 \, = 1 -2k2. The

dependence of vertical energy on the bounce

angle can be determined by Eq. (1) .

Fig. 1 shows the dependence of vertical

energy on the bounce angle to produce pre-

cession resonance, whose parameters are

precession frequency 10 kHz, B-r = 2. 5 T,

R - 102 cm and r - 5 cm. The bounce angle

to yield electron fishbone must be larger

than 140° for positive magnetic shear in or-

der to have the correct precession frequen-

cy, as shown in Fig. 1 (a) . It can be decreased

to 100° if the shear s < - 0. 4. Therefore, ne-

gative shear help excite electron fishbone,

while positive shear suppress it. Barely trap-

ped electrons are most easily to excite fish-

bone instability. The vertical energy of su-

perperthermal electrons is in the range of

8. 3 ~ 80 keV, which depends on the shear

and discharge parameters. The precession di-

rection of trapped electrons will be soon re-

versed if the energy is over 80 keV. The ver-

tical energy of ion fishbone via bounce angle

is presented in Fig. l (b ) .Ion fishbone can

be excited if its bounce angle is in the range

of 0° ~ 80°. Negative shear help suppress ion

fishbone, while positive shear excite it. Deeply

trapped ions are most easily to excite fish-

bone. The vertical energy of trapped ions is

in the range of 8. 3 ~ 60 keV, which also de-

pends on the shear and discharge parame-

ters.

The vertical energy is proportional to pre-

cession frequency, magnetic field and the ra-

dius at q = 1 surface if the magnetic shear is

fixed. Large negative shear is useful to excite

HO

40

(a)

A A

O

D 0

105 145 185

Fig. 1 Vertical energy with 10 kHz precession frequency

versus the bounce angle of trapped particles

(a) The energy of superthermal trapped electrons, (b)The energy

of SLiperthermal trapped ions. The solid diamonds correspond to the

magnetic shear s= -0.4, rectangles s= -0.2, triangles s = -

0. 05, the open triangles s = 0. 05, rectangles s = 0.2 and diamonds

s = 0. 4.

elctron fishbone. These results may explain

internal kink instability driven by superther-

mal electrons on DlII-D.

ECRH is an effective way to increase the

electron energy perpendicular to the magne-

tic field and to form negative shear, which

help exciting electron fishbone. This exper-

iment of fishbone instability excited by E-

CRH in the HL-1M tokamak is performed

with ii, = (1 ~ 2) x 1013 cm - \ Te0 = 600 ~

800 eV, TM = 400 ~ 500 eV, 7 „ = 160 ~ 200

kA, Br = 2. 4 ~ 2. 8 T. A 60 channel soft

X-ray detector array placed at the top of the

tokamak was used to monitor MHD instabili-

ty in the plasma. It can be used to observe

the entire plasma cross section. A 75 GHz

gyrotron provides the ECRH power up to 300
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kW for fundamental electron cyclotron reso-

nance at Bi=2.68 T. There is a 10% ~

40% rise in electron temperature during E-

CRH. We approximate the radius of the q -

1 surface by the inversion radius in the

analysis.

By varying plasma current and toroidal

field simultaneously with their ratio fixed,

the ECRH location was scanned repeatedly

between R - 96 cm and R - 106 cm with qd =

4. 6. Excitation of the fishbone-like instabili-

ty was observed only when the ECRH loca-

tion is on the high field side near the q = 1

surface, which indicates that the phenomenon

is due to the trapped effect of superthermal

electrons rather than the change in the plasma

pressure. This observation identified the the-

oretical analysis above. When the resonance

location is at R = 93 cm, the instability dis-

appears. Therefore, fishbone instability of

electrons can be avoided by the resonance

location being not too close to the q - 1 sur-

face, it is not the major obstacle for high ef-

ficiency ECRH in a tokamak. In addition, the

fishbone instability excited by ECRH can be

significantly enhanced by lower hybrid cur-

rent drive (LHCD). LHCD alone cannot ex-

cite or sustain the m = 1 mode if ECRH is

turned off. The reason is under investigation.

In summary, the fishbone instability can

be excited by barely trapped suprathermal

electrons. Negative magnetic shear help to

excite electron fishbone or suppress ion one,

while positive shear suppress electron fish-

bone and excite ion one. Electron fishbone

can be avoided if the resonance location of

ECRH is not too close to the q = 1 surface.

It is our pleasure to thank Dr. Wong K L

of PPPL for his fruitful discussion. One of

author (Yan) would like to give his appreci-

ation to Prof. SHI Bingren for beneficial sug-

gestion.

REFERENCES

1 McGuire K, Goldston R, Bell M, et al. Study of

High-beta Magnetohydrodynamic Modes and

Fast-ion Losses in PDX. Phys. Rev. Lett., 1983,

50(12):891

2 Chen L, White R B, Rosenbluth M N. Excitation

of Internal Kink Modes by Trapped Energetic

Beam Ions. Phys. Rev. Lett., 1984, 52(13): 122

3 Coppi B, Porceli B. Theoretical Model of Fish-

bone Oscillations in Magnetically Confined

Plasmas. Phys. Rev. Lett, 1986, 57(18): 2272

4 SHI Bingren, SUI Guofang. Fishbone Mode Ex-

citation in the Ion kinetic Regime. Phys. of

Plasmas, 1997,4(8): 2785

5 Wong K L, Chu M S, Luce T C, et al. Internal

Kink Instability during Off-axis Electron Cy-

clotron Current Drive in the D ffl -D Toka-

mak. Phys. Rev. Lett.,2000, 85(5): 996

6 Kenro M. Plasma Physics for Nuclear Fusion.

In: Massachusetts Institute of Technology, 1980,

70, Kadomtsev B B, Pogutse 0 P. Review of

Plasma Physic, 1970, 5: 265

21



1. 6 Pellet Fuelling Experiments

in the HL-1M Tokamak0

YAN Longwen XIAO Zhengui ZHENG Yinjia DONG Jiafu

DENG Zhongchao LI Bo LI Li FENG Zhen

LIU Yong WANG Enyao

Key words Pellet injection Penetration depth Ablation model

Pellet injection performance has been in-

vestigated to improve the fuelling efficiency

of plasma in many tokamaks " ~ 4 1 . Many ef-

forts in the past pellet experiments are devot-

ed to understand the ablation process, pene-

tration performance and confinement changes

after pellet injections. Confinement improve-

ment by pellet enhanced performance (PEP)

mode has been observed in TFTR. Snake-like

phenomena often appear after pellets ablated

near the q = 1 surface |4' . The very fast

pre-cooling is observed after pellet injection

in Tore Supra'5' . Recent investigation indi-

cates that the pellet injection at high field

side (HFS) is more efficient in fuelling than

that at low field side (LFS) | 6 '7 1 . The reason

is the apparent drift of pellet ablation clouds

along the major radius direction, which is

caused by an E x B drift that arises from a

vertical polarization of the ionized particles

of the ablation cloud. The ablation cloud of a

pellet can be stretched along the magnetic

field lines as soon as the pellet goes into

deep plasma region. The inclination angle of

the ablation cloud can be used to measure

safety factor ( q) profiles in the central re-

gion 18]

The multiple pellet injector (MPI) on

HL-1M was developed under the collabora-

tion between China and Russia. The pellet

shape is cylindrical with two different sizes

of 2x 01.0 mm and 6 x 01.2 mm |91.The

total atom number is over 4 x 10'9 or 7 x 10'9

per pellet because the pellet length has an

error of ~ 20%. The flight velocity of the

pellet ( f p ) in vacuum region is measured by

laser-electric detector system of two beams

separated from 2. 2 m, the accuracy may

reach ±0. 1% at » p = 1 000 m • s"1. A PIN

array with 20 channels mounted on the top is

used to monitor the Ha radiation after pellet

injection. A CCD camera with an inclination

angle of about 13.5° with midplane is used

to take photos of pellet ablation cloud. It can

be exposed a few times during a pellet injec-

tion. Its time resolution is 0. I (JLS, which

corresponds to 0. 1 mm distance of a pellet

moving.

The pellet velocity and penetration depth

can be obtained by Abel inversion of Ha emis-

® Supported by National Nature Science Foundation of China(19885004. 19789501).
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sions"01 . Pellet velocity is obviously slowed

down after it goes into plasma. It decreases

to 727 m • s " ' in the plasma from initial

790 m • s ' ] with a diameter a7,, = 1. 2 mm for

shot 6161. The parameters before pellet in-

jection are /„ = 150 kA, ne - 2. 2 x 1019 m"3,

r,0 = 930 eV, Bj = 2.2 T. The pellet pene-

tration depth is 15 cm, The velocity drops to

360 m • s ~ ' from vp = 640 m • s ~ ' with d ,,

= 1.2 mm for shot 6010, of which the dis-

charge parameters are 7P = 150 kA, ne =

3.0xl0 1 9 m- 3 , reo = 700eV, £T = 2. 25 T.

The pellet is completely ablated at r = 3

cm. The typical penetration depth is 10-26

cm in HL-1M.

The ionized particles in ablation clouds

will move along the magnetic field lines. The

ablation cloud contains a small fraction of

neutral particles emitting visible light, which

are dragged by ionized particles and move a-

long magnetic field lines. Therefore, the mag-

netic field lines, along which the pellet is

passing, can be observed. With the viewing

angle ( 9) of the CCD camera and the incli-

nation angle ( a ) of the ablation cloud with

the torus midplane, the safety factor ( q) of

circular cross-section is approximately given

where the measurement of q is equivalent to

the determinations of minor radius r and the

inclination lines of ablation cloud because

the angle 6 is often fixed. It is discussed in

Ref. [11] in detail. Generally, the photo of

ablation clouds is exposed 0. 1 JJLS followed a

delay time 35 JJLS for a few times. The ^-profile

to be estimated by means of inclination an-

gle of the ablation clouds is near unity on

the axis, which is consistent with the observa-

tion of central sawtooth oscillations. It needs

checking by direct measurement of ^-profile,

such as FIR or MSE method.

There are two significant models to under-

stand the pellet ablation process. One is NGS

model "21, another is Kuteev model "31 . For

NGS model, it is considered that the pellet is

ablated by one dimensional energy flux with

mono-energetic electrons. As a result, the ab-

lation rate ( d N / d t ) was derived as:

rl/V
•^- = 1- 1 2 x l 0 1 6 r c ? 3 3 3 n 6 4 r ; , 3 3 3 M - ° 3 3 3

(2)
where n f , Tf, rv and M-, are electron density

in cm'3, temperature in eV, the pellet radius

in cm and material mass with atomic units,

respectively. If assumed the pellet injection

normal to the plasma from the outside mid-

plane and linear profiles for the electron tem-

perature and density, the penetration depth

scaling of the NGS model is given by

A/a = 0.079rc;1 / 9(102 0m'3)7V / 9(keV)

ms
f
/21 (1020atoms)7^ /3 (m • s ~ ' )

(3)
where mv and vv are the particle number

and flight velocity of the pellet, respectively.

For Kuteev model, it is taken into account

that the energy distribution of the particles

(both electrons and ions) participating in

the ablation process, electrostatic effects of

the cloud charging and the changes of the

pellet form during ablation. The new scaling

of the ablation rate is given:

AN „ , 14 „ 0.453 T 1 - 7 210 14 n» r - o. 283

(4)
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Table 1 Experimental and fitted parameters during pellet injection

Parameters

Shot 6161

Shot 60 10

/P

/kA

150

150

BT

/T

2.2

2.25

df

/mm

1 . 2

1.2

v?

/m • s"'

785

640

TM

/eV

930

700

rtd

/10"m-3

2.2

3.0

A T,,

/cm /eV

15.4 30

23 20

n«o

/10 l 9 m- 3

3.3

4.8

'it.

/10"m-3

0.6

0.8

at /3r

2.0 0.8

1 1. 1

a,, 13,

2.0 0.8

1 1

where the unit of each parameter is the same

as Eq. (2) . Generally, the ablation rate in

Kuteev model is larger than that in NGS. The

profiles of electron temperature and density

are often assumed as:

Te(r) =(T*-TJ[1 -(r/o)a '? ' + 7'« (5)

n.(r) = (ne0-nj[] - (r/o) "••]*• + nea (6)

The ablation rate and penetration depth for

NGS and Kuteev models can be obtained if

the pellet size, temperature and density pro-

files are known.

Fig. 1 presents the profiles of electron

temperature and density after pellet injection

for shot 6161 according to the calculation by

means of Kuteev model. The pellet penetra-

tion depth of Kuteev model equals that of

experiment. The parameters used for calcula-

tion in the model are given in Table 1. We

cannot find the reasonable fitted parameters

of temperature and density profiles that abide

1.0

0.0

Fig. I The profiles ol electron temperature and density

after pellet injection for shot 6161

The penetration depth is 15 cm predicated w i t h Kuteev model in

which ihe parameters are: vf - 785 m • s" ' , TVo = 930 eV, n^i =

3.2 x 10" cm'', /,, = 150 kA. B, = 2. 2 T, q. = 4. 8.

the description in NGS model.

In addition, the pellet ablation process for

shot 6010 is also described with Kuteev

model, the fitted parameters of temperature

and density profiles are presented in Table 1

as well. The reasonable parameter profiles of

temperature and density cannot be given in

NGS model. These results indicate that the

pellet ablation process in HL-1M cannot be

explained by means of NGS model.

In summary, multiple pellet injections

have been used to investigate the fuelling be-

haviors in the HL-1M tokamak. The pellet

velocity in vacuum region can be precisely

measured, the error is 0. 1 % at 1 000 m • s ~ '•

The ablation process has been investigated

with the Ha emissions and a CCD camera

with 0. 1 (AS temporal resolution. It is slowed

down after going into plasma. The penetra-

tion depth of a pellet is 10-26 cm in

HL-1M. The inclination angle of pellet abla-

tion clouds has been used to estimate the

profile of safety factor, the result is consitent

with that of sawtooth oscillations. It is possi-

ble to describe reasonably the pellet ablation

processes of HL-1M plasma by means of Ku-

teev model, but not with NGS model.
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1. 7 Ablation Characteristics and Sawtooth Phe-
nomena in the HL-1M Pellet Fuelling Plasma

XIAO Zhenggui DONG Jiafu GUO Gancheng ZHENG Yinjia

LI Bo LI Li LIU Yong WANG Enyao

Key word Pellet fuelling Ablation Sawtooth

In recent years pellet injection (PI) ex-

periments have been performed at HL-1M to

study the characteristics of plasma with

peaking density profile and to improve con-

finement. The works are focused on the rela-

tion of MHD activity and improved confine-

ment on the pellet penetration depth and the

process of pellet ablation in the plasma.

In HL-1M PI, the Ha and soft X-ray sig-

nals are obtained with two sets of PIN diode

arrays. The pellet cloud image with ten expo-

sures and the images of multi-pellet ablated
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in one discharge as well as some useful in-

formation on pellet ablation have been ob-

tained with a CCD camera. According to the

variance of the inclination angle of the pellet

ablation cloud in different radii ( r ) , the q

( r) of the HL-1M plasma is estimated.

1 Experimental set-up and diagno-
stics
The experimental set-up and main diag-

nostics are shown in Fig. 1.

SX-deterctor array

-H 0 emiss ion detector array

C D

Fig. 1 Experimental set-up

In HL-1M the Ha detectors and a soft

X-ray (SX) detectors with 20 channels of

PIN diode respectively are located on the top

of the same poloidal cross section of pellet

injection port. The sight line of two detectors

is vertically covered the full poloidal section.

The SensiCam 360LF CCD camera is

mounted 8. 7 cm above and formed an angle

of 13.4° with respect to the pellet injection

line. The line sight of camera can cover the

horizontal pellet path in plasma.

2 Experimental results
2.1 Sawtooth phenomena and MHD

activity
The sawteeth appeared in nearly all kind

26

of tokamak discharges, some models assume

they are MHD instability and can be influ-

enced by PL The variances of MHD activity

have been observed in HL-1M with PI dis-

charges. In most of HL-1M PI discharges, the

instabilities are suppressed especially in

deep pellet injection, sometimes, the instabil-

ities are excited by pellet.

When the pellets penetrate into center re-

gion the sawtooth and the precursor oscilla-

tion of m = 1 mode were be suppressed, the

<7 = 1 surface disappear and the current pro-

file of plasma is flattened as shown in Fig. 2.

I). 64

0.0
413 425 437 448 460

0. 15

>0-05

T" 5.0

312 314 316 318

Fig. 2 (a)The sawtooth and precursor oscillation of m - 1

mode and (b ) the saturation m - \ mode are sup-

pressed, 17 = 1 surface is disappear by pellet

The sawtooth activity were suppressed for

30 ~ 50 ms as pellets penetrating into or

close to 9 = 1 surface. In some cases the

sawtooth is suppressed by pellet but m = I

mode still present, it means the plasma cur-

rent profile is still peaked, only the internal

disruption are suppressed.

When Te and TV,, are lower before PI, the

71, dropped rapidly and the N e profile be-

came very peaked in short time (10 ms) af-

ter PI. The intensity of SX emission in center

region rises and an m = 1 mode superim-



posed on it, the <7 = 1 surface appears, it may

be due to the sharp increase of 7Ve gradient

that leads the discharge into sawtooth oscil-

lation region in Fig. 3(a) .In Fig. 3(b) , a

large m = 1 mode is immediately excited but

the internal disruption of sawtooth oscillation

were not observed, the turbulence of m = 1

mode superimposed on signals of Tv and /Ve.

In this case the profile of Te keeps peaking

and the amplitude of Te does not drop, the

plasma current channel became narrow, this

implies that the pellet only deposited at the

outer region of plasma.

1.60

0.0
421 425

Fig. 3 (a) The intensity of SX emission risen in center

region of plasma, the q - 1 surface appears by

pellet, ( b ) t h e m = 1 mode with large amplitude

excited by large pellet

2. 2 Observation of pellet penetration
The temporal and spatial evolution of Ha

emission is usually used to analyze the de-

position and penetration depth A ,, of pellet

in plasma.

When pellet enter into the hot plasma, a

cloud ( 1 0 2 3 ~ 1 0 2 4 m-1) with high dense

and cold (several eV) plasmoid forms and

moved with the pellet. These plasmoid con-

tain a fraction of neutral atoms and non-fully

ionized ions and emitted visible light of Ha,

which is directly proportional to the pellet

ablation rate. We think that the position of

the peaking value Ha indicates the position

of the pellet in plasma. In HL-1M PI dis-

charges the A p has been measured by means

of multi-channel Ha emission signal and A-

bel inversion method. The A,, is in the range

of 110-260 mm.

The average velocity va of ablation cloud

moved in the plasma is estimated by A A,,/

A t. The ablation cloud traveled over 11 cm in

0. 29 ms, so the t;. is ~ 400 m • s"1. Howe-

ver, the free flying velocity v t of the pellet

before it entering plasma is 460 m • s " ' in

this shot. We noted that the vf is slower than

v r and the deeper the pellet penetration the

slower the vv, as shown in Fig. 4.

In the HL-1M experiments the deposition

region of fuelling particles for gas puffing

(GP) and molecular beam injection (MBI)

were measured also by same Ha detector ar-

ray. In MBI, the particle deposited mainly at

the outer region in the half of the plasma.

The peaked profile of Ne also could be ob-

tained usually in the later period ( ~ 300

ms) of the MBI. It seems that the drift of

ionized particles plays an important role in

this phenomenon. The fueling efficiency and

confinement performances of PI are always

better than MBI and GP in the medium ave-

rage /V,. It indicated that the center region

deposition of fueling particles plays an im-

portant role in the improved confinement.

2. 3 Photograph of pellet ablation process

In PI discharges, some typical image pho-
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Fig. 4 Typical temporal and spatial evolution of Hn line

emission intensity for pellet injection (up) and

the its contour plot (low)

tos of ablation cloud have been obtained

with CCD camera as shown in Fig. 5.

Usually, when the pellet injected into q ~

2 surface, the elongation of pellet ablation

cloud along the local magnetic field direction

(thus forming an in situ field line map) and

the inclination angle of cloud with respect to

the toroidal direction are clear. When toroidal

Bi- inversed the inclination angle of clouds

reversed too, it means that the photos re-

spond truly the ablation process of the pel-

let. However, the pattern of the photos with

MBI always keeps same even though the

toroidal field direction inverted Fig. 5(low).

Although the ablation mechanism and the

1'ig. 5 The typical photos and u reversal direction of the

inclination angle of the pellet cloud is observed

with the toroidal magnetic field inverted ( u p ) , but

the photos of MBI keeps same shape (low)

photo shape of MBI are not completely un-

derstood now, comparison the Fig. 5 (low)

and photo obtained with medium pellet in-

jection previously, the deposition region of

MBI is consistent with its photo shape in the

plasma.

3 Summary
In the HL-1M experiments, PI influences

the MHD activity and the confinement of

plasma. In most of PI discharges, the central

MHD instabilities are suppressed, the peaked

density profile and improved confinement are

obtained, especially in deep pellet injec-

tion. Sometime, in the discharges with lower

Nf and Tf the instabilities are excited by pel-

let.

The analyses of temporal and spatial evo-
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lution of Ha emission for PI, MBI, GP indi-

cated that the deposit region of particles

plays an important role for improving con-

finement of plasma. The motion velocity of

pellet ablation cloud vv is always slower than

V(, the deeper the pellet injection the slower

the Dp.

The elongation along the magnetic field

the variance of inclination angle a' of the

pellet ablation cloud at different minor radii of

plasma are observed by an ablation cloud

photo with ten-exposure CCD camera. Accor-

ding to this observation the (/-profile of the

HL-1M plasma in center region is estimated.

1. 8 Edge Structure of Reynolds Stress and
Poloidal Flow in the HL-1M Tokamak

HONG Wenyu WANG Enyao CAO Jianyong LI Qiang LIU Dazhi

Key words Reynolds stree Poloidal flow velocity Radial and poloidal electric field

The determination of electrostatic Rey-

nolds stress and plasma poloidal flow veloci-

ty in scrape-off layer (SOL) and the boun-

dary of tokamak plasma have become of prime

importance due to its possible role in confine-

ment and the L-H mode transition " '2 ' . The

plasma confinement is sensitive to the edge

conditions. Theoretically, various mechanisms

have been proposed to explain the creation

of sheared poloidal flow. In brief, theories at-

tempt to explain the L-H transition focus on

the turbulence-induced Reynolds stress, col-

loidal velocity v<- and radial electric field Er

structure at the edge. Turbulence Reynolds

stress plays a linking role between the tur-

bulence and averaged flows.

Measurements were carried out in the

LHCD, SMBI, MBI and NBI experiments of

the HL-1M tokamak. In recent experiments,

plasma performance was greatly improved

through the use of boronization, siliconiza-

tion, and lithiumization. Typical parameters

of ohmic heated hydrogen plasma are: n,.<8 x

, /,,<320 kA, B r<3 T, electron tem-19 m -310
perature T f ( 0 ) =0. 5 — 1 keV and ion tem-

perature TUO) =0. 3 ~0. 8 keV, a pulse du-

ration of up to 4 s. LHCD at a power level of

1 MW, NBI at a power level of 0.4 MW

have been initiated. New fueling technique

with pellet injection and supersonic SMBI

and MPI were also employed to significantly

improve the energy confinement time and

density limit.

Neglecting the contribution of magnetic

fluctuations, the Reynolds stress Re was de-

termined by Re = \ vrvn). The \ v r v » ) term of

the Reynolds stress tensor can be related to

the E x B drift velocities, it can be deter-

mined using the expression"'21:

< t ~ !?•„>= -(E,E,}/B2 (1)

where vr and VD is the fluctuating radial and

poloidal flow velocities of edge plasma re-

29



spectively, E, and E» is the radial and po-

loidal electric field fluctuation respectively,

and B is the toroidal magnetic field. The

brackets \ • • •) mean time average.

The Reynolds stress measures the degree

of anisotropy in the structure of fluctua-

tions. Radially varying Reynolds stress allows

the turbulence to rearrange the profile of

poloidal momentum, generating sheared

poloidal flows.

Mach/Langmuir probe array is located in

22. 5° from outboard equatorial plane of the

device. Two tips of probe array is aligned

perpendicular to the magnetic field and se-

parated poloidally 6 mm, which were used to

measure edge fluctuations of the poloidal

electric field £». The radial electric field

fluctuations E r were measured by other two

probes radially separated 5 mm. The probes

were oriented with respect to the magnetic

field direction to avoid shadows between

them. The radial profiles of radial and poloidal

electric field fluctuations E, and Ee are mea-

sured based on shot-to-shot and the mea-

surement at each radial position is carried out

in identical discharge modes. The electro-

static Reynolds stress has been computed as

\E,E»). Fig. 1 shows the Re = \ j7 ri~ f l) radial

profile of LHW, SMBI, MPI and NBI experi-

ments respectively. The \ 7 7 r i 7 f l ) term of the

Reynolds stress tensor shows a radial gradi-

ent cl\ v r v a / / d r in the proximity of the ve-

locity shear layer location.

Fig. 2 shows the radial profiles of the

fluctuations poloidal phase velocity ?;H, used

to define the shear layer. The phase velocity

VQ is measured with a two-point correlation
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Fig. 1 The radial profiles of Reynolds slress Ri' in the

edge and SOL during LHW, SMBI. MPI and NBI

respectively
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Fig. 2 The radial profiles of the phase velocity ve in the

edge and SOL during LHW, SMBI, MPI and NBI

respectively

technique

nals:

Vft
_ y

using two floating potential sig-

( 2 )

where S ( k, / ) is the measured power

spectrum as a function of wave number and

frequency. The measured phase velocity is

dominated by E x B rotation, and the slight

asymmetry in phase velocity confirms the

asymmetry in E, and thus in plasma poten-
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tial. We can see from Fig. 2, the poloidal

phase velocity presents a clear change in the

propagation direction of fluctuations from the

electron diamagnetic direction in the inside

the limiter radius to the ion diamagnetic di-

rection in the outer edge of the plasma be-

hind the limiter. These facts provide further

strong substantiation for the identification of

the Reynolds stress gradient as the origin of

the development of the increasing ve, and in-

dicating that the large change in E, is asso-

ciated entirely with the Reynolds strss-driven

poloidal flow.

The electrostatic Reynolds stress (propor-

tional to \ E,E9)) shows a radial gradient in

proximity to velocity shear layer, suggesting

that the turbulence-induced Reynolds stress

might be the dominant mechanism to create

the poloidal flow and E, shear, indicating

that this mechanism can play a significant

role to explain the physics of poloidal flow in

the plasma boundary region.
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1. 9 Necessary Considerations for the Machine
Control System of the HL-2A Tokamak

LI Qiang SONG Xianming JIANG Chao FAN Mingjie

WANG Minghong LI Bo MAO Shuying

Key words Machine control system PLC communication

The HL-2A tokamak will be put into op-

eration in 2001 according to construction

program, therefore the installations of ma-

chine control system(MCS) should be fini-

shed by October, 2001. MCS is the part for

logic and time sequence management of all

systems. MCS controls and manages the ac-

tion time, action logic, monitoring and pro-

tections of all subsystems. MCS includes 3

parts, time sequence and logic control, video

and audio. All of the control tasks for opera-

tion and discharge of HL-2A are carried on

by combination of MCS and discharge con-

trol system (DCS) . The central control hall

can be used as an academic exchange place

with video and audio devices. We try to

build an advanced, economical, extensible

and low cost system in the design for MCS

and finish the control tasks in time according

to the requirement of the HL-2A engineering
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construction.

Aided by the technologies of computer,

integration circuit and communication, the

industrial automation has been developed

largely with wide applications of field buses.

With strong abilities of computation and com-

munication, it is possible to centrally control

a large distributed field only by a controller.

So the system becomes a reliable, safe, easily

extensible, automatic one with low cost and

resource reusable and sharable. Since MCS

of the HL-2A tokamak is a totally new one,

we choose programmable logic controller

(PLC) with Profibus-DP field bus communi-

cation to assemble MCS. Compared with oth-

er automation instruments, PLC has the ad-

vantages of reliability, strong logical calcula-

tion ability and low cost. By means of PLC

1 000 basic bool calculations can be finished

in 200 ^JLS. Profibus-DP is a fast communica-

tion field bus with small amount of data. The

information with which 32 slave stations re-

fresh 512 digital I/O points on each can be

transmitted in just 2 ms on the bus. The data

transmission speed can fit the necessities for

real-time protection information communica-

tion for HL-2A. The signals on a field bus

are digitized and reliable. The optical insula-

tion is available. Furthermore, the system in-

tegration investment is largely reduced and

simplified with less wire connections. The

whole system has strong self-diagnostic abili-

ty, the instrument replacement and the func-

tion extension become flexible and conve-

nient.

The net communications are widely used

at JT-60U and ASDEX-U11 '21. PLSs are also

used on ASDEX-U. Recently, the calculation

ability and speed of a PLC have been largely

improved. It can be used as a strong local

controller. Industrial Ethernet will be used in

MCS of HL-2A. Ethernet is a fast net with

lots of available technologies. Ethernet has

been widely used in industrial automa-

tion. We will develop real time communica-

tion programs and the software architecture

of Server/Client with open technologies such

as DDE, OLE and DCOM, etc, to take advan-

tages of the real time communication ability

of Ethernet to meet the control require-

ments. Meanwhile, the direct I/O and

Profibus-DP communications are also used to

convey the real time protection information

to ensure safeties of machine, instruments

and persons. Ethernet and diagnostic LAN

are linked mutually. Any terminal can share

resources and get messages on the two

LANs.

The centralized control must be satisfied

with two conditions, hardware and communi-

cation. The communication and the coordina-

tion among the subsystems are managed with

the software. Any user program developed

with special software developing kit needs

time and specialized persons. We try to use

open software, developing kits, nets and

hardware to ensure the extension and further

development for both hardware and soft-

ware. The open software technologies such as

DDE, OLE and DCOM, etc, will be used. The

software will be developed with good GUI, so

as to be easily used and studied.

In order to reduce the cost, some automa-

tion instruments used on HL-1M such as
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PLCs and DAQ cards will be used in MCS of

HL-2A. It is clear from the comparison that

a large automation system with field bus

costs less than that communicates with tradi-

tional I/O connections. The audio system in

the design plays an important role in system

installation, operation and academic ex-

change. The video system processes and dis-

plays the industrial television and VGA

graphics, it is important for safety, academic

exchange and field monitoring of bad condi-

tions.

After the machine control system is built,

all the field signals are connected to the I/O

modules of PLCs. The distributed I/O mo-

dules manage the I/O modules. As slave

stations of Profibus-DP, the distributed I/O

modules are connected to CPUs of PLCs

through Profibus-DP. These PLC-CPUs ma-

nage all of the signals. PLC-CPUs are con-

nected to Ethernet to accept the parameters,

instructions, programs and real-time protec-

tion information. Ethernet is connected to di-

agnostic LAN through a server. Any terminal

on each net can share the experimental and

engineering data on both nets. The audio and

video systems are more direct ways to assist

PLC system to carry on relevant control

tasks.
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2 Fusion Reactor and Fusion
Reactor Materials

2.1 Energy Deposition of Energetic Charge
Particle in Lithium Vapor^

DENG Baiquan YAN Jiancheng HUANG Jinhua

Key words Divertor First wall Vapor of liquid lithium

Investigation on the new idea and tech-

nology application to the high fusion power

density is the key issue for development of

economically competitive fusion energy sys-

tem. The free surface of liquid lithium to be

used as energy depletive first wall and diver-

tor plate in fusion reactor is a promising

scheme. The heat of evaporation of lithium

atom is about 10 times higher than water

( = = 1 . 5 eV per atom for lithium). A simple

calculation can show boiling lithium at 1437

K has the saturated pressure about 0. 035

MPa, that is equivalent to evaporation rate ~

1022 atoms • cm' • s J . Therefore 6 MW

m 2 surface heat fluxes can be removed

through vaporization and vapor plasma radia-

tion. However overmuch evaporation rate can

jeopardize plasma normal operation. Generally

speaking, evaporation rate should be limited

to 1020 atoms • cm2 • s ~ ' or less in order to

maintain plasma normal operation. The key

problem is whether liquid lithium vapor

cloud can sufficiently absorb the energy of

plasma particles impinging onto first wall

and divertor plate making their all energy

deposited into lithium vapor cloud and radi-

ated to the much larger vacuum vessel area

via soft X ray emission. As a result the sur-

face temperature of liquid lithium couldn t

rise as high as boiling temperature and

hence evaporation rate is limited. Preliminary

investigations are presented in this paper.

1 Calculations of stopping power
for different energy ranges

Under the intense deposition of heat flux,

the liquid lithium first wall and divertor plate

rapidly evaporate and create large amount of

lithium vapor cloud. The vapor cloud will be

heated by incident plasma particles and be-

® Supported by National Science Foundation Major Project of China(19889502) and by National Nature Science Foundation

of China( 10085001).
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come lithium vapor plasma. The interaction

model between lithium vapor plasma and in-

cident plasma particles mainly concerns

about the energy deposition of charge parti-

cles from SOL, that is the stopping power of

lithium vapor plasma to the incident parti-

cles. The energy loss of incident plasma par-

ticles travelling through lithium vapor is pri-

marily resulted from ionization and excitation

of lithium atoms or not fully ionized ions. For

low energy plasma ions, elastic scattering al-

so can contribute to an appreciable energy

loss. For nonrelativistic plasma ions, the

bound electron stopping power can be given

by the Bethe equation12 ':

dW>
ds

In ( i )

where Z ea is the effective charge of incident

ion, W, is the kinetic energy of incident ion,

N.\ is Avogadro s number, p is density of

lithium vapor, A u is atomic weight of lithium

vapor, Zu is mean charge number, ft is pro-

jectile ion velocity over light velocity, mr is

electronic mass, / is average ionization po-

tential of vapor plasma, £ c-,/ Z u is sum of

the effects of shell corrections on the stop-

ping charge.

For low energy ions, the Lindhard model

is used. In this model, not only excitation

and ionization of lithium atoms but also the

elastic Coulomb collisions of the ion and the

nucleus of the lithium atom need to be con-

sidered. The electronic stopping power is

given by Ref. [3]:

= C^WY2 (2)
ds

where Cu» is a constant that depends on

both the incident ion and the target material

parameters:

= N,p \
^

At very low ion energies, the nuclear

stopping due to elastic coulomb collisions

between the ion and lithium nuclei becomes

significant, the nuclear stopping power is

given by Ref. [4]:

ds N
= pcaWl/2exp( -45. 29(c>i)a227]

(3)
where

Cn ='
4. 14x10 * / A-t

AY2 U i + A u
Z 7 \ 1/2

e ff £ Li

Au

Au 1

3/2

where A, is mass number of incidention.

Hence the total stopping power for an inci-

dent ion in lithium vapor cloud is given by

taking the minimum of Bethe Eq. (1) or

Lindhard Eq. (2) electronic stopping power

and then adding to the nuclear stooping

power Eq. (3):

dW-t

ds Total
— mm

f dWi
{ ds

dW,
B ds

dW;\
ds \N

(5)

For the weekly relativistic electrons from

SOL region, stopping power is given by Ref.

[5]:

dWr

ds mec
2 (3

(6)
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where y = 1A/1 ~ (3 2 , n\\ is the density and

Zu is the effective charge of lithium vapor

cloud. Because the incident plasma particles

heat and ionize lithium vapor cloud, more

free plasma electrons are produced, which

will enhance the slowing down process. This

contribution is not considered in this pa-

per. For alkali metal, the radii of lithium

atoms is least. It has maximum ionization po-

tentials as listed in Table 1.

Table 1 lonization potentials of lithium
atom (orions)/eV

S ( Z u - l )

Neutral lithium atom( ZL, =0)

Lithium ion( Zu - 1 )

Lithium ion( Zu = 2 )

5.39

75.62

122.42

2 Mean ionization potential calcu-
lation of lithium vapor
lonization equilibrium model of lithium

vapor cloud plasma generally can be de-

scribed by Saha equilibrium:

= 6 . 0 x i 0 2 1

exp
Te

(7)

where g}
7' is the statistical weight for level n

of charge state Z and E£(n,D is the binding

energy of outer shell electron of lithium atom

initially in level labeled by quantum num-

bers ( n, I):

72 F H
J7< / / T\ /j LJ x / Q \

M; ~ (n -A / ) 2 (*>

where E* = 13. 6 eV is the hydrogen ioniza-

tion energy and A / = 0.75 / ~ 5 , / ~ 5, is the

quantum defect. In steady state at high elec-

tron density, Eq. (7) becomes:

36

It is only a function of T. If the electron

temperature and density satisfy the following

inequality:

1 0 I 2 f f ' < n.< \016Tl-s (10)

where t \ is the ionization time, then steady

state Corona equilibrium model can be used:

11
n(Zu) S ( Z u - l )

where ar is electron-ion radiative recombi-

nation rate given by

a r ( Z , j - l ) =2 . 7 x l O - 1 3 ( Z , J - l ) 2 7 1
e - 1 / 2

(12)

while

( T
" ~ 5 "

where £"«" ' is ionization energy of lithium

ion with charge state Z\\ — 1. a 3 is collision-

al three-body recombination rate of singly

ionized plasma:

«3 = 8. 7 5 x l O - 2 7 7 V 4 5 (14)

Given the temperature Tf of lithium vapor

cloud plasma and ionization potentials of

lithium atom and ions in Table 1. We can es-

timate the probabilities of three charge

states:

f _ 7 l ( Z L i = 0 )

/' =
n.(Zu = 1 )

n(Zu = 2)



Then we can obtain:

=>/~/0 X 7 0 + / 1 X /] +/2 X 12.

3 Results and discussion
Assuming that lithium vapor plasma has

been formed and an uniform distribution with

thermal equilibrium has been reached. The

lithium vapor pressure p\A =2.61 x 107 Pa

and averaged temperature 4 eV, denstiy n u =

6 x 10 18 atoms • cm~3 . As can be shown the

Corona equilibrium condition can not be

met, we have to calculate mean ionization

potential from Eq. (9) and got 7 = 31.2

eV. The atom mass Au = 6. 94 and the aver-

age effective charge number of lithium vapor

plasma \ ZLI) = 2. 3. We calculated the stop-

ping power of fusion produced energetic a

particle in lithium vapor cloud as shown in

Fig. 1. During the major disruption event, a

large number of energetic run-away electrons

are produced, slowing down in lithium va-

por. For our interested case, the most of

electrons are in weekly relativistic range. The

stopping power of lithium vapor varies with

electron energy are shown in Fig. 2. At the

early time of a disruption event, the tempera-

ture of lithium vapor cloud is about a few eV

and density also low. The vapor cloud only

can expand to a few centimeters. Most of in-

cident particle energy will be still deposited

on the first wall and target plate. As the time

development of disruption event, the vapor

cloud will be expanding and extending to the

scale of 70 cm or so and the most of energy

below 1 MeV a particles and energetic run-

away electrons will be absorbed by the va-

por. For normal case of high surface heat
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Fig. 1 Bound electron slopping power of a particle in

lithium vapor

Lithium vapor temperature 4 eV, density 6 x 10 "cm"3.
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Fig. 2 Stopping power of weekly relativislic electron in

Li vapor

Li th ium vapor temperature 4 eV. density 6 x 10 I K cm"\

flux (non-disruption case), the liquid lithium

vapor cloud also can absorb a large fraction

of kinetic energy of the incident charge par-

ticles.
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2. 2 Least Tritium Storage Required to
Start up FEE

DENG Baiquan HUANG Jinhua

Key words Mean residence time Tritium cycle subsystems Tritium inventory

To investigate what the least tritium in-

ventory is to start up a fusion experimental

reactor of 143 MW fusion power. A dynamic

subsystem model of tritium fuel cycle system

and mean residence time method are utilized

to simulate tritium fuel cycle system of fu-

sion experimental breeder (FEE) in which

lithium is used as tritium breeder and heli-

um as coolant. The plasma burn-up fraction

/3 = 2. 08% and tritium-breeding ratio A =

1. 10 are designed. Based on the details of

core plasma and blanket design of FEE, a

dynamic subsystem model is constructed to

describe the tritium distribution in reactor

system. A computer code-SWITRIM has been

developed to simulate tritium fuel cycle sys-

tem. The tritium inventories in 10 subsystems

are calculated during one-year operation pe-

riod. This code is utilized to predict the re-

quired minimum initial tritium storage to

start up an experimental breeder of 143 MW

fusion thermal power. Calculation results

show that the least initial tritium storage is

about 319 g to start up and operate FEB and

it strongly depends on the mean residence

time in the subsystems of plasma exhaust gas,

FCU (fuel clean up unit) and ISS (isotope

separation system). Besides, the minimum

initial tritium inventory depends on the tri-

tium permeability in the first wall, limiter,

divertor and blanket, also on the tritium pro-

duction and implantation in the beryllium

neutron multiplier as well.

1 Subsystems
FEB tritium cycle system is divided into

10 subsystems, the simulation has been treat-

ed as time-dependent problem and 100%

availability is assumed. The physics bases of

SWITRIM code are based on the following

assumptions: (1) Tritium storage and fuelling

subsystem has initial tritium storage Fo(0)

= 0. 5 kg. The tritium storage container has

been coated with permeation-proof barrier to
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reduce non-radioactive loss fraction as low as

0. 0001 per day and per day radioactive de-

cay constant A = 1 . 5 4 x l O ~ 4 i s considered.

Pellet fabrication, acceleration and plus

launching take total time T = 20 minutes.

Fuelling rate N=l. 073 kg • d" 1 and plasma

fractional burn-up /3 = 0. 0208 have been

calculated. (2) Outboard blanket tritium

breeder liquid lithium (LLi) is designed be-

ing periodically moved out to recover tritium

every 10 days with about 10 ~ 7 tritium con-

centration '". (3)Inboard blanket breeder LLi

is moved out to recover tritium every 24 h

with about 1 x 10~7 tritium concentration.

Total tritium breeding ratio is obtained A =

1. 10 from neutronics calculations. A\ =0. 45

is contributed from outboard and Ai - 0. 65

from inboard blanket''' . Tritium diffuses to

the helium coolant from LLi with fractions e\

for outboard and £2 for inboard. The method

of mean residence time description is adopt-

ed to describe the tritium shifting from one

subsystem to other subsystems. (4) First wall,

limiter and divertor are cooled by helium

and tritium is recovered from helium coolant

every 100 days if blanket temperature runs

higher than 680 °C. Tritium permeation from

plasma to the structural materials of first

wall, limiter and divertor is characterized by

a fraction of cr = 0. 01% • d"1 with consid-

ering PDF (plasma driven permeation) en-

hancement, however, no trapping effects of

defects produced by neutron damage are

considered. The tritium retention in struc-

tural materials is regarded as unrecoverable

tritium. The tritium loss from structural ma-

terials to the coolant is taken into account by

^3=0.0001 per day. (5) Plasma exhaust

consists of the unburned fuel particles, heli-

um ash, tritiated water and other impuri-

ties. Tritium mean residence time in this sub-

system takes 0. 5 ~ 1 h, non-radioactive loss

fraction is taken as £4 = 0.0001 per day.

(6) FCU is a palladium membrane reactor

which consists of permeator and catalytic re-

actor to shift water and methane into gases,

the processing time takes 1 ~ 2 h. (7) ISS is

combined cryogenic fractional distillation sys-

tem, which has modified cold trap'21, with

necessary steps of precipitation and decom-

position to recover tritium from LLi, total

residence time takes 3 .5-7 h. (8) Tritium

waste treatment (TWT) subsystem is to treat

low level solid tritium waste, the residence

time takes 10 h. The factor g is a fraction of

unrecoverable tritium waste. (9) In beryllium

neutron multiplier, the tritium inventory

comes from the yielded tritium of the reac-

tions 9Be(n, T )'Li and "Be + n^4He + 6He,
6He-^6Li + p-, 6 L i + n - > 4 H e + T and im-

planted tritium resulted from energetic tri-

ton. The parameters b and y are evaluated

from the scaling law derived from ARIES-1

design131 to take into account of two effects as

mentioned above. For the lime being, we

have not yet considered recovering tritium

from beryllium, non-radioactive loss fraction

is 0.0001 % - d - ' . (10) Helium coolant sub-

system, in which the tritium is recovered

from helium coolant ever)' 100 days. All

above parameters are taken from published

materials of TSTA141.

2 Equations
In our mean residence time model, the

governing equations for ten subsystems are
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given as follows.

Tritium storage and fuelling subsystem:

dY0/dt= T6Y6- N- e0Y0-(X+ £0)TN

y 0 (o)=o. os ( i )
Outboard blanket tritium breeder LLi:

dYt/dt = {3NAi(l - b-y) - A , y , - £ , F ,

-Ay,
y. (o)=o (2)
Inboard blanket tritium breeder LLi:

= pNA2(l -b-y} - A 2 y 2 - e 2 F 2

- AF2

=0 (3)

First wall, limiter and divertor (PFC):

dYi/dt=(T(l-p)N- A a F s - ^ a F s - AF3

F 3 (0)=0 (4)

Plasma exhaust:

dF4/dt = (1 -0)(1 - a-)N- A4F4

- £ 4F 4 - AF4

F 4 (0 )=0 (5)

FCU(PMR):

dF5Ah= r 4F 4- A 5 F 5 - ^ 5F 5- AF5

F 5 (0 )=0 (6)

ISS:

d F 6 / d f = T ! F , + r 2 F 2 + r 3 F 3 + T 5 F 5

- A 6 F 6 + T i 0 Fio+ T 7 ( l - g) F7

- e6Y6- AF6

F 6 (0 )=0 (7)

TWT:
6

d F7/d t = X e ; F - A 7 F7 + SQ Y0
i =4

(8)

F 1 0 (0)=0

Total inventory:

dYu/dt= NA{3+(\ -

(10)

£ o ) T N

+ s
F 7 ( 0 ) = 0 .

Beryllium neutron multiplier:

d F9/d t = NbpA + NApy - A 9 F9

F 9 (0 )=0 (9)

Helium coolant L:

d Fio/d t = £ i Fi + s 2 F2 + e 3 F3 + s 9 F9

— A 10 Fio

= F0(0) ( l l )
In above equations the units are used: F

( i = 0, 1, 2, • • - , 1 1 ) expressed in kg, T and t

in d, Ti, A:, e\, A, ffoin d ~ ' , /Vin kg • d'1.

The others g, b, a, (3, A, y, A i and A ^ are

dimensionless.

3 Input parameters
Ti = 0. 100, T2 = 1 . 000, T3 = 0. 010, T4 =

48. 000, T5 = 24. 000, T6 = 6. 860, n =

2.400, Tio = 0. 010, /3 = 0.0208, N =1.073,

Ai = 0. 450, A? = 0. 650, A = A, + A2 =

1.100, 6=0.00949, 7 = 0.01157, cr -

0.0001, # = l x l O - 7 , A = 0.000154, A, =

0. 100, A2 = 1. 000, A3 = 0. 010, A4 =

48. 000, \5 = 24. 000, Ae = 6. 860, A7 =

2.400, A 9= 0.000254, A,0= 0.010, T =

0.0139, e, =0.0002, ^2=0.0001, e, =

0. 0001 , £4 = 0. 0005, ss = 0. 0003, eb =

0.002, ^0=0.0001, ^9 = 0.000254, /T =

0. 1.

Among them, some parameters are not

used in this paper, but they are used in an-

other calculation model'51.

4 Results
The tritium flowchart in FEB tritium cy-

cle subsystem model is the same as the

Fig. 1 of our previous work'51 for our com-

puter simulation. As a reference case, the

parameters listed in section 3 input param-
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eters as above. The initial tritium storage for

start-up and fuelling is Fo(0) =0.5 kg. The

tritium inventories in 10 subsystems and to-

tal inventory of FEE are calculated by using

mean residence time model. Results are sim-

ilar to Fig. 4 of our previous work151. We can

see F6~0. 203 kg in ISS subsystem is dom-

inant, this is because of low plasma burn up

fraction in FEB design. We can easily found

that the necessary least initial tritium inven-

tory is 319 g that occurs at 30 th day in

Fig. 1. At this moment, the subsystem of tri-

tium storage and fueling has only 0. 181 kg

tritium left. The tritium storage is 0. 767 kg

and total tritium inventory is 1. 48 kg, re-

spectively, at the end of continuous 365 day

operation. The tritium inventory in helium

coolant is 7. 1 x 10~3 kg • a"1. The tritium

holdup in (PFC) structural materials of first

wall, limiter and divertor is 0. 0436 kg • a"1.

The tritium retention in beryllium multiplier

is 0. 172 kg • a~ ' .The balanced tritium in-

ventories for different working status in fol-

lowing six subsystems are listed in Table 1.

Table 1 Balanced tritium inventories in six
subsystems

i(r4 icr3 o. 01 o. i i 10 100

Subusystems

ISS

Plasma exhaust

FCU

LLI ( inboard )

LLI( outboard)

TWT

Tritium inventories /kg

0.203

0.0218

0. 0437

0.098

0.0142

0. 00048

Fig. 1 The least t r i l ium storage for sturt-up ft =143

MW, A = l. 10,0 = 2.08%

1 1.485 kg(365th day) , 2 0.767 kg(365lh days),

3 0. 181 kg(30th day).

These results are fairly consistent with

the predictions given by J. L. Anderson from

TSTA (tritium system test assembly) I41. Our

conclusions are that a higher fractional

burn-up (3 of reactor core plasma is impor-

tant to reduce the required initial tritium in-

ventory which strongly depends on the pro-

cessing time in plasma exhaust system and

tritium processing time in the subsystems of

FCU, ISS and LLI etc. Large amount of tri-

tium fueled into plasma is not burned up, but

that passed through plasma exhaust sys-

tem. In the reality the least tritium storage

should support fueling needs until first batch

of tritium is separated from ISS and sent

back to the tritium storage and fueling sub-

system.
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2. 3 Transmutation of Minor Actinides in ST
Tokamak Fusion Reactor1

FENG Kaiming ZHANG Guoshu

Key words ST Transmutation of minoractinides

Fusion energy will be a long-term energy

source, and mankind has made research ef-

forts for nearly 50 years and there is still a

long way to go. Transmutation high-level

waste (HLW) by utilizing D-T fusion neu-

tron is a good selection for early fusion appli-

cations. Spherical tokamak (ST) concept

would enable improved pathways to fusion

power as well as possible competitive appli-

cations earlier than the power application of

fusion energy"'2'.

Because of lots of potential advantages,

such as innovation in fusion plasma science,

lower cost, and reduced time for develop-

ment, ST is one of suitable device as a nearer-

term non-electric application of fusion | 3 > 4 ) .

In this paper, the calculations and analy-

ses of the transmutation Minor Actinides

(MA) in a transmuter based on the ST con-

figuration with a small-size and a lower neu-

tron wall loading (<1 MW • m ~ 2 ) are per-

formed and relevant calculation results are

also given.

1 Model and parameters
(1) Reference design

A fusion-driven transmutation waste device

based on ST concept, FDTW, is to be used for

the transmutation of MA. The main design

parameters for the transmutation calculation

are given in Table 1. The 1 -dimensional

transmutation blanket structure applied in

transmutation calculations is presented in

Table. 2. In the FDTW concept design, the

316-type stainless steel was chosen as the

first wall and blanket structure material. The

blanket structure is characterized by a 40 cm

thick transmutation zone with 1% MA volume

rate and tritium breeding zone of 10 cm thick-

ness. The average coverage ratio of out-board

is 60%. A solid LiAK) ; was chosen as the

tritium breeder in tritium breeding zone.

(2) Code and data library

A modified version of the one-dimensional

©Supported by the China National Natural Science Foundation(19685008).
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Table 1 Parameters of the FDTW design

Plasma radius, R/ r/m 1. 4/0. 8

Neutron wall loading/MW • m" 2 1.0

Fusion power/MW 115

Structure material 316SS

Coolant material FLiBe

Availability faclor/% 75

MA Inventor)' atomic percent in FLiBe/% 0. 9

Thermal power/MW 4358

Blank thickness/cm 40

Table 2 1-DimensionaI blanket model of FDTW

Zones Thickness/cm Materials

Plasma

First wall

Transmutation zone

80

0.5

40

316SS 100%

316SS 100%

MA(l%inFLiBe)

FLiBe 90%

Second wall

T breeding zone

Third wall

Reflector

Shielding

0.5

10

0.6

20

30

316SS

316SS

LiA102

He

316SS

316SS

He

316SS

B4C

H20

100%

5%

90%

5%

100%.

60%

40%

30%

30%

40%

transport and burn up calculation code BI-

SION 1. 5 I51 was used for the meutronics cal-

culation and depletion analyses. To match the

modified BISON 1.5, a new data library BI-

SON 58 with 46 n + 26 7 energy group struc-

tures and P-3 legendre scattering order was

compiled. Part of the neutron cross-section

data required by the BISON 1. 5 code was

prepared from the ANL-67 library161 . Other

cross-section and decay data were derived

from the evaluated cross-section actinides li-

brary based on the ENDF/B-V. For data

processing, the total cross-section probability

(TCP) code system was applied'71.

The input and output format of main pro-

gram of BISON 1. 5 are also modified. Modi-

fied code is called BISIOB 3. 0. A flow chart

of computer programs and data libraries used

for the transmutation analysis was given in

Ref. [8].

The composition and characteristics of

MA in spent fuel from PWR and the initial

loading in FDTW conceptual design are giv-

en in Table 3. The initial inventories of MA

in transmutation zone were derived from the

composition of PWR spent fuel except 239Pu.

The 239Pu was chosen as the neutron multipi-

cation material to obtain a higher neutron

flux and transmutation rate. A reasonable Pu

concentration in the transmutation zone could

obviously improve the transmutation rate.

Table 3 The composition of MA in spent fuel

Nuclides
2"Np
241 Am

243Am

244 Cm

238Pu

2MPu

24'Pu

24lPu

242Pu

Total

kg/GWe

20.4

1.32

2.48

0.911

5.99

144

59. 1

27.7

9.65

271.6

Half-life /a

2. l O x 10"

4. 33 x 102

7 . 3 8 x l 0 2

1.76x 10'

8 . 6 0 x 1 0 '

2.40 x K)4

6 . 5 8 x 1 0 '

1 . 42 x 1 0 '

3 . 7 9 x l O ?

FDTW /kg

159.8

150.8

27.2

52. 1

487. 8

1809

232.0

272. 2

167. 7

3359. 1

2 Results and discussion
( 1 ) Constraint and optimization

The key problem in neutronics design is

to obtain a higher transmutation rate via

blanket arrangement. Some of the optimiza-

tion and constraints of relevant system pa-

rameters are investigated. They are the first
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wall neutron power loading of 1 MW • m 2,

the peak power density < 200 W • m~ 3 , the

effective neutron multiplication Kfii<0. 9, and

the tritium breading ratio >1. 20.

(2) Neutronics performances

A MCNP/4A code is used to calculate

the distribution of neutron wall loading at the

first wall. The distribution of wall loading on

IB and OB was presented in Fig. 1. The cal-

culations of neutron energy spectrum for the

first wall were performed by the MCNP code.

2.0
1.8
1.6

N 14
33 1.2
• 1.0
33 0.8
^30.6

0.4
0.2
nn

*a

", — •— Inboard
*••» — •— Outboard

••:§
""«••.• •

""••***•••••
"""••••••!t

i . , . , . , . , . , . . .

z/cm

Fig. 1 Distribution of neutron spectrum in first wall

The main results of the neutronics calcu-

lation for the transmutation blanket based on

the output of BISON are listed in Tables 4 ~

5. It is shown that the effective transmutation

rate for 237Np, 239Pu, 242Am are 5.62% ,

5.27% and 11.2% , respectively. The tri-

tium breeding ratio (TBR), energy multipli-

cation ( M) and the effective neutron multi-

plication factor ( k eir), have also been inves-

tigated. In order to meet the design perfor-

mances of system, the inventories of MA in

transmutation blanket should be charged

constantly.

Two types of charging MA should be con-

sidered: 1) one for continuously charging

MA, 2) other is periodically charging MA

(about 300 days for a cycle time) . It order

to effectively transmute the MA, a fast spec-

trum blanket is required in this neutronics de-

sign. The neutronics performances of trans-

mutation blanket was listed in Table 4. It is

found that the peak power density of the

blanket zone has only 133 W, it is not high

compared with that of fission reactors, PWR

or FBR. It has a wide safety margin in engi-

neering. The maximum peak power density of

the blanket zone occurs near the first wall.

Table 4 The neutronics performances of blanket

Parameters

Energy multiplication, M

Tritium breeding rate, T

Max. power density, W " cm"3

Neutron multiplication, k «-rf

IB

0.83

-

12.3

-

OB

37.9

1.28

133

0.83

(3)Power density distribution

The power density distribution of trans-

mutation blanket is shown in Fig. 2. It can

be seen that the power density distribution

exhibits the linear variance in transmutation

blanket zone. It was found that the specific

power is proportional to the depletion rate,

therefore, its increment means an increment

of the depletion rate. In order to obtain the

140
120

100

~s 80
CJ; eo
^ 40

20
0

10 20 30 40
S /cm

50 60

Fig. 2 The power density distribution of blanket

Averge wall-loading is 0. 8 MU; • m ~ 2 .

44



uniform distribution of power denstity, an op-

timization arrangement for 239Pu concentra-

tion should be considered. In this design, the

large safety margin for thermal-hydraulic was

considered.

The depletion rate of MA nuclides as a

function of the operating time is shown in

Table 5. It was found that maximum amount

of MA transmuted is 110 kg for one full

power year. The inventory of 240Pu and 242Pu

will be increased slowly. It was due to the

contribution of 239Pu(n, gamma) reaction.

The energy multiplication M as a func-

tion of the neutron multiplication factor kfa

have also been investigated.

(4) Nuclear analysis of center-post

The center-post (CP) is one of important

component in ST tokamak device. Some pre-

liminary neutronics calculation of CP for the

reference design has been carried out with

the MCNP and BISON codes. It is found that

the maximum neutron flux is 8. 09 x 10'4 n •

s • cm~ 2 at muddle-surface. It is 22 times of

CP central flux.

According to the calculation results, the

maximum power density is 44. 23 W • cm~3 ,

which is 3. 1 times of the CP central power

density.

The radial power density distribution of

CP is shown in Fig. 3(a). It can be seen that

the maximum power density is 44 W • cm'3

ocuring at the position of radial R = 16

cm. The axial distribution of atomic dis-

placement rate (DPA) of CP at different is

shown in Fig. 3(b). It is found that the max-

imum DPA axial position is 22. 65 (for 1

PFY), It is one fourth of CP central

(a)

10

20

10

0

(b)

10
K/cm

15 20

• center of center-post
• wall surface of Cu

Awall surface of 316 SS

• A

:::::*.
100 200

z/cm
300 400

Fig. 3 (a) Radial power density distribution of CP, (b)

axial distribution of DPA of CP

Table 5 The depletion rate of nuclides

Time/a

237Np
2MPu
240pu

2"Pu

241 Am

242 Am

:44Cm

PF

1

2. 776 x l O 5

3.227 x 104

1 . 8 8 0 x l 0 4

3.635x10- '

3 .289x10- '

3. 352 x 10"'

1.256x10- '

5.512x10-'

3

2. 238 x 10 -!

2 .635x10 -

1 . 9 3 4 x 1 0 - '

3.681 x 10 -'

3.005x10-'

2. 106 x ID ' 6

1. 1 1 5 x 1 0 - '

1 . 3 0 7 x l O ~ 4

5

1.900 x 10 -'

2.261 x l O - 4

1.904x 10 ~ 4

3.700 x 10 -s

2.914 x 1 0 ~ 5

1 . 5 5 0 x l ( ) - 6

1.069 x 10-'

1.758 x l O ~ 4

Depletion

rate / % • a " '

5.62

5.27

-0.96

-0. 38

2.81

11.20

2.31

-12.59
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DPA. From the viewpoint of neutronics, max-

im radiation damage occurs at middle-plane

of CP, and the effective life of CP can meet

the requirement of engineering.

3 Summary
A preliminary neutronics calculation

based on ST transmutation blanket has been

completed. It shows that proposed system has

high transmuting ability for MA waste. The

small-scaled compact tokamak based on ST

configuration has attractive advantages if it

is used as a nuclear waste burner . It was

expected that the ST fusion reactor might be

a reasonable tool to disposal nuclear waste

in the futrue.

The engineering feasibility of center-post

of ST waste burner has been investigat-

ed. Relevant results are also given.
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2. 4 Study of Neutronics and Neutron Irradiation
Effects for Spherical Tokamak Center-post

ZHANG Guoshu FENG Kaiming GUO Zengji 0)

Key words Center-post Neutronics Irradiation Effect

Now spherical or low-aspect-ratio toka-

mak (ST: Spherical Tokamak) concept is

quite emphasized because of its smaller size,

simplifier structure, higher toroidal (3 as well

as higher boostrap current. ST is one of the

key components as well as substantially the

inner leg of TFC. The material features of

center-post are seriously influenced by strong

neutron irradiation with near plasma. On the

other hand, a great deal of ohmic resistive

heat of center-post that is unavoidably pro-

duced by extremely high current (>10 MA)

for satisfying fusion plasma conditions will

lead serious problems of thermal dissipatio ' ' ' .

CD Hefei 230031. Institute of Plasma Physics, Chinese Academy of Science.
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In this paper, the influence of ST fusion neu-

tron on nuclear features of center-post and

that of variation of nuclear features on varia-

tions of the center-post resistivity are studied

by means of calculations and analysis of nu-

clear power, transmutation reaction rate and

atomic displacement of the center-post cop-

pers in ST fusion reactor, adopting neutron

transport code BISON with advanced nuclear

data library ENDF/B-VI. Furthermore, the

influences of variation of nuclear features on

thermal hydrolics and replacing period for

the center-post are also studied.

The main parameters of ST fusion reactor

adopted are as follows: major radius R =

1. 12 m, minor radius a = 0. 8 m, elongation

k = 3. 0, triangular 5 = 0. 2, plasma current

Ip = 10 MA, magnetic field at axis Bi -2.0

T, fusion power P F = 70 MW, distribution

index of fusion power density a =

4. 0. GlidCop Al-25 with high thermal con-

ductivity, resistance to high temperature and

strong irradiation is selected as electric con-

ductivity materials and water as coolant. For

the centerpost, the smallest radius at mid-

plane ^?c = 20 cm, the largest radius at end

Rm = 36. 5 cm, vertical height Ac = 369. 12

cm, vertical position of outer first wall at

mid-plane is 206. 25 cm. The center-post is

composed of 2 kinds of materials, of which

70% is copper alloy GlidCop Al-25 with the

radius of 17. 5 cm selected as conductivity

at inner side of mid-plane ( Z = 0. 0 cm)

and 30% is 316SS with thickness of 2. 5 cm

selected as materials of first wall at outer

side. In order to cushion the trouble of ther-

mal dissipation caused by higher heat de-

posit at surface of center-post because of the

irradiation of neutron and plasma, one first

wall with the thickness of 2. 5 cm (70% is

coolant) is added.

1 Neutron flux, nuclear power
density and atomic displacement
of center-post
The neutron flux, nuclear power density

and the atomic displacement are important

parameters for evaluating nuclear features of

ST center-post and the basis for analyzing

the neutron irradiation effects as well'21. The

calculation indicates that the maximum neu-

tron flux of surface of copper column is

8. 094 x 1014 n • s • crrT2 at mid-plane ( Z =

0 cm) which is 2. 3 times of that at central

position. The maximum nuclear power densi-

ty is 44. 23 W • cm"3, 3. 06 times of that at

central axis and 1. 27 times of that at sur-

face, occurring at outer surface of copper al-

loy GlidCop Al-25 and also at inner wall

surface of 316SS. Moreover, it is obtained

that the whole neutron energy deposit is

1. 44 MW, the photon energy deposit is 3. 61

MW and the total of energy deposit is 5. 05

MW.

2 Irradiation influence of electri-
cal features for center-post

Ohmic resistive thermal power accounts

the overwhelming majority of heat production

in center-post therefore it is specially con-

cerned issue for center-post design. Because

of the neutron irradiation, the center-post re-

sistivity will increase and lead to the larger

ohmic power production which will be more
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and more serious with time increase.

It is assumed that dpa( r, z) is two-dimen-

sional distribution of copper column atomic

displacement, so two-dimensional distribution

of resistivity p(fl • m) is as follows:

p(T, dpa, r, z) = 1.9xW~*[l +

0. 00098(T-20)12] +

2. 8 4 8 x 1 0 - l ° d p a ( r , z) (1)

where T/°C is temperature of materials, r/

m is radius and z/m is vertical height. The

dpa( r, z) can be obtained by calculation of

neutronics transport. It is assumed that total

resistance with the same electric potential at

a cross-section is determined by

— 2
h, dz

2irr
(2)

dr

where /ic/m is half height, Ro/m is radius

at any Z plane. If toroidal magnetic field at

plasma center and ST geometry are given,

total current can be obtained by formula of

TCP = 2iT#5T//Uo, where R/m is major ra-

dius, Br/T is toroidal magnetic field, /Lto is

permeability of Cu. Thus it is easy to deter-

mine the distribution of current density at

the copper columm cross section.

It is shown in Fig. 1 that variation of cur-

rent density along different radial position

within Q ~ 5 FPY(or full power year) of irra-

diation time of copper center-post. It can be

seen from Fig. 1 that neutron irradiation can

considerably change the distribution of cur-

rent density of the center-post. The non-uni-

form distribution of current density results

from the non-uniform distribution of resistiv-

ity along radial direction duo to more neu-

180

160

^ 140

120

100

• OFPY
• 1 FPY
•»- 2 FPY
» 3 FPY
• 4 FPY
• 5 FPY

10 15

Fig. 1 Radial distribution of current density at z = 0

plane of center-post

tron irradiation at the surficial center-post

than that at inner center-post. According to

ohmic law in electrics, the features of resis-

tivity distribution at cross section of cen-

ter-post such as higher resistivity at outer

surface than that at inner part will finally

lead that the current density at outer surface

decreases with increase of irradiation time

while at inner part increases.

It is shown in Fig. 2 that the ohmic resis-

tive power density varies along different ra-

dial position within 0-5 FPY (or full power

year) of irradiation time in copper cen-

ter-post. It can be seen from Fig. 2 that neu-

tron irradiation can considerably change the

distribution of resistive power density of the

center-post, which must be emphasized in en-

Fig. 2 Radial distribution of ohmic resistive power den-

sity at z = 0 plane of center-post
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gineering design for a center-post. Also it has 3 Irradiation effects thermal hy-

been noticed that the total nuclear power in drolicS isSUCS

center-post is 5. 05 MW, total resistance is The main parameters shown in Table 1

140. 15 MW and the nuclear power, density are geometry, neutronics and engineering

accounts only 3. 5% of resistive power den- providing data base for thermal hydrolic cal-

culation and analysis.

By calculating of thermal hydrolics, it has

Table 1 Main parameters of geometry, neutronics and engineering of center-post

Geometry parameters

Minimum radius, R,/m 0. 20

Maximum radius, Rm/m 0. 39

Total hydrolic length, Az /m 3. 65

Thickness of Cu, /Jc./m 0. 175

Thickness of 316SS FW, Rrv/m 0. 025

Averaged radius, /?cp/m 0. 3

Neutronics and Engineering Parameters

Fusion power, Pr/MW 70

Averged neutron loading of first wall, Wuv/MW • m ~ 2 0. 64

Max. neutron loading of first wall, BWMW • m'2 1. 89

Total current, /Cp/MA 1 1 . 2

Current density at beginning, ycro/MA • m ~ 2 145. 51

Averged temperature of center-post, 7ci>/t 110

Max. nuclear power density at beginning, Pm/MW • m ~ 3 4. 23

Total neutron power deposit at beginning, PN / M W 1. 44

Max. photon power deposit at beginning, P,/MW 3.61

Total resistive power at beginning, P./MW 140. 15

Total nuclear power deposit at beginning, Pnuc/MW 5. 05

Max. concentraion of transmutation production after 1FPY, N,»/ a/o 1. 08

Max. concentration of gas production after 1FPY, A'g,,/ a/o 0. 11

Max. current density after 1FPY, jcn /MA • m'2 157. 27

Total resistive power after 1FPY, POHi/MW 148. 38

Max. atomic displacement after IFPY/o'pa 22. 65

Water coolant parameters

Volumic ratio,/H,O 30%

Area, A,/m2 0.085

Equivalent diameter, Dr/m 0. 33

Inlet temperature, Tix/t 20

Outlet, TouT/'C 80

Averged temperature, T,/°C. 50

Density, p./kg • m"3 917.77

Specific capacity, C./J • kg • °C 4164. 3

Viscosity, Atw/kg • m • s'1 0. 00055467

Pumping coefficient. 7) 0. 7
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been given that at the beginning of cen-

ter-post operation and on the condition of

140. 15 MW of resistive power, 5. 05 MW of

nuclear power and 11.2 MA of total cur-

rent, the velocity, pressure drop and pumping

power of water coolant will be rapidly re-

duced when the percentage of coolant (/n,o)

to center-post increases from 0. 1 to 0. 25

and those falls tend to slow down when the

value of/H,O is greater than 0. 25. From view

of design optimization in this work, /n,o is se-

lected as 0. 3. Furthermore, when/n,o is 0. 3

without neutron irradiation the averaged ve-

locity, inlet/outlet pressure drop and pump-

ing power are 6. 805 m • s~l, 0.0622 MPa

and 0. 0513 MW, respectively.

The coolant velocity should be limited

because in a long and thin coolant tube of

center-post, if the coolant velocity is too

large, it must bring more pressure of water to

tube so as to increase the probability of the

coolant tube wall broken down and it is ob-

vious that the neutron irradiation effect will

seriously influence the lifetime of the cen-

ter-post. It is shown in Ref. [ 3 ] that the li-

mited velocity of coolant in center-post tube

is less than 10 m • s'1. Based on such lim-

its, it is indicated from consideration of hy-

drolic estimation that the changing time of

center-post is about 8 years (full operation)

with 9. 78 m • s"1 of coolant velocity at FPY

(<10 m • s'1 l imit). Otherwise, 0. 129 MPa

of water pressure drop and 0. 153 MW of

pumping power at 8 FPY are obtained.
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2. 5 Magneto-hydrodynamic Effects Instabilities
Caused by Cracks

XU Zengyu PAN Chuanjie WEI Wenhao

CHEN Xiaoqiong ZHANG Yanxu

Key words Liquid metal Crack MHD effect instability

The magneto-hydrodynamic (MHD) effect

instabilities are a key issue for the magnetic

confining fusion, especially, for liquid metal

blanket system. It is proved that MHD pres-

sure drop will be reduced by insulator coat-

ing, but the question is what MHD effect will
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happen while insulator coating having cracks.

Now available experimental data are very

few [1 ~ 4 1 . The present experiment shows that

insulator coating cracks not only caused

MHD pressure drop increasing, but also

MHD effect instabilities producing. The in-

stabilities will affect contribution of flow

rate, coefficient of heat transfer, corrosion

and stress of channel in reactor. These data

must be available before starting the engi-

neering design. The new experimental results

is presented in this paper.

1 Experiment set-up
The experiments were carried out at the

LMEI (liquid metal experimental loop) fa-

cility. The parameters are as following: mag-

netic field is 2 T, the uniform magnetic field

space is 80 mm x 170 mm x 740 mm. The test

section is made from 304SS pipe, the polyu-

rathane insulator was coated on internal wall

of test section, the thickness of insulator

coating t*\ is 2. 85 mm, the internal diameter

2 Ro is 51.3 mm. Copper electrodes and

copper wire are used to simulate insula-

tor-coating cracks. The distance between two

electrodes is 170 mm along the flow velocity

direction (see Fig. 1). In Fig. 1, A, B, C, D

and E are the electrodes. Two-pressure trans-

ducers separated distance Lo is 500 mm. The

accuracy of pressure transducer is 0. 25%.

The mean flow velocity vo is measured with

an electromagnetic (EM) flow meter, the er-

ror is 1.2%. The liquid metal (the eutectic

alloy Na 22 K ?s) flows along the x-axis. The

operation temperature is 85 °C , maximum

Hartmann number M is 4 000. The maximum

B/B, 1.0

304SS

V s

Fig. 1 Schematic of tesl section in magnetic field Elec-

trodes connected with copper wire in outer wall of

pipe

1 insulator coating, 2- ~copper electrode, 3 probe for

measured velocity contribution.

interaction parameter N is 10 000(in reactor

M and N magnitude is between 103 ~ 105).

First, when experiment set-up, all electrode

is left alone and magnetic field is kept at a

determined magnitude, electric potential of

every electrodes and MHD pressure drop

changing with flow velocity changing are

measured. Secondary, using copper wire con-

nected to difference electrodes and also kept

magnetic field not changing, then measured

electric potential of every electrodes and

MHD pressure drop changing with flow ve-

locity changing. Third, keeping all parame-

ters not changing, it is measured that electric

potential of every electrodes and MHD pres-

sure drop changing with time gone. All data

is acquired with a 486 industrial computer
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with a 12 bit analog-to-digital board having

2. 5 jiV resolution.

2 Results and discussion
The electric potential is based on D elec-

trode's potential equated to zero and Reynolds

number and velocity are one to one. In nor-

mal case, electric potential is according to

classical law, U - 2 Ro vo Bo. MHD pressure

drop classical law is Ap = (TsVoBlLo/M,

where o~f is liquid metal electric conductivi-

ty, v o is mean velocity, Bo is transverse mag-

netic, Lo is a length of measured MHD pres-

sure drop. These law is used to case of M,

N^> 1 and flow velocity fully developing. In

all electrodes left alone case, electric poten-

tial and MHD pressure drop is according to

these laws. But if insulator-coating appearing

cracks, what MHD effect will produce. Using

electrodes to simulated insulator-coating

cracks is one efficiency method to under-

stand the MHD effect. Fig. 2 shows that

electric potential and MHD pressure drop is

out of classical law and their jump amplitude

is over 100% . When all parameters kept not

changing, measured electric potential and

MHD pressure drop is vibrated with time

gone. These MHD effect instabilities is rela-

tive to how many electrodes are connected

together. More electrodes connected togeth-

er, more instability. The instability will affect

flow rate contribution, heat transfer, corrosion

and thermal stress in cooled channel. Further,

it will affect reactor temperature distribu-

tion, even damage reactor operation safe-

ty. The MHD effect instability is firstly ob-

served in the experiment. It is necessary to
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Fig. 2 Electrode voltage U vs Reynolds number Re

and MHD pressure drop Ap vs velocity v<s un-

der electrodes connected with copper wire from

A to D, and from C to E for insulator pipe

O Ur.-u, X f«-,,, + Uc-u, A f / ' A - u , D

MHD, PD. M = 2 510, B = 1.518 T, —

duct.

theory for insulator

continue further research both on the experi-

ment and theory.

3 Conclusion
From above discussion, the conclusions

can be gotten as below:

( 1 ) It is due to cracks that channel

boundaries electric potential and MHD pres-

sure drop appeared jump and their amplitude

is over 100%.

(2) Insulator coating cracks not only

makes MHD pressure drop increase, but also

makes MHD effects instabilities.
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2. 6 Thermal Shock Tests of Functionally
Graded Materials (FGM)

LIU Xiang XU Zengyu CHEN Jiming GE Changchun LI Jiangtao

Key words Functionally graded materials Thermal load Damage mechanism

It is well known that the plasma facing

components (PFC) of fusion reactors will be

in a harsh environment, and the surface ther-

mal load will reach 5 ~ 10 MW • m"2 on the

normal operation conditions. When plasma

instability occurred, such as disruption and

edge localised modes, the thermal load on

PFC will be as high as 100 MW • m'2 or

more. Therefore, how to design and manufac-

ture PFC and divertor mock-ups is a very im-

portant issue. Up to now, the PFCs and di-

vertor mock blocks are made by hot isostatic

pressing (HIP), so that a functional medium

layer can be formed between plasma facing

materials (such as C, Be and W et al. ) and

thermal sinking materials (such as DS-Cu),

which is the superior of functionally graded

materials (FGM) . Recent years, FGMs as

PFC and divertor components have been de-

veloped in cooperation with the Beijing Uni-

versity of Science and Technology. In this pa-

per, properties of FGMs under the thermal

load were investigated by simulating the

off-normal tokamak operation conditions. The

testing materials include B^-Cu, W-Cu,

SiC-C FGM et al. The heat resource is ND:

YAG laser with pulse repeating frequency 10

Hz, pulse length 4 ms, and average power

200 W. The experimental conditions and the

damage mechanisms are listed in Table 1. The

weight loss rate vs incident power density

and cycling number is shown in Fig. 1. Since

the samples of SiC/C and SiC were broken

under laser shots, their weight loss datum

were not obtained.

Fig. 1 shows the relation between weight

loss rate (weight loss/area of laser dot) and

parameter W, here W= S<Pt]/2 (kj • cm2 •

s~ 1 / 2 ) , 2 is the numbers of laser pulses, <P

is incident flux density (kW • cm"2) , t is

(D University of Science and Technology Beijing.
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Table 1 Main thermal erosion mechanisms of functionally graded materials

Materials type

Wcu-1

W c u - l ( l )

Wcu-2( l )

Wcu (90)

Wcu 23#, 24#

BCCU-1-1

BCCU-1-2

BCCU-1-3

BCCU-2

SiC/Cu-70

SiC-B^C/Cu

(71)

BX/SiC-14

SiC/C(17)

SiC/C(28)

SiC

Description Power density Erosion mechanisms

/MW • irT2

( pulse number)

Plasma spraying 123

(200)

Plasma spraying 123

(350)

Plasma spraying 123

(700)

Hot pressing, Cu infiltration 398

of sintered porosity-graded W (300)

skeleton

Plasma spraying, Ni as for 123

medium (200)

Same as BCCU-1-1 398

(100)

Same as BCCU-1-1 398

(300)

Plasma spraying, Cu as for 398

medium layer ( 1 00 )

Power sintering 398

(100)

Same as SiC/Cu-70 398

(100)

Same as SiC/Cu-70 398

(300)

a - SiC + B + C 398

(100)

£-SiC + Y 20 3 + AhO, 398

(50)

398

(20)

Oxidation, no obvious construction damage

Oxidation layers peel off

Re-crystallization, grain boundary thermal stress fractur-

ing

Evaporation and cracks in the beam dot, chemical de-

compositon(redeposition) on the edge of the beam dot

No obvious damage on the surface and section, only ox-

idation ol Cu in surface

Cracks appear at the edge of laser dot, parts of BjC in

the crater were evaporated completely, melting Cu was

found. Stress fracturing appears between the B^C and

medium Ni, Ni and Cu matrix

Same as BCCU-2

Evaporation and melting in the laser dot, many small

circular dots come from melting Cu cool down appeared

on the edge of the laser dot

Toroidal and radial cracks appeared on the surface.

melting also be found in the dot, free Si appeared on

the edge of the laser dot

Approximately same as SiC/Cu-70

Thermal stress fracturing toroidally around the dot, inter

and intra-granular thermal stress fracturing is seen on

the edge of the dot

Broken into several pieces

Same as SiC/C( 17)

Same as SiC/C(17)

pulse length. One can notice that the weight

loss of FGMs are negative for lower W val-

ues, which means the weight of samples in-

creased after laser shocks due to oxidation of

metals. With the W value increasing, namely

power density or laser pulse numbers increas-

ing, the oxidation layers are removed away in

the laser beam dot, the oxidation only ap1

peared on the outer surface of laser beam dot

and copper matrix, and parts of tungsten, B 4C
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Fig. J wight loss rate vs parameter W for high purity

graphite and functionally graded materials

or SiC were evaporated and exfoliated in the

dot. Therefore, we can measure the weight

loss of samples. As comparing, the weight

loss rate of high purity graphite TPMS is also

listed in Fig. 1. It is obvious that the weight

loss rate of W-Cu FGM is lower than that of

graphite.

From Table 1, it can be seen that the main

damage mechanisms of W-Cu FGM is oxida-

tion layers exfoliation, re-crystallization, grain

boundary thermal stress fracturing, evapora-

tion and cracks, chemical decomposition

(redeposition) with the increasing of power

density. As for EUC-Cu FGMs, cross section

SEM photograph showed cracks and fractur-

ing occureed on the interfaces of the sample

with Ni as medium layer under 300 times

laser shots with power density 398 MW • m ~ 2

and so not for the sample with Cu as medi-

um layer. For SiC samples, SiC and SiC/C

with out functional medium show very poor

properties, all three samples were broken in-

to several pieces during 20-100 times laser

pulse shots with power density 398 MW •

m ~ 2 . As a word, FGMS show better capability

to withstand high heat loads and integrity

under thermal cycling, material synthesis

with functional medium layer is a promising

method to design and manufacture PFCs and

divertor components.
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2. 7 The Development of V-based Alloys

CHEN Jiming YANG Lin XU Zengyu

Key words Vanadium alloy Development

Vanadium alloy has the potential advan-

tages over other structural materials for fu-

sion application. It is not only good in high

temperature property, high resistance to neu-

tron irradiation and feasibility of fabrication,

but also a typically low activation materi-

al. However, the alloy is easily contaminative

in the process of fabrication at elevated tem-

perature such as hot rolling, causing the loss

in ductility and toughness. In this paper, a

process was introduced to prepare several

kinds of vanadium alloys.

Pure vanadium, titanium metal and

chromium were used to prepare the al-
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loy. Alloys were ac-melted in a magnetic

floating furnace. All ingots were then forged,

hot-rolled and cold rolled in air to 0. 5 ~ 1

mm thick plate. Finally, the plates were an-

nealed at 1 020 °C for 1 hour with a vacuum

of 1 X 10~3 Pa. Temperature for forging and

hot rolling was between 400 and 850 t. An

acid solution (HN03+5%HF) was used to

remove the surface oxidized layer. Fig. 1

shows the microstructure of the alloys. The

grain is fine with an average size of 20 ~ 40

(Jim. Table 1 listed the chemical composi-

tion, mechanical strength, elongation and the

temperature of hot work of the alloys devel-

oped.

Fig. 1 The microstructure of ihe vanadium alloys of

V4Cr4Ti and V4Ti3Al

The following results could be obtained

from the Table 1:

(1) Most of the alloys had very low nitro-

gen content.

(2) Hot-work temperature had large influ-

ence on the oxygen content of the alloys be-

cause the alloys were forged and hot-rolled in

air. The temperature should not exceed 500

t for the purpose to control the total content

of C, N and 0 being lower than 1 x 10"11.

(3) The alloy elements Cr, Al, Si and the

impurity elements 0 could strengthen the al-

loy. Especially Al, it largely increases the

strength of the alloy.

(4) The Vanadium alloys with aluminum

had relatively lower oxygen content in com-

parison with the alloys without aluminum el-

ement at the same hot work conditions.

Impurities in the alloys may came from

the raw materials and from the atmosphere in

the process of melting, forging and hot rolling.

The raw materials used for the alloy devel-

opment had high purity. Table 2 listed the

impurities in the metal vanadium and titani-

um. The oxygen content in the V-2 type vana-

dium was 3. 30x10"8, while that in the

V4Ti3Al was only 3. 90xlO' 8 , if hot work

temperature was 400 ~ 500 °C (see Table 1).

The difference was small, which showed that

Table 1 Chemical composition, mechanical strength, elongation and the temperature

of hot work of the alloys developed

alloys

V4Cr4Ti

VSTiAISi

V4Ti-l

V4Ti-2

V4TJ3A1-1

V4TJ3A1-2

V4TiSi

C

0.024

0.012

0.02

0.014

0.019

0.019

0.016

chemical composition weight percent/%

Si Cr Ti Al N

0.023

0.95

0.005
0.012
0.016

0.008
0.24

3.61
0.02
—

0.22
—

0.02
0.02

4. 11

3.20

1.32

4.23
4.24

4.23
3.96

0. 21

1.07

0. 19

0.23
2. 82

2.89
0.26

0.046
0.006

0.002
0.002
0.001

0.005
0.052

0

0.09

0.08

0.046
0.085
0.039
0.07
0. 11

a-,
/MPa

326.3

438.5

237.8
262.0
404.5
382.5
256.3

O"n

/MPa

402.7

501.9

338.5
341.5
461.6

425.4
335.7

S
/%

19.0

19.5

26.9

19.0
20.3

23.0
21.8

n.
/"C

850

850

400 - 500

850

400 ~ 500

850

850

ff,: yield strength, t7„: ultimate strength, S: total elongation, Ti,,: hot-work temperature.
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Table 2 The impurities in the raw material of vanadium and titanium (in weight percent)

Metal Type Si Cr Al Fe N 0

Vanadium V-2 0.006 0.004 < 0. 02

Titanium TAD < 0.03 < 0.03 —

<0. 01 <0. 02

<0. 03

0.006

<0. 01

0.033

<0.05

the alloy absorbed small amount of oxygen

from the atmosphere during the process of

alloy preparation.

Vanadium, titanium and aluminum will be

oxidized in the alloy preparation pro-

cess. Vanadium will take severely oxidization

if the temperature exceed 475 ^C. This is the

reason that the vanadium alloys had higher

oxygen content for the case that the hot work

temperature was 850 t. However, the vana-

dium alloy with aluminum had relatively

lower oxygen content since the alloy element

aluminum played a role to reduce the vana-

dium oxidizing rate.

2. 8 Thermal Shock Test of Graphite
by Laser Beam

CHEN Jiming LIU Xiang XU Zengyu

Key words Thermal shock Graphite

Graphites are considered as one of the

candidate for plasma facing materials (PFM)

based on its low atomic number and good

thermal shock resistance. The heat load on

PFM may be high up to 100 MJ • m ~ 2 in

several mini-seconds on plasma disruption,

which can't be avoided for the recent toka-

mak machine. PFM may suffer severe dama-

ge such as thermal stress cracking, vaporiza-

tion and surface erosion by the high heat

load and ion irradiation.

Pure graphite has been used as limiter or

armor tile in the recent large tokamaks. It

has been found to have high chemical sput-

tering and thermal erosion rate. Recent

years, some B, Ti, Si-doped graphites were

developed in China. They showed higher re-

sistance to chemical sputtering and thermal

erosion than pure graphite11'21. It is useful for

the material development to establish the re-

lations between the composition, microstruc-

ture and the thermal shock behavior. Several

graphites with different B, Ti, Si content were

shocked by a pulse ND: YAG laser beam. The

wavelength is 1.06 jxm and the power is

200 W on average. The pulse length of the

laser beam was 4 ms with an interval of 96

ms. The power density on the specimen sur-

face reached to 122. 9 MW • m' 2 and 398. 1

MW • m~ 2 . Table 1 showed the physical pro-

perties of the graphites.

Fig. 1 shows the dependence of the

weight loss on the accumulated laser power

intensity. Here <P is the power density, t is
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Table 1 Physical properties of some doped graphite

Materials

type

Content of dopants

weight percent
Density

/g • c m "

Porosity

/%

Bend Thermal expansion Thermal

strengh coefficient conduct

/MPa /10-'K / W - m - R

TPMS

GB105

GTB10106

GBS3033

B5

B10 + TH6

B3 + Si3

1.83

2.00

2. 18

2. 0

6. 14

4. 18

6.5

34.2

81. 1

67

2.95 72.0

48.6

48.6

100.4

50 100 150

£ (p -ft /kj • cm'2

200 250 300

Fig. 1 The weight loss of the pure graphite and the

doped graphites at different laser shock intensity

the laser pulse length. It is obvious that

doped graphites had lower weight loss. The

weight loss rate decreased with the increas-

ing boron content.

Crater was formed on the specimen sur-

face for the case that the laser power density

was 398. 1 MW • rrT2 [see Fig. 2(a) ]. The

graphite showed laminar structure in the

crater [Fig. 2 (b ) ] . Around the crater, in re-

gion near the shot dot, three circular layers

could be observed with different fea-

tures. There are many cracks in the layers.

The graphite in the inner layer looked like

melted during the laser irradiation. Its che-

mical composition was mainly carbon, neither

silicon nor boron existed in the layer for the

GBS3033 graphite [see Fig. 2 ( f ) 1 . The in-

ter-layer had relatively higher boron con-

tent. The element in the outer layer was
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1'ig. 2 The SEM photos of the laser shocked specimen

surface and the B, Si, C distribution in the region

near the crater

mainly silicon.

X-ray diffraction test showed that the

phase compositions of the graphites were dif-

ferent. The phases in the GBS3033 and

GB105 graphites were G, SiC and B4C, while

that in the GBT10106 was SiC and TiC. The

melting points (or the decomposition tem-

perature) for the SiC and B4C are ~ 2 100 °C

and 2 450 °C , respectively. The temperature

in the inner layer may exceed 3 500 °C as the

graphite was melted during the laser shock.

Both the SiC and B4C must be vaporized and

so neither Si nor B remained. Outside this

layer, as the temperature dropped, B4C and

SiC were melted or decomposed and segre-

gated at the surface.

Large particle emission accounts for the

main part of the weight loss. It ha been

speculated that surface cracking by the ther-



mal stress is the main cause of the particle

emission. For doped graphites, the doped

mass was firstly melted or softened in the

laser shock process. Thus tendency for the

thermal stress cracking would be decreased,

as the softened materials decreased the ther-

mal stress. Particle emission was suppressed,

which decreased the weight loss of the doped

graphites.
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2. 9 The Hydrogen Embrittlement
of Vanadium Alloy

CHEN Jiming XU Zengyu

Key words Vanadium alloy Hydrogen embrittlement

Low activity vanadium alloy has long

been considered as structure material for fu-

sion reactor. Hydrogen embrittlement is a

main concern for a fusion reactor. In this pa-

per mechanical properties of the hydrogen

embrittlement vanadium alloys were stud-

ied. Table 1 shows the chemical composi-

tions of the alloys.

Tensile specimens were cut from 1 mm

thick vanadium plates in annealing state.

Fig. 1 shows the size and configuration of the

specimen. All specimens were hung in the

vacuum chamber of a hydrogenating device

to charge hydrogen. The temperature of hy-

drogenation was 600 t. The hydrogen con-

tent in the specimens was measured to be

high up to 1. 13 x 10 ~ 8 . Tensile test was per-
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Fig. 1 The size and configuration ol the tensile specimen

(Uni t : mm)

Table 1 The chemical composition of the vanadium alloys / M-g ' g

Allov

V4Cr4Ti

VSTiAISi

V4Ti

V4Ti3Al

V4TiSi

C

0.024

0.012

0.014

0.019

0.016

Si

0.023

0.95

0.012

0.008

0.24

Cr

3.61

0.02

0.22
0.02
0.02

Ti

4. 11

3. 20
4.23

4.23
3.96

Al

0.21

1.07

0.23
2. 89
0. 26

N

0.046
0.006
0. 002

0.005
0.002

0

0.09
0.08

0. 085
0.07

0. 11
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formed in a MTS material test machine with

a tensile displacement rate of 0. 5 mm per

minute.

The yield strength, ultimate strength and

elongation of the alloys were measured ac-

cording to the tensile load versus displace-

ment curves. Fig. 2 showed the change of the

properties with the increasing hydrogen con-

tent. Several results could be concluded from

the Fig. 2, both V4Ti and V4TiSi alloys

showed higher resistance against hydrogen

embrittlement over other alloys. They kept
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Fig. 2 The dependence oi mechanical properties on the

hydrogen content of the alloys tested at room

temperature

] VSTiAISi, 2 V4TBA1, 3 V4Cr4Ti,

4 \4Ti, 5 V4TiSi.

ductility with the tensile elongation in the

range of 6% — 1 1 % even the hydrogen con-

tent reached to 1. 13 x 10~8, while other al-

loys had only 2. 5% in elongation. The duc-

tility of the alloys was almost in the same level

with little decrease when the hydrogen con-

tent was no more than 0. 2 x 10 ~8. Element Si

will increase the hydrogen embrittlement of

the alloys. V4Ti alloy always showed bigger

elongation than V4TiSi for all hydrogen con-

tent. Hydrogen in the vanadium alloys always

caused the increase in yield strength for any

alloy, while the ultimate strength was little

influenced.

The influence of hydrogen on the me-

chanical properties was caused by the in-

crease in the resistance of dislocation mobil-

ity. Yield strength will increase and elonga-

tion will decrease due to the increase in dis-

location mobile resistance. The ultimate stren-

gth will be not influenced because it is de-

pendent mainly on the feature and structure

of the matrix metal. The difference between

the yield strength and the fracture strength

(there it is approximately equal to the ulti-

mate strength) will decide whether ductile

fracture or brittle fracture will take place.

When yield strength is smaller than fracture

strength for a material loaded, yield and

plastic deformation will firstly take place in

the material. The fracture will be ductile. In

the opposite, the stress in the material loaded

will first reach to the fracture strength. Britt-

le fracture will take place with little defor-

mation in the material. So the ratio of yield

strength ( o " y ) over ultimate strength ( (r u)

could approximately reflect the ability of the
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alloy against hydrogen embrittlement because

yield strength will increase and get to the

value of ultimate strength with the increasing

hydrogen content. The smaller the ratio, the

better property against hydrogen embrittle-

ment the alloy would have. Table 2 listed the

radio of the vanadium alloys without hydro-

gen at room temperature. It was obvious that

both V4Ti and V4TiSi had smaller a ,/ a u

ratio.

Table 2 The radio of yield strength over ulti-

mate strength of the vanadium alloys
tested at room temperature

alloy V3TiAlSi V4TJ3A1 V4Cr4Ti V4Ti V4TiSi

or ,/ <T „ 0.87 0.9 0. 81 0. 77 0.76

2.10 MHD Effects Caused by Cracks
in Coating Pipe

PAN Chuanjie XU Zengyu CHEN Xiaoqiong ZHANG Yanxu

Key words Liquid metal MHD effects Coating cracks

1 MHD test section
MHD coating pipe with cracks used in this

study is showed in Fig. 1 in Ref. [ 1 ]. Here,

the signature VI stands for the electric po-

tential on electrode Dl. Similarly, the elec-

tric potentials on electrodes D2, D3, D4 and

D5 are V2, V3, V4 and V5, respectively. The

electric potential V5 on electrode D5 has been

chosen as the electric potential reference

point, and V15 stands for the potential differ-

ence between electric potential on electrode

Dl and electric potential on electrode D5,

i.e. V15=V1-V5. Correspondingly, V25 =

V2-V5, V35 = V3-V5, V45 = V4-V5, respec-

tively. To simulate a couple of cracks on in-

sulating coating, a soft short-circuit copper

wire must be used to link tightly electrode

Dl and electrode D5 together, and D15 is

used to indicate this couple of cracks. The

length of copper wire is 420 mm, its

cross-section area, S is 0. 75 mm 2, 6 mm 2,

75 mm2 , respectively. The D15 &D34 indi-

cates two couples of the cracks, i. e. one soft

short-circuit copper wire is connected be-

tween electrode Dl and D5, another soft

copper wire is used to link electrode D3 and

electrode D4 simultaneously. In the same

way, D35-25, D35-14 and D14-35 indicate

the correspondent cracks.

2 Experimental analysis
MHD pressure drop Ap and the potential

differences A V, i. e. VI5, V25, V35 and V45

have been studied under some stable mag-

netic flux density B. The curves in Fig. 1 to

Fig. 3 show the comparison of the experi-

mental results for MHD effects with the the-

oretical prediction of insulating pipe.

For two couples of simulated cracks of

D15-34 in Fig. 1: comparison of MHD pres-
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Fig. 1 Comparison of MHU pressure drops with the sim-

ulated cracks of D15-34 at the magnetic field of

1.965 T

Here, D15 represents that a soft copper wire has tightly linked

electrode Dl with electrode D5. D15-34 represents two couples of

short-circuit connections at the same time.

sure drop under the same magnetic field, and

with the short-circuit wires of various

cross-section area (0. 75 mm2, 6 mm2, 75

mm2, respectively). Insulated theory in Fig. 1

expresses the theoretical prediction of perfect

insulating pipe, and the insulated experiment

expresses the experimental pressure drop of

insulating pipe, without any short-circuit con-

nections between the electrodes. It is evident

that all the experimental values of MHD

pressure drops are higher than the theoreti-

cal prediction. Apart from 75 mm2 copper

wire short-circuit link, the rest curves are

characterized by good linearity, and MHD

pressure drop is directly proportional to the

mean velocity U. The bigger the cross-section

area of the simulated cracks, the more the

MHD pressure drop. Then, for the soft copper

wire links with cross section area of 75 mm
2, the curve appears considerable variation at

some experimental parameters. To be exact,

the curve suddenly declines at the mean ve-

locity of 0. 31 m • s"' and 0. 74 m • s"', and

then, abruptly goes up at 0. 85 m • s"1 and

0. 93 m • s-'.This indicate that MHD flow

fluid is unstable at some experimental pa-

rameters. The results also indicate that the

experimental results of MHD pressure drops

are greatly more than the theoretical predic-

tion for perfect insulation at the same pa-

rameters. The maximum value is bigger than

19 kPa. It is approximately 10 times more

than the theoretical prediction for perfect in-

sulation.

MHD effects with the simulated cracks of

D34-25 connection is shown in Fig. 2 (at the

magnetic field of 1. 972 T, 1. 536 T, respec-

tively) . Two curves in Fig. 2(a) have good

linearity, and MHD pressure drop varies as

the magnetic field and mean velocity of LM,

respectively. The potential difference curves

in Fig. 2(b) have two kinds of tendency. The

potential differences, VI5 and V25, vary di-

rectly with Reynolds number Re, and V25 is

lower than VI5 at the same parame-

ters. Then, V35 is almost equal to V45 at the

same parameters. As having still been seen

from the curves in Fig. 2 (b) , it exists poten-

tial differences along electrode Dl, D2 and

D3 on the same side of MHD pipe. That is to

say, the electric potential reduces along the

flow direction of LM. This indicates that ad-

ditional short-circuit electric current from
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Fig. 2 MHU effects wilh the simulated cracks of D34-25

at the magnetic field of 1. 972 T, 1. 536 T

( a ) M H D pressure drops, ( b ) M H I ) potential differences.

cracks has changed the primary velocity dis-

tribution of LM fluid, and set up new veloci-

ty distribution.

MHD effects have been studied while

singular electrode Dl is directly connected

with the outer conducting wall of pipe by a 5

mm thick copper plate. And it has also been

studied that a couple of electrodes Dl and

D4 are simultaneously connected with the

outer conducting wall of pipe by the copper

plates respectively. The experiment results at

the magnetic field of 1.961 T are shown in

Fig. 3. For the connection of Dl to wall, the

additional electric current flows from crack

along the outer conducting wall of MHD pipe

to its end into the LM flow in pipe, then

flows back through LM in pipe. However, for

the connection of Dl & D4 to wall, the addi-

tional induction current flows along two

^3249 0=1.961T
cracks

•••Dl to wall
•*-lDl-4 to wall
—Insulated theory

(a)

0.2 0.4 0. 6 0. 8

V/m- s '

110

90

70
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30

10
0

-10

30

. (b)

5000 15000 25000 35000 45000 55000

Re

Fig. 3 MHU effects wi lh ihr simulated cracks of Dl to

wall, and Dl-4 to wall at the magnetic field of

1.961 T

( a ) M H U pressure drops, ( b ) M H I ) potential differences. Here. Dl

to wall represents that singular electrode 1)1 has been directly l inked

w i t h the ouler wall of connection. 1)1-4 to wall represents lhat elec-

trode 1)1 and electrode 1)4 has been simultaneously connected w i t h

the outer wall of connection, respectively.
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ways, one way is the same with that the con-

nection of singular D1 to wall, another way is

from Dl to the outer wall to D4, then flows

back through flowing LM in pipe. The results

show that short-circuit connection of elec-

trode with outer conducting wall by the cop-

per plates had some effect on MHD pressure

drop and MHD potential difference.

3 Conclusion
MHD pressure drops for the same crack

locations have something to do with the area

of the cracks. The bigger the area of the

cracks or flaking, the more the MHD pres-

sure drops from the cracks.

MHD pressure drops from two couples of

parallel cracks are more than those from

cross cracks, and their potential curves also

are different from each other. That is to say,

for the same area of crack cross-section, its

MHD pressure drops still depend on the lo-

cations of insulator coating crack.

For the simulated cracks, MHD flow is

unstable at some physical parameters. The

magnitude of magnetic field B and mean

flow velocity U have great effect on the sta-

bility of MHD flow. The bigger the magnetic

field and the mean flow velocity, the more

serious the non-stability of MHD fluid.

As having still been seen from the poten-

tial distribution curves, the additional elec-

trical current from the cracks has changed

the downstream flow velocity distribution of

LM fluid. It is possible that the result will be

harmful to the ceramic coating in blanket.
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3 Plasma Theory and Calculation

3.1 Mechanism of Molecular Beam
Penetration into Plasmas®

SHI Bingren

Key words Molecular beam injection Double layer Effective penetration length

Recently, on the HL-1M device, experi-

ments on molecular beam injection for plas-

ma fueling were carried out, leading to re-

markable positive results"'41. Compared with

the usual gas-puffing method, the depth of

the particle deposition is deepened, the pro-

file of plasma density became more peaked,

leading to the improvement of confine-

ment. According to Ref. [2], molecular beam

ejected from the Laval nozzle has high den-

sity, its directional velocity is of the same

order as molecules at routine temperature. If

use single molecule mode, the penetration

depth of these molecular beam, i. e., A = va

( ne\ (TV/) "' does not surpass that of thermal

molecules ( va being the directional velocity,

( ( T V / the total reaction rate including the

molecular dissociation, ionization etc) . It is

clear that we can not understand the deeper

penetration depth experimentally observed

from the single particle behavior.

In this article, we propose a model of the

molecular beam penetration into plasma. Main

points are as follows: because the density of

molecules is much higher than that of sur-

rounding plasma, the dominant physical pro-

cess should be the interaction of passing elec-

trons from both sides along the magnetic field

lines with the dense molecules (including the

elastic scattering, excitation, dissociation,

ionization) . Within these processes, some

may change the direction of electron motion,

some makes loss of partial electron energy

and momentum, some let molecules change

into atoms or ions. The plasma ions would

also interact with molecules, however, the to-

tal reaction rate is much smaller and we can

neglect these processes. After passing through

the region where the dense molecules occu-

py, electrons would lose part of their energy,

make their motion slow down. This means

that electrons would accumulate near this re-

gion to form a plasma sheath. It can be con-

sidered that the two sides of this region are

CD Supported by the National Nature Science Foundation of China(19975015).
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basically symmetric so that the formed sheath

is an electrostatic double layer. This struc-

ture will make thermal electrons decrease

somewhat along the field lines, eventually re-

sults in the increase of the effective penetra-

tion of the molecular beam.

Unfortunately, we understand the Laval

nozzle very little. The data of molecule exci-

tation, dissociation and ionization are not

complete either. The motion of cool plasma

produced by molecules is also very compli-

cated. All these make our description quali-

tative only. One reason to publish this article

is to stimulate interest in this problem.

1 Damping process of the molecu-
lar beam

When hydrogen molecules enter the toka-

mak plasma, they meet with a temperature

gradually rising environment. In different area

with different temperature, the dominant pro-

cess is different. In region where temperature

is lower than 4 eV, the main process is elas-

tic scattering, in region where 4 eV < Te<10

eV, dissociation is the dominant one. Atoms

produced by molecule dissociation have en-

ergy of about a few eV, they can move to-

ward all direction, some can enter into the

inner part of the plasma. However, in device

like the HL-1M, the temperature in the edge

region is not high, the probability of direct

dissociation of molecules is not much. In

deeper region where 10 eV< 7X100 eV, the

ionization of molecules is the dominant pro-

cess, the formed molecular ions have rather

high cross-section of dissociation so that they

will be rapidly dissociated into atoms and

ions. The neutral atom can further enter into

the plasma until a charge exchange hap-

pens. The above discussion describes the ba-

sic processes for molecular beam.

The very high density of molecules in

beam region (according to Ref. [2], the

density of molecules is between 1015 cm"3 to

10'8 cm"3) could be larger than the total

electrons in corresponding magnetic flux, this

means that molecules can not be ionized

within the depth of a single molecule. We

should consider the total process for an elec-

tron entered into this region. Physical pro-

cesses happened in this case are similar to

some extend to those in pellet injection

case. The main difference here is that for

pellet case, electrons and ions can not pene-

trate through the solid pellet while in molec-

ular beam case they can. Of course, when

electrons pass through the molecular beam,

they would interact with molecules as dis-

cussed above. As for ions, they can more

freely pass through the molecular beam, pro-

ducing much little interaction there. We can

approximately neglect these processes.

2 Model of electrostatic double
layer

Now we constitute a simple model. Assume

a molecular beam with width d is perpendicu-

larly injected into an uniform temperature

( T,.>10 eV) plasma. As indicated above, the

elementary process of molecule s damping is

the ionization of molecules. When there is no

double layer beyond the molecular beam, the

number of electrons entering the beam from

two sides of the magnetic flux tube is nfvr\,
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where v,t = V 2Te/mf. is the thermal paral-

lel electron velocity. Every electron in time

of its passing through the beam region will

encounter inelastic collisions of no( ove/, the

time of electron passing is d/t>f , then we

have the following electron damping rate:

- -r - = (1)

Obviously, this is still the equation for a sin-

gle molecule penetration:

dn-o _ _ / \ ,~\
dt Hon*

Thus it is clear that only some mechanism

that makes the total number of electrons en-

tering the molecular beam region can de-

crease deepen the width of molecules pene-

tration.

The thermal electrons entering beam will

definitely lose part of their energy due to in-

elastic collisions (excitation, dissociation,

ionization), thus makes those decrease in

their parallel velocity near the beam region

and electrons will accumulate at the bound-

ary. The symmetry of geometry in both sides

of the beam (we neglect the asymmetry due

to plasma current) means that this is an

electrostatic double layer structure. In pellet

injection experiments, such structures are fa-

miliar'6 '. The present case is much different

from the former. For pellet injection, all elec-

trons and ions injected into the pellet will

deposited there, for molecular beam howev-

er, electrons and ions are all possible to pass

through it, but electrons would lose part of

their energy to excite, dissociate or ionize

some molecules. Ion' s energy loss is much

smaller because of their very small reaction

rates. For pellet case, the potential of the

double layer is determined by the balance

condition of electron flow and the ion flow, it

is about I e(j> I ~ 2 Te, for molecular beam

case, this potential should be determined by

other mechanism.

Now assume that thermal electrons posses

a Maxwellian distribution, when entering the

beam region, electron flow would dectrases

caused by a factor of exp( e<j>/ TK) . In

Meanwhile, within beam region electrons with

such parallel velocity, l/2mfv^, <- ety, are

trapped by the electrostatic potential, they can

not move out of this region. However, two

boundaries of the beam region can expand

along flux lines, its expansion velocity is

VAI ~ \ 2Te/m\ which is equivalent to an

outward electron flow nevai. Total electron

and ion balance makes:

/ i , [ A w e , e x p ( « f > / r e ) - «di] =0 (3)

Then we get:

,-In _ ,=ln a
m ,
-
m, (4)

Parameter a depends on concrete mechanism

of electron damping. The energy loss due to

inelastic collision can be expressed as'71:

<— > eV/cm (5)

where L ( s r ] being an energy-dependent

loss function, it can be fitted by'7 8 I

= 8.62x " 15

100 /
£

148. 47 /

- 1.938

(6)

The energy loss of electrons passing through

the beam region can be estimated by
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"fc =/3~,t d (7)

The corresponding decrease of average ve-

locity is

&vc = (2/mf)
l/2[ so — e]l/2 (8)

For re>10 eV, L> 10-15 eV • cm2, if n0>

1015 cm~3 , an electron of 100 eV could ex-

haust its total energy in a range of several

cm. It is seen that for molecular beam with

low density, we have I <f>\ / Te—K). In another

limit, if the injected electron loses all its en-

ergy a = 1, thus the largest potential of

sheath could be e I (f> I / jTe ~ In v m \ /m e =

3. 76, about 2 times of the sheath potential

near a solid. Of course, this is the extreme

case without considering the ion contribu-

tion. In fact, the ion flow should has some

contribution, besides, thermal electrons can

lose through other mechanisms. It is assumed

that the possible potential of the double

sheath is still at the level of (1 .8-2.0)

T"e. In this case, the injected electron flow

will be 1/7 of that without sheath struc-

ture. Correspondingly, the penetration depth

of molecules will increase 7 times of its o-

riginal value calculated from single molecule

model.

3 Conclusion
The above mechanism of double layer

structure can deepen the molecule penetra-

tion about one order of magnitude. In fact, the

depth value (typically 5 cm) is still not very

large to explain experimental results. There

are other mechanisms. According to experi-

ments, in the stage of molecular beam injec-

tion, the edge temperature decreases very

clearly due to formation of large amount of

cool electrons and ions. Similar to the impu-

rity induced temperature decrase, this makes

the subsequent molecules possible to pene-

trate more deeply. We think both of these

mechanisms are responsible for the enhanced

penetration of molecular beam.
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3.2 General Description of Tokamak Ideal
MHD Instability I®

SHI Bingren

Key words Shear Alfven approximation Small scale perturbation Eigen-mode equation

The tokamak equilibrium are usually ax-

isymmetric ones but with non-circular

cross-sections. The ideal MHD stability anal-

ysis of such system had been done in cylin-

drical approximation ( I D case) in detail"1.

For toroidal configuration, the high n- bal-

looning mode and the local mode (the Mercier

mode) can also be simplified as ID eigen-

mode equation12'. For low mode number large

scale perturbations, such as the kink mode,

the Alfven eigen-mode, their solutions can be

obtained numerically even for circular cross-

section case because of the mode coupling

between the neighboring modes. For non-cir-

cular cross-section case, the solution can on-

ly be carried out numerically. The numerical

treatment is also based on two procedures:

the first is to obtain corresponding eigen-

mode equation and the second is to use a

suitable coordinate system. These two proce-

dures are correlative because the corre-

sponding eigen-mode equations are different

in their forms and degree of difficulty to

solve. In Ref. [ 3 ], it discuss the coordinate

system with rectified field lines in analysis

of various small scale and large scale pertur-

bations. Analysis in Ref. [3] has the merit of

unification and being applicable to non-axi-

symmetric systems. However, just because the

use of non-orthogonal coordinate with recti-

fied field lines, the eigen-mode equation is

very complicated with many metric quantities

involved, lack of direct physical insight. In

addition, the transformation between coordi-

nates with the rectified field lines and that

used in obtaining the equilibrium solution is

very complicated as well.

In this paper, we introduce the unified

tokamak ideal MHD eigen-mode equation by

using the shear Alfven approximation'41. Then

we use a local toroidal coordinate system re-

lated to the equilibrium'5' and find its rela-

tion with rectified field lines. By using these

system alternatively, we can obtain the

eigen-mode equations both for the small

scale and the large scale modes. Then we

can analyze or numerically solve these equa-

tions for general tokamak ideal MHD stabili-

ty. In this part of the series analysis, we give

the eigen-mode equation for small scale

modes (the ballooning mode and the local

mode).

CD Supported by the National Nature Science Foundation of China (19975015).
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1 The general form of tokamak
ideal MHD eigen-mode equation
for arbitrary cross-sections[41

In Ref. [4], we use an orthogonal coordi-

nate system related to the magnetic flux ( i f / ,

X, £), with tl/( R, Z) being the poloidal mag-

netic flux [ ( R, £, Z) the cylindrical coordi-

nates], the magnetic field is expressed as:

B =v£ x v <A + /?#jV£ o)
Introduce:

X= RBX^
>- n >-

(2)

script _L imply operations of gradient and diver-

we can ignore the variable Z by analyzing

the motion along the field lines. Then by us-

ing the shear Alfven approximation, i.e., for

case of the plasma pressure being not too

high, the perturbed magnetic vector potential

is dominated by its parallel component A \\,

correspondingly, variables X, U can be ex-

pressed by one variable <P

R d ̂
JB(, dv

U =
d 0

(3)

where J is the Jacobian. A general normal

mode equation is obtained in Eq. [4] as:

J d

yx

8F

with

= irB - V 0

(4)

(5)

and p\ is the perturbed pressure, / „ is the

parallel current density, operators with sub-

gence without ~:ry, and

A: =/? :v.i
R2 (6)

The eigen-mode Eq. (4) is written in the oper-

ator form so that it can conveniently be used in

different coordinate systems.

2 Equilibrium in local toroidal
system tsl

Assume there is only one magnetic axis

in tokamak equilibrium. Consider a local co-

ordinate ( r, 9, £), its relationship with the

cylindrical coordinate with the Z-axis along

the symmetric axis is

R = Ro + rcos0

Z = r s i n 0 (7 )

Furtherly we introduce a minor radius vari-

able p, then the poloidal flux and other mag-

netic surface functions are all function only

of varialbe p, every magnetic surface i//( R,

Z) = const can be expressed as:

= + n ' p ) cos/20 + b n ( p ) sin/10] (8)

The minor radius itself is the zero-th coeffi-

cient of this Fouries expansion:

2-n

= ̂ -\ d0(p,0) (9)

The sine part of this expansion will be zero

for up-down symmetric system.

To determine the transformation of the

( r, 6} coordinates and the ( p , ^) ones, an-

other restriction on % could be made. In the

treatment, we assume variable ^ is a periodi-

cal function with period 2ir.
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3 Eigen-mode equation of small
perturbations (ballooning mode
and local mode)

For tokamak plasma, the mode varying

slowly along the field line while the fast one

in perpendicular direction is the most dan-

gerous mode. Two kinds of such modes are

generally studied in detail. One is the flute

mode near the rational surfaces, another is

the ballooning. We firstly derive the balloon-

ing mode equation from the general Eq. (4).

3.1 High n ballooning mode

The general perturbation of such mode

can be expressed as:

X ( p , x, £) = X(p, *)exp[ -inS(p,x, £)1

(10)

where S(p, x> 0 is the eikonal, its concrete

form is

where qi is the local safety factor. Here the

high mode number means n^R/a^-l. I/

n can be used as the expansion parameter

while the usual small quantity e = a/ R plays

no role in derivation. It is noted that any

perturbed quantities when operated by d/d p,

d/d X-, d/d £ will upgrade to higher order in

n, except the operator B • V which does not

induce the change of quantity order. Retain

the lowest order in 1 / n, we find that contri-

bution from the d_//d p term (which is the

driving source of the kink mode and the

tearing mode) in Eq. (4) is a higher order

quantity so that is negligible. The perturbed

pressure term becomes

R_^_P]\ d I R dpi
dp\ Bt dx I dx\Bi dp

— n

d IR_
Br

(13)

This is the main driving source for the bal-

looning mode (the so-called unfavorable cur-

vature effect) . To study the second stability

regime, the related part should be written in

detail:

a IR
dp\Bt

dr
cos9 - — +

_ _
BX\B

R(B2
eY ( 2RBI

2 dR

(14)

\d$
(15)

where

a= -8TT/? (dp /dp ) /B? (16)

In Eq. (14) , terms containing a. are the main

factor leading to the second stability regime.

The initial term becomes

O) ~

r\
=n2-

V A

dp

In ballooning representation

P 1 d 0 , .
r = ~— exp( - i

qi dx

we obtain:

.17)

(18)
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RBr
= -n

— (qi/qo)

<P
exp( - inS) (19)

Substituting Eqs. (12) ~ (19) into Eq. (4)

results in the ballooning mode equation. This

is a second order differential equation for the

eigen-function <P(p, x} at a given magnetic

surface p = c within the region - <x< /^<oc.

This result completely coincides with Ref.

[2] and other related papers. In ballooning

representation the quantity V' £ can be re-

placed by V± • £± , then the perturbed pres-

sure could produce another term proportional

to the curvature, this more complicated situ-

ation will discussed elsewhere.

3.2 Local mode

Now we consider the local perturbation

around a rational surface qo = m/ nl31. In this

case the basic perturbation quantity should

be written in coordinates with rectified field

lines, i. e.,in ( p , a>, £):

/ ( p , a>, £) = exp i ( nuo - ng) {/ ( p ) +

f i ( p , « * ) } (20)

For this kind of perturbation, we have
D

B' V/ = i -:*• exp[i(ma> - ng) 1

Near the rational surface [ ^ ( p o ) = m/ n],

the safety factor q can be expanded, then

express the perturbed quantities in the

/c-representation:

"=~2-T£ t (22>Q OK

Note that the scale length of the perturbed

quantity is much smaller than the equilibri-

um one, so that in the basic Eq. (4), except

the parallel operator in Eq. (21), the other

perpendicular operators only act on the per-

turbed quantities and results in d/dp =

i k. The metric factors of system ( p , a>, £}

can be expressed in system (p, 0, £) . This

transformation can be easily done because

Eq. (4) is written in operator form. Then

terms in Eq. (4) can be expressed in the

following forms in the local representation:

• y\- mi.) „ ,
d k

L(0)~

q d (i)

CO)

- r O )

(23)

d k dk (24)

where { • • • / means averaging over d, and

2ir

LW=^~ f dBL2ir J
0

L= -[k2gu+2mkg}2+ m2g22} (26)

L ( [ } = L-L(0> (27)

2ir

h ( p ) =^- f d8(rdr/dp)/R (29)
ZTT 1

Quantities with superscripts (0) are their
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flute part or the equilibrium one depending

on p only. Quantities with superscripts (1 )

are the ballooning part of the mode or that

part of the equilibrium depending on 0. Term

containing the current gradient in Eq. (4)

appears in higher order, because of the con-

dition kp~^R/p,or x /p<Cp//?. However,

for more large scale perturbations when the

current gradient can play its role, the analy-

sis is still applicable, of cause, the derivation

is much complicated. At present, this case is

not considered.

To determine the contribution from the

ballooning part in above formulae, It is need-

ed to solve the ballooning solution <t> \\, from

the eigen-mode equation and in general, it is

rather complicated. For tokamak, further sim-

plification is possible. We note that the uni-

form part of the eigen value L is larger than

the ballooning part by a factor of ( R / p ) or

[ p/ a n ( p ) ] , then, we find that 4>\k/<I>k it-

self is a small quantity of order (m/kp).

Mean-while, the eigen value of K is in same

order with the ballooning part or even small-

er [see Eqs. (14), (15)], then we can de-

termine approximately <P\k as:

nq'
(32)

where

(30)

(31)

the required eigen-mode equation for the lo-

cal mode is

where

It can be seen that stability depends on the

pressure driven force. Similar to the balloon-

ing mode, stability of the local mode is relat-

ed to the curvature of the field lines. When

only terms proportional to A;2 in Z, ( 0 ) are re-

tained, the eigen function would have a form

of <P t °c k ~ ] / 2 , then the necessary condition

for stability becomes

U+l/4>Q (34)

This is the well-known Mercier criterion13'61.
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3. 3 General Description of Tokamak Ideal
MHD Instability Hx

SHI Bingren

Key words Alfven continua TAE mode EAE mode

Ideal MHD stability analysis is a basic

theoretical tool to study the stability of the

magnetic confinement plasma. Based on this

framework, it is possible to introduce other

physical effects, to analyze or find some new

instabilities. In this paper, the ideal MHD

shear Alfven equation of motion1" is used to

study one of the important mode (i.e., the

toroidal Alfven mode) . This is a peculiar

mode in toroidal confinement system, it re-

lates closely with the Alfven continua, but is

quite different from the former in property. It

exists in the gap of two continua which split

each other due to toroidicity effect and has

discrete spectrum and global structure. The

early discovered one is the toroidal Alfven

eigen-mode, called the TAE mode (Toroidi-

city-induced Alfven mode)'2 '31 , attention has

attracted to this mode for long time due to

the possible excitation of such mode by fu-

sion alpha particles (now experimentally ob-

served'41), later, the non-circularity of the

tokamak equilibrium, especially when its e-

longation effect surpasses the toroidicity, is

found to be responsible for a new branch of

mode with discrete spectrum. It exists in the

gap between two Alfven continua that corre-

sponding to two poloidal mode numbers with

integer difference. The typical one is called

the EAE mode (ellipticity-induced Alfven

mode) I5! . Recently, experiments on toroidal

eigen-modes and their effects on energetic

particles have been an important area in toka-

mak physics.

1 General form of toroidal mode
coupling

Now we use coordinate system with recti-

fied magnetic field lines ( p , a), g ) to extend

the eigen mode equation. This equation used

as the starting equation, though derived from

an orthogonal coordinate system, is written in

operator form so that it is applicable in

non-orthogonal system directly.

This ideal MHD shear Alfven equation of

motion has the form"'61:

R2 I - 2 R2 \ _
Ro 1 \ RO LI

h_JL(A^#_2 df
dp\B I J ~ dx

V X

B,

^rB- V ( d l F )

where a> = to/a).\,
Br,

v 4 Tip „, R (

( 1 )

, the

* Supported by the National Nature Science Foundation of China(19975015).
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function F and <P has the following rela-

tion:

7r = — B • V <P (2)

For Alfven waves, their real frequency co ~

a) \^> k 11 c a, the divergence part in perturbed

pressure is a small quantity in £/ R, can be

neglected.

In some previous publications'21, deriva-

tion procedure of the eigen-mode equation is

rather complicated, meanwhile the resultant

TAE mode equation is too simple to retain

all physical effects. In Ref. [3], this deriva-

tion is accomplished by considering the

electromagnetic variables and current conti-

nuity, results in a similar equation as the e-

quation (1), however, some physical effects

not retained yet.

Now we introduce magnetic coordinate

system. At first, we write the equilibrium

magnetic surfaces in coordinates ( p , 9, £),

assume an up-down symmetry, we have

r ( p , 6 ) = p + 2^an(p)cosn6 (3)

To extend Eq. (1) in coordinates with

rectified field lines ( p , CD, £), the perturbed

quantity has the form:

X(p,u>,£) = / Xm(p) exp[i(maj - n£) ]
m

(4)
For Alfven eigen-mode with poloidal mode

number m, only coupling between two neigh-

boring modes is important which we denote

as m, m + 1 or m, m + 2, the toroidal mode

number n is kept fixed. Let

lm = m/ q - n (5)

then

Fm-\lm<Pm (6)

The Jacobian of coordinates (p, at, g) can

be written as

J = ( V px V &> V £ ) ~ ' = R2ph(p) / Ro

(1)

where h. = 1 + 0( e2} and s denotes small

quantity of order a/ R or an/p. We assume

the particle density is a function of the mi-

nor radius so that the Alfven frequency is a

function of minor radius as well. Expanding

the initial term in Eq. (1 ) , according to reg-

ulations of differential operation in non-ortho-

gonal system and noting the definitions of

perpendicular divergence and gradient, ex-

pressing corresponding metric factors into

their Fourier series, to the order of e, we

have

R2 „ t ,, /?' ^\1 _ 1 d

dp

(8)

.

D+g -- r-
fto / p dp dp

dp

(9)

In Eq. ( 1 ) , the main term in its right part is

the third term

(10)- - B -V(A1F) =

~ _ ,,
X - r~ \p L m ~]

p dp V dp

m
J^L

P
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sm.,=^-f- p / m / m + ,
P dp l P dp

dp

where

Another two terms can be written as:

(12)

(13)

(14)

p \ # c

(m +

d I R
dat\Bil d p

V'q
(15)

*- (16)

To expand terms related with the curvature

of the magnetic field lines in Eq. (15) we

find that the main parts are those proportion-

al to cos 6, sin d, implying that the pressure

gradient appears in the coupling terms with

sidebands.

To the first order, the current gradient be-

comes:

d I

Combining Eqs. ( 8 ) ~ ( 1 7 ) , we obtain the

set of equations describing the coupling of

toroidal shear Alfven modes:

L m # r a + M m + i 0m + 1 =0 (18)

L m 0 m + 1 + M m < P m = 0 (19)

--~
p dp

-
dp

P'
ml m Ro . i

n J ?0PD&

with I ' m - - mq' / q2. By using

mRoj' 2ll

(20)

(21)

Eq. (20) can be rewritten as:

T" ,*. 1 d
Lm tf>m= — -3-p dp

d
-r-dp

(22)

M m + 1

where

2p l \ p

(23)

The form of Lm + \<Pm + ] is similar to Eq.

(22) with subscripts replaced by m + 1, the

form of M m0 m is similar to Eq. (23), but

the last term is negative.

In above equations, all coupling effects of

same order are retained so that it is more

correct than that in published literatures. Of

course, in practice, further simplification is

possible.

2 TAE mode
We first consider the cylindrical case,

rewrite the mode equation L m ^ m =0 into an

eigen equation about the displacement func-

tion, let

& = p£ (24)

we obtain

dp dp J
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(m2 - 1) dm - a)2) i;m -p(fo)2) '£m - 0 (25)
This means that condition

a>2 = <oll2
m (26)

determines the Alfven continua. For uniform

density, the spectrum varies with the minor

radius and is determined by the safety factor

profile. Two neighboring spectrums intersect

each other near the point where q — m/ n +

1 /2. Toroidal coupling makes split of these

two spectrums near this point, the TAE mode

exists at the gap.

Any further discussion needs more infor-

mation about the equilibrium. Though the

above results are generally for configuration

with non-circular cross-section, for TAE

mode, however, the main effects are from the

toroidicity and the Shafranov shift of an e-

qual circular configuration. All metric ele-

ments are related with these two effects on-

ly. Use the equation satisfied by the dis-

placement function cu(p)181, denoting by the

usual averaged poloidal ratio of pressure and

the internal conductance, we obtain

P
+y) (27)

Substituting these results into Eqs. (22),

(23), we obtain the general form of TAE

mode as:

a i a / ,
~T~\plp dp\H m i m + 1 idp

Ro a ' / l p dp dp
= 0

(28)

+ 1 CP m + 1 i l p / m / m + 1 ip dp \ dp

(2p__ ' ) [ J _ _ < L
I Ro a i I p dp

These equations consistent with that in Refs.

[2, 3, 6, 7], with more effects retained.

3 Alfven eigen-mode induced by
non-circularity[41

Non-circularity can induce mode cou-

pling. Ellipticity can induce coupling be-

tween the mode number m and m + 2 while

the triangularity can induce coupling be-

tween mode with m and m + 3. Generally,

couplings between mode with m and m + 1

exist at the same time. However, these cou-

plings happen at different mode frequency

and different space points so that when we

consider coupling between mode number m

and m + 2, we can put other coupling a-

side. If we only keep the second derivatives

in coupling operators, as we have done for

the TAE mode, a similar derivation will give

the corresponding equation of mode cou-

pling. Especially, for the EAE mode induced

by the ellipticity, we have

' j^ a 2 d
<Pm -j—

dp

' i

P dp

d&

(30)

dp
= 0 (31)

(29)

The mode frequency is near

0)0= (m+ 1) (a A/ n (32)

The way to determine the eigen frequency

and the eigen function in Eqs. (30), (31) is

similar to that used in TAE analysis, and

somewhat more simpler151.

Similarly, we can discuss the Alfven eigen
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mode equation induced by the triangulari-

ty. Its form is similar to Eqs. (30), (31), it

needs only some replacements of a 2 by 03,

<£ m + 2 by <£m + 3, the mode frequency is near

3\ 1
i,+—}/n\a>,l (33)

In fact, the ellipticity is larger than the tri-

angularity for most practical geometry so that

the EAE mode is more important.
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3. 4 Ion Flow at the Presheath Entrance in
Tokamak Scrape-off-layer

GAO Qingdi CHEN Xiaoping

Key words Ion flow Scrape-off-layer

In controlled nuclear fusion devices like

tokamaks, plasma particles are confined by

closed magnetic flux surfaces. Outside the

last closed flux surface (LCFS), plasma is in

direct contact with a solid surface in the

scrape-off-layer (SOL) . In the simplest pic-

ture, the particles are removed by transport

along the magnetic field in the SOL to the

solid surface. Such flow results from the

pressure gradient which arises along B due

to the fact that the solid surface is a sink for

charged particles, which depresses the local

pressure.

At the interface between the plasma and

the solid surface, the quasineutral plasma is

shielded from a negative absorbing wall by a

thin positive space charge region (sheath)

with a thickness of several Debye lengths. For

a collisionless sheath, Bohm' ' ' has derived a

criterion that the ions must enter the sheath

region with a high directed velocity v,.> c» ,

here c « is the ion acoustic velocity. Conse-
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quently, a presheath, where an electric field

exists, is requested to accelerate the ions to

the acoustic velocity perpendicular to the

surface at the sheath edge.

When a magnetic field at some oblique

angle to the solid surface exists in a collision-

less plasma, Chodura121 showed that a mag-

netic presheath region arises upstream the

Debye sheath and found a criterion of the

ion speed along the field lines at the

'entrance to the magnetic presheath, e. i. v \\

> cb. Consequently, it postulates an addition-

al plasma presheath , where the ions are ac-

celerated to the ion sound speed. The function

of the magnetic presheath is to turn the plas-

ma flow toward the surface. Riemann131 ad-

dressed the issue allowing for the additional

effect of ion collisions. The inclusion of col-

lisions provides a velocity driver , and the

ion acceleration can be accomplished within

the magnetic presheath. Then the plasma

presheath is not required.

The ion velocity at the entrance to the

magnetic presheath is an important boundary

condition in the models and codes used for

both one and two-demensional SOL analy-

sis | 4~6 1 . In this paper we will discuss this

problem in a collisional magnetic presheath

in some details.

1 Model of magnetic presheath
The model used to describe the presheath

is based on the ion fluid equations131:

V - ( r a ; ) = 0 ( 1 )

m i v • V v - € (E + v * B) V p j - vcm\v
n;

(2)

where v is the average ion flow velocity, E =

- V </> and B designate the electric and mag-

netic fields, and v c is the effective ion colli-

sion frequency, which is used to show the

plasma collision effects.

Fig. 1 shows the geometry of the mod-

el. The magnetic field vector is in the x-z

plane. The z = 0 plane (which is not well

defined) presents the entrance to the mag-

netic presheath, and z - L is the particle ab-

sorbing wall. It is assumed that the ion flow

is isothermal, and the plasma is in the con-

W a l l

Fig. 1 Geometry of the magnetic presheath model

dition of quasi-neutrality (i. e. the plasma on

the presheath scae L^>An) and of Boltzmann

equalibrium of the electrons. By using the

notations:

8 = tan# = — , v = — , g = — (3)
u> x (i) x p,

V , Vj _V i C (}) ( A \
j i — — 11 = — i;j — — V — — \ ̂  /«• » u , LV , x ITc s Cs C B kle

where (o = eB/ m i, c I - ( T,. + yT\] / m i,

p, = c,/ <ox, we obtain the dimensionless gov-

erning equations:

uw' = 8v - vw (5)

uv' - u - Siv - vv (6)
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1
u \u' = v - vu (7)

by Riemann131:

u(0) = csin0=SM;(0)

where the prime indicates the derivative with

respect to £. The dimesionless potential is

related to the flow velocity by

* = lnu (8)

For tokamaks, the toroidal magnetic field

is very strong and v - z',,/ft> ;c
<Cl. Chodura'

s claim of a sonic plasma flow along the field

lines seems reasonable and is usually used as

a boundary condition in the SOL analysis'4'6!

However, as indicated by Riemann'31, the ne-

glect of collisions moves Chodura' s sonic

point to z —>• - oo and with a finite v the

sonic point vl = cs is gradually shifted toward

the wall, which would lead to difficulties on

defining the ion velocity at the boundary in

the SOL models.

2 Ion flow at the presheath en-
trance

As discussed above, the presheath edge

and ion velocity at the edge could not be well

defined for a collisional magnetic presheath. If

one shifts the boundary to the sheath edge,

what results can we get? The Bohm sheath

criterion should be satisfied certainly. The

other two components of ion velocity have

still to be obtained from the presheath analy-

sis. Thus the analysis for the boundary con-

ditions at the entrance to the magnetic

presheath are necessary for the SOL models.

In the tokamak SOL, generally v <C 5 *C

1. The ion flow at the entrance to the mag-

netic presheath can be considered as being

composed of a motion along the magnetic

field lines and an E x B drift as discussed

v(0) =
C COS0

8 l - ( l + S 2 ) c 2 c o s 2 0
where c is the ion velocity along the mag-

netic field at the presheath edge. It has been

known that the function of the presheath is

to accelerate the ion velocity perpendicular to

the wall from u(0) = c sin0 at the presheath

edge to u L - 1 at the sheath edge. There must

be a relationship between u(0) and the

presheath length L in which the acceleration

is accomplished. When we choose 6 = 6°( Bp

/B~0. 1), curve 1 (for ^ = 2 x l O - 3 ) and

curve 2 (for i> = 5 x ! 0 ~ 3 ) in Fig. 2(a) are

obtained showing the functional relation of

the requested ion velocity along the magnetic

field at the presheath edge c with respect to

the presheath length L. It is found that the

starting value of the ion velocity along the

magnetic field lines decreases nearly expo-

nentially with the increasing of the presheath

length for a fixed collisionality. The scale

length of the presheath can be determined by

the \/e fold length of c, e. g. L~30pi for

v = 5 x 10~3. When the collisionality de-

creases, the scale length increases. If we de-

fine L^SOp ;, the ion velocity boundary con-

dition can be expressed as a function of col-

lisionality as shown in Fig. 2(b) (curve 1),

where a simulated result with the formula

c = (1 -t- av 6) ~ 1 / 2 by using the least square

method is also presented (curve 2), here

a -396. 5, 6-0.79.

When the neutral density near the solid

surface is extremely high, e. g. nearby the

target plate of detached divertor, or when the
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Fig. 2 (a) Ion velocity along the magnetic field at the

presheath entrance vs the presheath length for

v = 2 x 10~3(curve 1), and v =5 x 10"3(curve

2), (b) Ion velocity along the magnetic field at

the presheath entrance as a function of collision-

ality (curve 1) in the condition of # = 6°(B P /

B = 0. l ) ,and L = 30pi
= 6°(B. /B~0. 1), (b)Curve 2 is the simulated result.

grazing angle of the magnetic field is very

small, the above consideration of the ion flow

at the entrance [ Eq. ( 9 ) ] could not be

hold. In these situations, v ~ 5<Cl, and the

ion flow diverges a little from the magnetic

field. It can be assumed that the ion flow in

the y direction is just a E X B drift caused

by the local electric field of the presheath,

e. i. v (0) = x' (0) = u (0) / u (0) . Com-

bining with Eqs. (5), (6) and (7) , we ob-

tain the starting values of v and w at the

presheath edge as a function of u:

v(0) = -

w(Q) = u(0)

u(0)

1 + (10)5 r ' u (o) 2

In general, the ion velocity along magnetic

field c is usually used as a boundary condi-

tion in the SOL analysis. Referring to the ge-

ometry sketched in Fig. 1, we have

c - u osin 6 + w ocos 9 (11)

The analogous procedures as achieving the

results shown in Fig. 2(a) and (b) can be

carried on with the new form of boundary

conditions, and the corresponding results are

obtained as shown in Fig. 3(a) and (b) . Here

the grazing angle is also 6 = 6° ( Bf/ B ~

0. 1). We can see that when the new bound-

ary conditions are used, the requested ion

velocity along the magnetic field at the pre-

sheath edge is nearly unchanged in the case

of low collisionality. Nevertheless, it is higher

for large collisions. Now the simulated func-

tional form of the ion velocity at the presheath

edge with respect to the collisionality v is

c = ( l + 2 5 1 . 7 ^ 0 7 3 ) - 1 / 2 [ F i g . 3 ( b ) ] .

3 Summary
When a magnetic field at some oblique

angle to the solid surface is present in a col-

lisionless plasma, a magnetic presheath re-

gion arises upstream the Debye sheath. The

inclusion of collisions provides a 'velocity

driver , and the ion acceleration can be ac-

complished within the magnetic presheath.

The ion velocity at the entrance to the mag-
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Fig. 3 (a) Ion velocity along the magnetic Held at the

presheath entrance vs the presheath length for

i/ = 2xl(r3(curve l ) ,and v = 5 x 10-3(curve

2), (b)Ion velocity along the magnetic field at

the preshealh entrance as a function of colli-

sionality (curve 1) in the case of # = 6°(BP /

B = 0. l) ,and L = l>Qp,

(a) 9 = 6°( B ,,/fi ~0. 1), and the initial velocity is given by

Eq. (10) , (b)Curve 2 is the simulated result. The initial veloci-

ty is given by Eq. (10).

netic presheath is investigated in some de-

tails.

Generally in the tokamak SOL, the ion

flow at the entrance to the magnetic presheath

can be considered as being composed of a

motion along the magnetic field line and an

E x B drift as discussed by Riemann. By

using a model derived from the ion fluid e-
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quations, we analyze the relationship between

the starting value of the ion flow and the

presheath length. It is shown that there is no

restriction to the ion flow velocity at the en-

trance of magnetic presheath if the presheath

length has no limit. The starting value of ion

flow along the magnetic field lines decreases

nearly exponentially with respect to the

presheath length L. If we define the 1 / e fold

length as the scale length of the presheath,

then L~ 30p \ for v = 5 X 10~3( v is the ef-

fective ion collision). According to the pre-

sheath length definition, the ion velocity a-

long the magnetic field at the entrance to the

magnetic presheath is of the functional form

c« (1+396. 5 ^ 0 7 9 ) - ' / 2 f o r BP/B~0. 1.

When the neutral density near the solid

surface is extremely high, e. g. nearby the

target plate of detached divertor, or when the

grazing angle of the magnetic field is very

small, Riemann's consideration of ion flow at

the presheath edge could not be hold. In

these situations, the ion flow diverges a little

from the magnetic field. We can assume that

the ion flow in the direction perpendicular to

the magnetic field is just a E x B drift caused

by the local electric field of the presheath. By

using the new form of boundary conditions,

the computation results show that the re-

quested ion velocity along the magnetic field

at the entrance of presheath is nearly un-

changed in the case of low collisionality, but

it is higher for large collisions.
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3. 5 Neoclassical Kinetic Theory
for the Shaped Tokamaks

WANG Zhongtian A. Nicolai ®

Key words Neoclassical kinetic theory Shaped Tokamaks Transport coefficients

Recent experiment studies on START, the

low-aspect-ratio tokamak, have shown signifi-

cant changes"1 in physics behaviour: the na-

tural exhaust system because of the presence

of X points on the plasma boundary and the

freedom from the major disruption may offer

significant advantages to the reactor conce-

pt |2!. The new phenomena in the low-aspect-

ratio tokamak must be related to equilibrium,

instabilities, and transport. Traditionally, neo-

classical kinetic theory is studied under the

condition of the circular plasma and the

large-aspect-radio approximation131 . In this

paper, the kinetic theory for the shaped toka-

maks is investigated for a set of Soloveev's

configurations141. Using the Hamiltonian for-

malism, the diffusion coefficient is derived

for plateau regime. The diffusion coefficient

is inversely proportional to connection length.

Near the plasma boundary where X points

exist, the connection length is much longer

compared to the one of a circular cross-sec-

tion plasma. So, the diffusion coefficient is

greatly reduced. However, the diffusivity de-

fined by Solano and Hazeltine'51 does not

change considerably, which is slightly in-

creased with toroidality and reduced by e-

longation and triangularity. Both toroidal and

poloidal rotation speeds are calculated. For

the low-aspectradio tokamak, for example,

START the formalism may be valid in a nar-

row range of collisionality.

1 Hamiltonian formalism of orbit
theory

Using the area-conserved transformation,

(D Institute fur Plasma Physik, Forschungszentrum Julich GmbH, Ass. EURATOM-KFA, D-52425, Julich, Germany.
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we get the following gyroaveraged Hamiltoni-

an for particle motion in a tokamak configu-

ration161:

. 1
exP

1)

where the momenta

Pa=y ftp2 , P* = Rvt-e V ,

are conjugate to ct, the gyrophase,

toroidal angle, and X, expressed as:

the

i-jg- (2)

where R c and Zc are the coordinates of the

guiding center in a cylindrical system, p is

the Larmor radius, & is the poloidal flux, <P

is the electric potential, and fl is the

toroidal gyrofrequency. Subscripts 0 refer to

the magnetic axis. Because there is no a and

</> dependence in the Hamiltonian, Pa and

P,;, are constants of motion. The particle

mass is taken to be an unity for simplicity.

Arguing with the conservation of the

canonical momentum in toroidal direction, we

get a set of equations of motion for the guid-

ing center:

(3)dt B4,\R R2
0

dt BAR R2
0

np

" Rl

(4)

Bd

-u - (5)

where the subscript c, indicating the guiding

center, is omitted for simplicity.

Eqs. (3) ~ (5) are the extension of the

equations of motion derived by Balescu'7'.

2 Transport coefficients for a to-
kamak configuration

The drift kinetic equation is given18' by

f-C(F)
at

(6)

where C(F) is the Fokker-Flanck collision

operator. F can be expressed as:

where the first term is the Maxwellian form

with H -e4> in the place of kinetic energy

and P<t> in the place of i/f, the second term is

the correction for collisions.

Now, we introduce a real tokamak confi-

guration given by Soloveev[4]:

r» 7 \ ^ *• ( r» "? T~» *) \~r

b=- (8)_£) , / 2 ' / i -e

where E and Q are related to the elongation

and triangularity. Now a set of coordinates

related to the configuration can be construct-

ed in the form:

T/1 f-'f I \ Z 1. J /

X2--arctgb(R2_R2o)

Xi=<t> (9)

and the Jacobian for the transformation from

( R, (f>, Z) to ( X \ , Xi, X i ) is

bX\ X\ TJ = - 1/2 (10)

The drift kinetic equation is

d g _ vdRo dg
Jo 9 A2 X\ Jo 8 A2
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v d RQ d g
T a YJo a At

. _
sin/*2 - at (11)

where, o> \, =

90

90/?o2

r JDAO

Po = o i , r = i o

We can expand F™ in the form:

m m (12)

where /2po is the poloidal gyrofrequency re-

lated to BfO. The Krook collision operator is

used with a shift. We divide g into two parts:

g=go+g (13)

whrer go is independent of Xi, and g satis-

fies the following equations:

hi

d¥
J0

d(g/h) h d(vdg/h)

3J2 rJ0 8X2

1 3 (mg/fe) . v
COSA2 ~ ~; -- - sinA 2 -

Jo d r

VA dgo . _~ ~ S 2 ~ ~v Pu „
~8m~~~ Fra ^

u
(14)

Averaging Eq. (14), we get

d F I d Pu

(15)

g „ = d g/hdX2

From the zero order of Eq. (15), we get

o - (16)

Then, from Eqs. (14) and (16), we have, for

the next order,

Lod(g/h) , , , ~ ., v VA dgo LosinXz
- T - " v - + A(g /h) - -- r* -- T ,

Jo d X2
 6 co i, d T Jo h

We set

1

JodJ2 (17)

(18)

g _ V A d go Y* sliAsin(k0) -kcos(kO)]

' ( 19 )

The solution of Eq. (17) is

r ^

with the Fourier coefficients

L o si (20)

In the plateau regime,
1

7T
T~ 5(o> i,) . The solution in Eq. (19) is put

into Eq. (15), then we get

dgo y st- ~ y, ,
8(0) b)

/ 0 1 x
(21)

Integrating over H and P<j, which are inde-

pendent coordinates with X \ and X 2, then,

we get

r r
(22)

___oL
- — T — (ot

= -r~ , Lc = LqoRo , G= (23)
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where G has been calculated. If A = 1 . 20, E —

2, and Q= -0. 1, we get G = 1. 25 for V/

^o = 0.95, when A =5, E = 2, and Q = -

0. 5, G = 1. 03 on plasma boundary.

According to equilibrium Eq. (8), qo is

proportional to (1 + b2)/2b2. For a large e-

longation, ^o is reduced to half, so is the dif-

fusivity, that seems to be in agreement with

Solano and Hazeltine m.

The parameter P can be determined from

collisional momentum conservation, which

guarantees the ambipolarity:

D + -
' o 71 ' \ 1 / / ri r*

Tie 3 T e l / /Z) i Z~ + ~ " ~ t " ~ r

\ e

According to Eqs. (23) and (24), D ̂  D ,,

we get

n TV 2+ (25)

3 Rotation speed
Since we have calculated the distribution

function, the rotation speeds are easily ob-

tained by integrating over velocity space,

considering the equations of motion (3) and

(4), and the diamagnetic drift:

hT, ? . 3 T[
i 2 T,

eEr

T,
(26)

_ hBvp\ By. p,
Vf ' ; t i Bv R0

 Vtl

L T = [ - ( l n r ) ' ] - ' (27)

where the second term in Eq. (27) arising

from particle drift is significant only near an

X point where Bv goes to zero. v$ and r v are

essentially the same as the ones given by

86

Hazeltine and Meiss191.

4 Conclusion and comments
The neoclassical kinetic theory for the

shaped plasma has been investigated for the

plateau regime. The radial flux and the rota-

tion speeds are calculated. A set of Soloveev s

configurations is used, which can facilitate the

procedure of rigorous derivation and demon-

strate the effects of toroidality, elongation

and triangularity. For the low-aspect-ratio

tokamak, the trapped particle fraction, [2s/

(1 + *)1/2], is more than 90% at ¥/ ^0 =

0. 95. In spite of this, there is a narrow pa-

rameter range in which the formalism may be

valid. For START the aspect ratio, A = 1.3,

the plateau regime is located in the range of

0. 8<^ , i< l , where, vti= v/a>t, v is the 90°

deflection frequency and 0), is the transit fre-

quency. In this regime, the detrapping rate is

high, but does not reach Pfrisch-Schluter

regime. The paper deals with the shaped

plasma and there is no assumption on the as-

pect ratio, therefore, it might be helpful to un-

derstand the behaviour of the low-aspect-ratio

tokamak. For a banana regime, the kinetic

theory will be considered in a coming paper.

The authors wish to thank Prof. PENG

Dianyun for his numerical analysis which

helps in understanding the insight of the pa-

per.
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Since there is no coil in plasma region,

satisfies

3. 6 Design of the Air-core Transformer in
Sperical Tokamak

WANG Zhongtian JIAN Guangde LI Fangzhu MAO Guoping

Key words Spherical tokamak Air-core transformer

Spherical tokamak has not been paid where

much attention until START successfully op-

erated. There are two unpredicted features in

the spherical tokamak. First, there is natural

diverter configuration. Secondly, there is no

major disruption in first 30 000 ohmic dis-

charges.

A modified variational principle combined

with climbing mountain method is used for

the design of air-core transformer in the Chi-

nese first spherical tokamak, SUNIST. The

stray field by air-core transformer in the

plasma region is less than 0. 1 % of toroidal

magnetic field. Integer turn in each coil is

convenient for power supply.

1 Modified variational method
The magnetic energy of stray field by

air-core transformer in plasma region is writ-

ten as:

y = [ -f-ldr (1) where

(2)

(3)

J can be rewritten as:

j= -Z- | 1//B • dl ( 4 )
/io J >'

where F is the boundary ol the plasma re-

gion, / is clockwise.

The air-core transformer is composed of

coils { c,} as seen in Fig. I . { r,, z\\ are the

centers of coils. Minimizat ion of magnetic

energy J can obtain current density in each

coil, j i = I i/ x i.

The flux ^ in Eq. (2) can be expressed

as:

15)
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(6)

where K( k ,) and E( k \) are the first and

second elliptic sanctions respectively. The

tangential magnetic field in Eq. (4) is ex-

pressed ^s:

b\j(r,z,r-,z])dxdy (7)

where b \ s \s> tangential magnetic field on boun

dary of plasma region generated by j * coil.

(8)

-Jio

r, = TJ + x , 2 ; = zy + y

J can be expressed by quadratic form.

(11)

where A ,7 <b | Wi(r, z, r,, z\)
/AO )!' I J >•

bi( r, z, r'» z'i)dxdy\dl (12)
». J

7 is positive and symmetric.

To obtain an ideal current distribution in

the coil position (see in Fig. 2), a coil is as-

0.70

0.35

o.oo

-0.35

0.35
—I r
0.70

-0.70-*

Fig. 2 Virtual closed curve is the position of the coils

sumed to occupate one point, then

bi( r, z, dl

4rr ,

(10)

where k} - y ^.-> . , N 2(r + r i ) " + (z -zt)

The air-core transformer must supply cen-

ter amount of magnetic flux, which is a con-

straint in the variational process.

V, dxdy= V0 (13)

where 1ft is magnetic flux needed for gener-

ation of plasma current.

If the coil distribute in the curve c (see

in Fig. 2), the varitional is

88



=y|c $cA(s,s')j(s)j(s')dsds'

(14)

where A Lagrangian factor, a is the regula-

tion coefficient.

8/« =

We get

-rfds

(15)

(16)

Eq. (16) is discreted:

j - t +jj+ , - 2/, ) = 0

(17)

where h is the discreted step, A can be ob-

tained from constraint condition, a is free pa-

rameter. If a is too large, the error is large. If

a is too small, it may cause paretic oscilla-

tion.

2 Climbing-mountain method
Current distribution can be obtained by

the variational principle. According to the

ideal current distribution, layout of the coil

system can be chosen, shown in Fig. 1 .

Change the position and dimension of the

coils to make B minimum is called as climb-

ing mountain method.

1L. + B:
mk

—
MK

BKmk -

X

(18)

(19)
b - ; dx dy

where ( m, k) is a net point in the plasma

region .T".

It is required that the magnetic flux ^o

be 0. 036 T vs. 7 727 A, 77 270 A, 3 399 880

A, 77 270 A, 7 727 A currents are obtained

in the coils c i, c 2, c 3, c 4, C s respective-

ly. The averaged stray field is 1. 7 mT, 0. 1%

of the toroidal magnetic field. Integer turn in

each coil is convenient for power supply.
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3. 7 Identification of Plasma Boundary and
Position for TdeV Tokamak

WANG Zhongtian G. L. Clair ̂  LI Fangzhu

ZHANG Jinhua MAO Guoping

Key words Plasma boundary TdeV

Knowledge of plasma position and shape

is essential for controlling tokamak operation

and for further investigation of plasma con-

finement and MHD instability. Various meth-

ods have been proposed1'' . The method

called filament current approximation121

seems to be the one most freguently applied

to tokamaks. The method uses several fila-

ment current to replace plasma current. Al-

though it is based on a simple approxima-

tion, the method reproduces plasma shape

comparatively well using only magnetic mea-

surements. In contrast, method based on an

exact analytical solution of partial differen-

tial equation, such as the Legendre-Fourier

expansion gives poor identification for plas-

mas with certain current profile I3 | This is due

to the small number of sensors. In this paper,

using virtual-case principle and least-square

fit of the poloidal fields, plasma shape, plas-

ma current centroid, J^-point and edge safety

factor are identified.

The contribution to the magnetic flux in

the vacuum area from plasma current is di-

vided into two parts. One is from plasma

centroid. The other is from the multipole mo-

ments of the plasma current generating mag-

netic flux in a polynomial form, which is a

solution of the Glad-Shafronov equa-

tion. Since the polynomial is a complete sys-

tem, there is no limitation for any configura-

tion. However, the position of the centroid

and the coefficients in the polynomial are

unknow, which could be obtained by the vir-

tual-case principle and the least-square fit.

1 Formulation of the physical
problem
The MHD equilibrium inside the plasma

is governed by the Glad-Shafranov equation:

# 2 V - fl-2V<A = -HoRj*(R, Z) (1)

where j v is the plasma current density and

outside the plasma governed by the equation:

K = l

5(Z-Z,) (2)
where h is the current flowing in the kth

coil. The poloidal magnetic field in the ax-

isymmetric system is given by

B t, = V ^"x V <P (3)
All the measurements are performed out-

side plasma. Firstly, we form a solution in

(T) Centre Canadian de Fusion Magnetigue, Varennes, Quebec, Canada.
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the vacuum area which satisfies Eq. (2) and

consider the influence from the plasma cur-

rent,

7p V0(Rf,Zf ,R,Z) + tfU(fl,Z) (4)

where the first term represents the coil cur-

rent contribution, second term stands for the

plasma current centroid, and the last term is

the contribution from the multipole moments"

of the plasma current. R ,, and Z ,, is the po-

sition of the centroid, which are obtained by

virtual-case principle and reiterative method.

The l^poiy is a homogeneous solution of Eq.

(2) 4 with undetermined unknowns which are

called adaptive parameters,

,Z) - £(«„?„ +#,()„) +

(5)

where

4! 8 43

the last two terms in Eq. (5) represent the

rigid and slip displacements'51, and the

up-down asymmetry in the equilibrium. The

adaptive parameters are determined by the

lease-square fit of the poloidal magnetic field.

We set a functional:

J= (6)

where B, is the calculated value of the mag-

netic field from Eq. (4) either in R or in Z

direction, B" the measured value. M is the

number of sensors. y, stands for the adaptive

parameters. A is the regularization fac-

tor. The adaptive parameters can be obtained

from minimization of the functional J. The

essence of the problem is to get information

inside the plasma from the measurements

outside. It belongs to Fredholm equation of

first class, which is improperly proposed. The

regularization is needed161.

Once the adaptive parameters are ob-

tained, the plasma boundary can be acquired,

which passes the nearer X point. Virtual-case

principle is employed to calculate the posi-

tion of the current centroid.

It is assumed that an ideal supperconduc-

tor shell is put on the plasma bound-

ary. There is surface current, which generates

the same magnetic field as one by plasma

current outside the plasma boundary and

cancels the containing magnetic field inside

the plasma boundary.

The virtual-case current

1 d W
I » • • • • * - » ( ) -̂ <p D -, \ I I

fjL o K d n

Position of the current centroid is obtained

by integrals along plasma boundary,

Z c - -r * /\ Zd/ (8)

r=- j.Rdl
I T , J (9 )

The new position of centroid will replace

the old in Eq. (4) . It is a reiterative proce-
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dure until the distance between old and new

is less than a small parameter e, for exam-

ple, 10 "4. The surface current gives contain-

ing magnetic field in the plasma region, for

example, vertical magnetic field at the cur-

rent center,

»Bz(Rc,Zc,R,Z)dl (10)

where B * is the magnetic field in Z direction

generated by unit surface current. Using the

Shafranov formula'71 for the vertical field:

<»>
we can estimate the parameter 0 p + -^ and

further the beta value.

2 Application of TdeV
TdeV is the tokamak de varennes in Cana-

da, 25 kirometers away from Montre-

al. Biasing divertor plate to improve the con-

finement is one of the feutures'81. For recon-

struction of the equilibrium configuration and

improvement of the active feedback, 18

pick-up coils are placed at inner wall of vacu-

um vessel of TdeV.

For the shot 9626, the divertor case, we

obtain the adaptic parameters: ct2 = 7. 07 x

10-2, /32 = 0. 18, «4 = -10. 20, 04 = 12. 00,

a6= -8. 18, 06 = 0.60, 0, =4.00x 10-2,

03 = -7.07.

The X point is R „ = 0. 67 m and Zx =

0. 27 m. The current centroid is R c = 0. 865

m and Z c = 0. 005 m. The edge safety factor

q „ is 2. 80. 0P + y is 1. 048, for the parabol-

ic distribution of plasma current density181

/ 1 =0. 916 and 0,, = 0. 59. The plasma con-
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figuration is shown in Fig. 1. It is in good a-

greement with TV image taken by camera with

a toroidal view. It is a little flat. The elonga-

tion is 0. 96. The triangularity is 0. 18. One

0. 56

-0. 56
0. 5 1.076 1.268

Fig. 1 Reconstruction of the MHD equilibrium of TdeV

Appoint is connected with the last close

magnetic surface and the other is a little far

away. Z c = 0. 005 m represents that the plas-

ma is up shifted. The relative error is
M

( f l M ) 2 = 3% (12)

It needs two minutes to reconstruct a config-

uration using the VAX computer. We can

process the data between the shots. For large

computer, it can be fast enough for active

control of equilibrium.

The authors would like to thank CCFM

experiment group, who provides experimental

data.
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3. 8 The Influence of Magnetic Turbulence on
the Electron Distribution Function in LHCD^

JIAO Timing ZHOU Yan

Key words LHCD Magnetic turbulence Electron distribution

The transport of electron energy out of

tokamak plasma is well known experimental-

ly that its order of magnitude is greater than

that predicated by classical and neoclassical

theories, whereas ion energy transport is ap-

proximately neoclassical. Theoretically, a

very small nonaxisymmetric perturbation to

the flux surface can lead to magnetic field

lines randomly wandering out to the plasma

edge and the fast transport of electrons par-

allel to the magnetic field is thus coupled to

radial transport"'21.

1 Radial magnetic perturbation
Radial magnetic perturbations in a mag-

nitude of br/B~lQ'4 have been measured

in plasma edge131. But in the core the magni-

tude has not been measured, the magnetic

field turbulence may be intense, in some cas-

es, perhaps it can be b,/ B ~ 10~2 as the tur-

bulence being in q — 1 sawtooth relaxation

and in RFP, which is much larger than that

generally measured in plasma edge. It has

been suggested that the rapid transport of

electrons relative to ions gives rise to a posi-

tive ambipolar electric field, adjusting the

electron flow rate to equal the ion flow rate.

Based on the assumption above, the loss

of the fast electrons caused by magnetic field

turbulence has been taken into account. The

analysis shows that this loss can make the

electron density decrease by 5% ~ 7% , fit-

CD Supported by the Nuclear Science Foundation under Grant (H7196c0302).
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ting well to the HL-1M' s experimental re-

sults 15)

2 Loss of superthermal electrons
For many tokamak discharges, because

the characteristic time of the superthermal

electron radial loss is much shorter than that

of the electron collision time, the superther-

mal electrons in the tail of the velocity dis-

tribution will lose rapidly. After the tail hav-

ing been depleted, the distribution will be

almost an empty tail and an ambipolar elec-

tron field will be read. Electrons move in-

trinsically faster than ions along the field

lines. A radial potential thus has to be set up

to enforce the loss of ambipolar particle. The

outward radial velocity component of the

one-dimensional motion along the field lines

is then

v, = [ IT; n B
2ef/li
- =me\

br-7r
B

where <o =
v -\,

(1)

is the absolute value of

Ttvelocity along the lines, v T. =\j ~^~ is the

thermal velocity, and

2e E\ Ar
- (2)

here E\ is the ambipolar electron field and

A r is the radial step of an electron deviating

from its trajectory, where A r ~ -pr L <., and L<

~2TtqR is the length of a full toroidal revo-

lution.

As the perturbation field is associated

with several different mechanisms, its struc-
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ture has been largely unknown. Under the

reasonable assumption that the spectrum of

the perturbation is broad and nearly constant,

the magnetic perturbation term can be writ-

ten as — —— r D „ ~^~ , where D Ir ~r d r d r T r

B v\\
is the charac-

teristic time of the random walk. This ex-

pression is appropriate for superthermal elec-

trons. Because of the velocities of ions being
i

— L smaller, the ion diffusion coefficient
m i /

is negligible.

For a simply analysis, we use an one-di-

mensional treatment of velocity parallel to the

magnetic field but a correction factor for the

two-dimensional effect of velocity space. The

Fokker-Planck equation for the fast electrons

( I a)\^>\ ) in the presence of the Ohmic DC

electron field without taking the radial diffu-

sion effect into account can be written as16':

df
-\i r \cH v o/ > d a)

df
d (o

I
a)

(3)d a> (o d

where Dq\ is the quasilinear diffusion coeffi-

ciency and the DC electron field E\\ is nor-
P j^ j

malized to the Drecier field E\K.~ - — '
m , v o i' T,

where v o - ( Zea + 2) n,. e 4 In A /4Tt£ 6 /• T. • By

assuming a rectangular spectrum, the normal-

ized quasilinear diffusion coefficient D =

D ql . • ! i . n— i — is inversely proportional to a>. (o u
VT.VQ

( (o) = Do, can be assumed to be a constant

within the interval a) \< a) < a> 2 and zero out-

side. Under the weak DC electron field con-



dition (1)2 Eoc<l, and &> (this condi-

tion is equivalent to that being without the

interaction between runaway electrons and

waves). The process will reach its time asym-

ptotic state within a characteristic time of v <f '

and the steady-state solution of the equation

is obtained as follows:

Ce" 2 " 4

Cfm(a>)

- oo

u>\

£DC
" e x p l2Z)0

<y2 < 6>< -I- oo

( 2 4 \
j—+~T—EDC\, and

. 00

C is determined by fm(a))d(o = l and
J - 00

nearly being equal to
1

V 2ir

The ratio of the amplitude of the density

crash can now be predicted as well as the

duration of the collapse. From the equation

above and neglecting the DC electron field

we can get

,/(

f

2TT

exp

exp

exp

0) 2

0) 1
(5)

In the derivation of the formulation, we

have assumed that x f>\ and (O i> #'e
/2. In the

equation above, the first term comes from the

loss of background electrons, which is deter-

mined mainly by the value of x e, i. e. mainly

by the values of the perturbation of magnetic

field and the electron temperature. And the

other terms are the addition of the loss of cur-

rent carrying fast electrons.

By taking the basic parameters of the

HL-1M tokamak and assuming that161 E A =

1 ~ 2V- m ~ ' , 9 = 1-2, and ~^- ~ 10~2, one

can get x1^2 =2 ~ 4. Taking (o\~3, 0)2 —9,

we obtain that the background loss is about

3% ~ 5% , and the loss of the current carry-

ing fast electrons is about 1% ~ 3% , the to-

tal loss is about 5% to 7% , which fits

well with the experimental results on

HL-1M.
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3. 9 The Four-fluid Model and Toroidal
Momentum Transport

QU Hongpeng GAO Qingdi

Key words Four-fluid model Toroidal momentum transport

In order to explain some recent experi-

ment results and find new ways to improve

the plasma performance, the study of the

toroidal momentum transport and the space

structure of radial electric field have drawn

more and more attention in tokamak plasma

research.

To date, the theoretical analysis of plasma

toroidal momentum transport is mainly based

on the general MHD model. However, the or-

dinary MHD model fails to deal with the

constraint conditions on the motions of the

trapped particles and the corresponding

forces. Therefore, from this model, it is im-

possible to derive the correct relations of

flows and acting forces for the banana colli-

sion region in tokamak plasmas. Thus, the

ordinary MHD model is not a justified start

point to investigate the momentum transport

and spatial structure of the radial electric

field.

Owning to allowing for the constraint con-

ditions on the motions of the trapped parti-

cles, the so-called four-fluid model remedies

the substantial defect of the ordinary MHD

model"1 . The strong point of the four-fluid

model is that not only it is a true fluid model

but also we can easily obtain various neo-

classical particle flows based upon it. Mecha-

nically, the four-fluid model provides a more

solid foundation for the research of toroidal

momentum transport and the radial electric

field. In this paper, the four-fluid model is

extended to accommodate the case with the

viscosity force and toroidal momentum injec-

tion, and the following toroidal momentum

transport equation is derived:

- m i
dt m ,

£-L ̂ i.|=0 (1)D en dr

T T^ / 1 \ ; 1 & ' B 9In Eq. (1) , k 2 = ~, ~
K 1 n in C '

a.

k \ = I + fli

~ , j;.. and p i are the toroial veloc-
71 it 771 i 71 iu "

ity and ion pressure respectively, m\ is the

mass of ion, x\\ ig tne toroidal momentum

diffusivity, /101 is the tangential force from

neutral beam injection. The toroidal momen-

tum transport and radial electric field are
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coupled in the four-fluid model. In this pa-

per, for simplicity, a formal radial ohm law is

assumed to determine the radial electric

field, and the specific mechanism to form the

ambipolar electric field is dodged on pur-

pose.

From above results, we can easily find

that the profile of toroidal velocity and radial

electric field can be adjusted by controlling

tangential injection of neutral beam. As we

know, this is very important in the research

of the improvement of plasma confine-

ment. Furthermore, because the distribution

of radial field is related to the toroidal mo-

mentum diffusivity, maybe it could offer a

new way to explain the formation and sus-

tentation of transport barrier.
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3.10 The Extraction and Acceleration System
of 60 kV, 70 A, 2 s Ion Source

WANG Huisan JIAN Guangde

Key words Extraction and acceleration system of ion source Ion beam optics characteristic

The 60 kV, 70 A ion source adopts 4

electrodes extraction and acceleration system

that consists of plasma grid, gradient grid,

acceleration grid and ground grid. Such a

system usually is used in a higher energy ion

source, the ions are extracted at lower energy

and are post-accelerated to higher ener-

gy. Advantages of such a system are that it

can extract higher ion beam density and can

obtain better beam optics characteristic by

means of adjusting the electric field strength

ratio between extraction gap and acceleration

gap.

The large area multislit extraction system

is used to obtain high current beam. The

area of each electrode grid is 45 cm X 16 cm,

each and all consist of three modules. The

area of each module is 15 cm x 16 cm. There

are 18 slits at each module. Thus, the sum

total of the slit is 1 8 x 3 = 5 4 slits at each

electrode grid. The extraction slit size of the

plasma grid is 0. 35 cm x 16 cm, its trans-

parency is about 42%.

To change the large beam cross section

into 30 cm x 22 cm at 4. 5 m away from the

source, 'focusing is accomplished by inclin-

ing the outer two modules'" (0. 96° for 4. 5

m focus) . The beamlet optics characteristic

extracted from the grid slit is still very im-

portant in spite of like that. For a slit type of

ion extraction system, the ion beam diver-

gence in direction parallel to the slit is ef-
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fected mainly by the plasma ion tempera-

ture, but the divergence in direction perpen-

dicular to the slit is caused by two factors of

the ion temperature and the system aberra-

tion. Therefore, it is necessary to decrease

ion temperature of ion source plasma as far

as possible and to reduce the aberration by

optimizing the system.

The extraction and acceleration system is

optimized and designed by means of numeri-

cal simulation. The physics model for the

numerical simulation include many practical

physics processes during the ion extraction

and acceleration, such as the effect of plasma

density, electron temperature and ion tem-

perature on the ion initial emission condi-

tion, the effect of plasma electron diffusion,

the ion beam space charge itself, the system

geometry and electric field profile on beam

optics characteristic121. Each slit is shaped to

obtain good beam optics and reduce grid

heat loading. The shapes of the plasma and

gradient grids are determined to make the

fringing field small, and that of the suppres-

sor grid is determined to reduce backstream-

ing electrons. The numerical simulation re-

search for the 4 electrodes extraction and

acceleration system shows:

(1) There is a match ion beam density for.

a determined 4 electrodes extraction and ac-

celeration system, at this current density the

beam divergence is the most small, as

showed in Fig. 1.

(2) The beam optics characteristic is af-

fected seriously by the ratio of electric field

strength between extraction gap (first gap of

the system) and acceleration gap (second gap
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Fig. 1 The effect of ion current density on the rms di-

vergence angle o and 85% beamlets divergence

angle /3 for the optimized extraction extraction

and acceleration system

O a, • 13.

of the system).

(3 ) Because ion temperature of ion source

plasma expresses the ion initial random heat

velocity, as ion temperature increases, the ion

beam optics characteristic can change into no

fine.

(4) The ion beam optics characteristic is

very sensitive to the plasma grid slit geome-

try.

The grid slit geometry of the system elec-

trodes optimized by numerical simulation is

obtained. The potential of the plasma grid,

gradient grid, acceleration grid and ground

grid is 60 kV, 46 kV, - 2 kV and 0 kV, re-

spectively. The size of the first, second and

third gap is 0. 3 cm, 0. 6 cm and 0. 2 cm,

respectively. The electric field strength ratio

between extraction gap and acceleration gap

is 0. 53. Assuming extracted ion beam densi-

ty Jnt = Q. 24 A • c m - 2 ( H l : H
+

2 : H + 3 =0. T-

0. 2- 0. 1 in the beam), and ion temperature



T\ = 1 eV, the rms divergence angle a of all

beamlets extracted from each slit is 0. 492°,

the divergence angle /3 of 85% beamlets is

0. 72°, the largest beam divergence angle cw

is 0. 915° (in the direction perpendicular to

the slit).

According to the electric field profile near

the emission surface, the extraction ability is

inspected, demonstrating the extracted ion

current density Jea is equal approximately to

the emission ion current density Ji, i. e. /Cxt

~ /i~0. 24 A • cm~2 . Because the effective

extraction area is 302. 4 cm2, the total ex-

tracted ion current can attain 72. 6 A.

The oxygen-free copper with fine conduc-

tivity is selected as electrode materi-

al. Because the ion beam pulse duration is 2

s, water cooling pipes are silver brazed be-

tween each row of slits.
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4 Technique Development
and Application

4.1 Elevated Temperature Nitrogen Ion
Implantation of Ti6A14V Alloys Using PSII

ZHAO Qing TONG Honghui MO Zitao TANG Deli

GENG Man ZHENG Yongzhen

Key words T16A14V alloy Wear PSII

T16A14V alloys are widely applied to air-

craft components, chemical processing facili-

ties and medical implants, because of its re-

markable mechanical and chemical proper-

ties such as high strength-to-weight ratio and

corrosion resistance"1. However, the wear be-

havior of titanium alloys is less satisfactory

in serious environment'2' 31 . There is a few

peper on the effects of nitrogen ion implan-

tation on hardness, wear resistance composi-

tion and structure of Ti6A14V14'51. One of the

major limitations of normal process is its

small depth of penetration achieved which is

only 60 ~ 100 nm. Treatment at elevated

temperatures by plasma source ions implan-

tation (PSII) is a suitable and effective

means for nitriding steels'61.

In this paper, the diffusion related phe-

nomena that occur during PSII at elevated

temperature is emphasized. The results of

Ti6A14V alloy ion implanted with different

temperature nitrogen plasma source are giv-

en [ 7 , 8 1

1 Experimental procedures
The material of ct + p Ti6A14V alloy was

delivered annealed in pieces of 60 mm x 60

mm x 60 mm, and cut out into 30 mm x 20

mm x 5 mm or 15 mm x 10 mm x 5 mm pieces

for wear/microhardness test and AES and

XRD analysis respectively. All samples were

mirror polished to a final roughness of 0. 02

fxm Ra.

Schematic diagram of the PSII-IBED sys-

tem is shown in Fig. I 1 9 1 . The chamber was

filled with nitrogen to the working pressure

of 5. 3 x 10 ~ 3 Pa after pump out. The plasma

can be generated by a hot-cathode dis-

charge, whilst ions were accelerated from the

plasma by high voltage pulses (40 kV) ap-

plied directly to the workpiece. Pulse fre-

quency of 100-600 Hz with a pulse dura-

tion of 20 JJLS were employed in order to

achieve the desired temperature of 100 ^C ,
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Fig. 1 Shown schematic diagram of the PSII-IBED sys-

tem

200 t , 400 t and 600 t. Treatment was

carried out for 833, 417, 208 and 130 min-

utes respectively, after which the samples

were allowed to cool in vacuum. Total ap-

plied dose is 4 x 1018 ions • cm~2 .

The surface of all samples, both treated

and untreated, were characterized by XRD'101

AES with Ar + ion sputtering was used to

determine the nitrogen concentration depth

profiles. The microhardness tester was con-

ducted on Ha-1 microhardness indenter sys-

tem with loads of 25 g. Wear measurements

were performed using a pin-on-disk wear

tester with a 5 mm SiC ball impressed at 25

gf without lubrication. The wear tracks and

the SiC ball wear scars were examined using

SEM.

2 Results and discussion
The micro-hardness of implanted sample

•
measured at various temperature are com-

pared with the value for unimplanted sample

in Fig. 2. It can be seen from Fig. 2 that the

microhardness has been significantly im-

proved compared with the value for unim-

planted, although there was a slight improve-

ment in surface hardness of the sample

treated at 100 °C , the maximum hardening

was observed at 600 °C . From the microhard-

ness results obtained, it is possible for hard-

ness to increase in the range of 150% ~

200% . It seems to be caused by formation of

>iooo
^ soo

600

Fig. 2 Microhardness as a function of temperature at

load of 25 g

hard, stable nitride phase in the near surface

region of the samples at different tempera-

ture. It is confirmed by the XRD results. The

observations agree with those reported by the

S. M. Johns group"11.

X-ray diffraction patterns for all speci-

mens are shown in Fig. 3. No nitride was de-

tected in samples N-PSII treated at 100 °C

without obvious change compared with unim-

planted sample. TiN was observed in the su-

face treated at 300 °C. The TiN peaks were

clearly visible at 400 t and relatively large

at 600 °C. Ti iN peaks are clearly observed si-

30 40 50 60 70 80 90

Fig. 3 XRD patterns
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multaneously. It suggests that there is greater

fraction of TIN, Ti 2N in Ti6A14V sample. This

may be a result of the higher doses imparted

at this temperature and enhanced mobility of

nitrogen at higher temperatures as well.

AES profile for nitrogen obtained from the

surface of the samples treated at 100 T , 300

°C , 400 Ti , 600 °C processes respectively

are presented in Fig4. At the lowest temper-

atures (at 100 °C ), a surface peak charac-

teristic of implantation is obtained only

[Fig. 4(a) ]. For higher implantation temper-

ature of 600 T [see Fig. 4(d)], the nitro-

gen peak atomic concentration drops at about

65% , although the nitrogen distribution be-

comes a broaden plateau, indicating a thicker

nitride layer formed at the higher tempera-

ture. Enhance nitrogen retention and diffu-

sion to depths of greater than 1 (Jim is ob-

tained.
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Fig. 4 Nitrogen profiles ol sample implanted at 100 t ( a ) ,
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Fig. 5 depicts the wear wide with a load

25 g after 2 000 turns for different process-

ing temperature. The results from SEM pho-

tomicrographs of wear track sample indicates

that resistance wear significant improvements

untreated100 30° 40() 60()

TI r
Fig. 5 Wide of wear scar after 2 000 revolutions of of

pin-on-disc lest(25 g load SiC pin)

were observed with beeing treated at 600 T ,

wear wide has obviously decrease.

3 Conclusions
Diffusion plays an important role in the

N-PSII process. The treatment of TJ6A14V

alloy at temperatures of 300 ~ 600 T gives

higher surface hardness and deeper nitro-

gen-strengthened diffusion zones, resulting

increase of the load-bearing capacity of the

implanted layer. N-PSII at temperature of

600 °C resulted higher hardness and wear re-

sistance due to significantly deeper penetra-

tion of nitrogen and stable Ti2N TiN precipi-

tate.
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4. 2 A Study on Temperature Effect of
Ta + N Implanted Hard Alloy

ZHAO Qing TONG Honghui MO Zitao

TANG Deli GENG Man ZHENG Yongzhen

Key words Hard alloy Ta + N ion implantation Temperature effect

The ion implantation is an efficacious

surface modification technology and notable

effect has been produced in the surface

hardness, wearability and corrosion resistance

of materials. However, the major limitation

for wide use in industry was that the modifi-

cation layer was too shallow to be fit to in-

dustrial application. Although the modifica-

tion layer can be improved by increasing the

implantation energy, a lot of X-ray must be

induced so as to be harmful to health. Eleva-

ting implantation is a new method that can

improve implantation layer, and the optimum

surface modification layer can be obtained. It

is reported that the elevated temperature of a

single ion implantation has been succeeded,

but there has been none of report on elevat-

ed temperature of dual ions implantation up

to now yet.

In this paper, a study of N + Ta dual ion

implantation in typical hard alloy is present-

ed. It includes that the target temperature

varied over a wide range by varying the fre-

quency of high pulse power and the present

results of investigation about the temperature

effect on dual nitrogen plus tantalum con-

centration profile and the mechanical prop-

erties of hard alloy.

1 Experimental methods
The samples were type YT15 hard metal,

composed of: WC-79% , TiC-15%, Co-6% .

The samples were cleaned in an alcohol ul-

trasonic bath before treatment. PSII treatment

was carried out in the PSII-IBED device at

southwestern institute of physics. Determina-

tion of the target temperature was made us-

ing a thermocouple. The chamber was filled

with nitrogen at a working pressure of 5. 3 x

10~ 3 Pa. Tantalum ions were implanted into

the surface consecutively with a cathodic arc

plasma source, at the same time, nitrogen
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ions were implanted by PSII. The implanta-

tion conditions are shown in Table 1. The

target was uncooled.

Table 1 Ion implantation conditions

Sample No. A C

Implanted ions N + Ta N + Ta

Ion energy/keV 50(N)+40(Ta) 50(N)+40(Ta)

Dose/10'7 ions • cm"2 8 ( N ) + 8 ( T a ) 8 ( N ) + 8 ( T a )

Temperature/"C 100 400

Frequent/Hz 100(N) +33(Ta) 400(N) + 100(Ta)

Auger electron spectroscopy (AES) with

Ar+ ion gun sputtering was used to determine

the nitrogen and tantalum concentration depth

profile. Scanning electron microscopy (SEM)

was employed to observe the microstructural

changes. X-ray diffraction (XRD) with Cu K a

radiation was used to determine the phases

in the modified layer. A Vickers microhard-

ness tester was employed to determine the

hardness change. Measurements were per-

formed at various loads in the range of 25 ~

300 gf.

2 Result and discussion
2.1 Nitrogen and tantalum concentra-

tion depth profile
Nitrogen and tantalum concentration pro-

files are shown in Fig. 1 (a) and (b) for the

samples implanted at 100 t and 400 t. By

comparison, it had a very different shape. It

is very evident that the specimens at 100 t

[(Fig. l ( a ) ] hard a typical Gauss distribu-

tion, the maximum nitrogen atomic concen-

tration measured was about 32% after a

sputtering time of 5 min, the nitrogen concen-

tration is disappeared after a sputtering time

of 30 min. However, to tantalum concentra-

tion profile, the maximum atomic concentra-
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Fig. 1 Nitrogen and tantalum profile of specimen im-

planted at 100 t (a) , 400 t (b), respectively

tion measured is only 11% after a sputtering

time of about 2 min, the area under the tan-

talum profile is smaller in the sample at 100

°C, indicating that the nitrogen plus tantalum

modification layer at 100 t is very shallow.

The distribution curve of the high tempera-

ture implantation had a very different shape,

the nitrogen and tantalum concentration pro-

file across the diffusion zone for the sample

are presented in Fig. 2. A peak of about 34%

in nitrogen atomic concentration is observed

at the sputtering time of 8 min, which repre-

sents the penetration depth of the energetic

nitrogen ions. At greater depths a plateau at

about 28% can be observed, it can not drop

off after a sputtering time of 60 min

(approximately 1. 5 (Jim). The profile of tan-

talum shows that a maximum peak near the

surface was about 18%, followed by a long

tail. The maximum penetration of injected

atomic species has increased.
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Fig. 2 Vickers miurohardnesb of specimens

The effect of diffusion on the nitrogen and

tantalum curve at high temperature is very

significant. This can be seen by comparison

of Fig. l ( a ) and (b) . It is apparent that the

combination of thermal-radiation-enhanced

diffusion and perhaps thermal gradient diffu-

sion has resulted in further substantial pene-

tration of nitrogen atom into the substrate in-

terior.

2, 2 Microhardness measurement

Fig. 2 shows results of the microhardness

measurements as function of load. For high

temperature implantation the surface hard-

ness increased by 200% under a load of 25

gf. This hardness improvement is more sig-

nificant than that observed at low tempera-

ture. This can be explained by (1) the more

stable nitrides formed during high tempera-

ture implantation and (2) the thicker im-

planted layer in the high-temperature-implan-

tation specimen. The hardness decreased as

the load increased and the indentation pene-

trates more deeply into the specimens, the

hardening effect of the implanted layer be-

comes less significant.

2.3 X-ray diffraction (XRD) analysis

The reason for the hardening effect was

elucidated by phase analysis. Fig. 3 shows

the results of X-ray diffraction patterns at an

incidence of 5°. At a low processing temper-

ature, it showed that compound WC, TiC and

Co phase were detected due to weight per-

cent about 79 WC, 15 TiC and 60 Co in

YT15 hardmetal, respectively, similar to un-

treated hardmetal, no evidence of the forma-

tion of nitrides were found. At 400 t , the

X-ray peaks indicate the formation of XRD

of the Ta + N implant. The peak of TaN, WN

and the WC became broad, this phase is the

hardest one in this system.
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Fig. 3 The XRD of (he Ta + N implant

This work shows that the effect of elevat-

ed temperature implantation is very signifi-

cant, it controls the phase formation, and a

considerable improvement in the surface

property of hardmetal without any deteriora-

tion or even with an improvement in chemi-

cal stability can be achieved.

2. 4 Structure changes

Scanning electron microscopy of unim-

planted hardmetal indicated the presence of

a fine distribution of precipitate with a strip

and spherical morphology. These strip precip-

itates are WC crystal structure. These spheri-

cal precipitates are TiC-WC crystal struc-

ture. After Ta + N dual ion implantation the

near-surface microstructure changed substan-

tially and became more complicated. The mi-
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crostructure shows the sample implanted at

100 °C , the presence of dark spots is im-

planted N + Ta ions, but the wholly surface

structure hasn' t obviously changed. The mi-

crostructure shows the sample implanted with

Ta + N dual ion at 400 Ti , the surface mi-

crostructure has been obviously changed,

these strip precipitates has disappeared, the

presence of many dark spots which could be

either second phases (possibly nitrides) or

defect clusters(e. g. dislocation loops) formed

during irradiation. A possible explanation for

the presence of such fringes may be the jux-

taposition of the matrix and nitride phase

with substantially different lattice parame-

ters. Near-surface chemical analysis of the

implanted sample using XRD showed the

presence of TaN, WN phases formed from

the reaction between dual implanted nitrogen

and tantalum and hardmetal elements pre-

sent in solid solution. These nitride phases

would be expected to contribute significantly

to the improvement of surface properties.

3 Conclusion
By means of elevated temperature N + Ta

dual ion implantation, a hardened layer of

substantial thickness can be achieved in re-

latively short time. The characteristics of this

layer depend upon the compositon of im-

planted material and to a certain extent its

microstructure. Dual N + Ta ion implantation

of hardmetal at a temperature of 400 t re-

sulted in significantly deeper penertration of

nitropen and tantalum as compared with

specimens implanted at 100 °C. In addition,

stable in nitride precipitates were observed

after high temperature implantation. This re-

sulted in higher hardness.

The extent of dual TA + N diffusion ob-

served during high temperature implantation

was in excess of that expected by thermal

mobility alone. It is proposed that the steep

thermal gradient that existed during implan-

tation played a significant role in enhancing

nitrogen and diffusion.
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