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1. 1 Plasma Behavior with Molecular Beam
Injection in the HL-1M Tokamak®®
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YAN Donghai WANG Enyao DENG Xiwen
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A new method of gas fueling has been

introduced in the HL-1M Tokamak. The

method consists of a pulsed high speed

molecular beam formed by a Laval-type noz-

zle. The velocity of well collimated hydro-

gen beam is about 500 m • s"1. About 6X

1019 molecules pass through the nozzle and

into the vacuum chamber in each pulse. A

series of helium pulses was injected into the

HL-1M low density (X = 4X 101'8 m~3) hy-

drogen plasma. With penetration depth up

to 12 cm,the ramp-up rate of electron densi-

ty dne/d* was as high as 3. lX102 0m"3 • s~l

at steady state and the resulting plasma

density reached n e =5. 6X1019 m~3. The pro-

file peaking factor of electron density,Qn =

«e (0)/<«e> » of about 100 ras after helium

molecular beam injection (MBI) reached a

maximum value of more than 1. 51. The en-

ergy confinement time rE measured by clia-

magnetism is 26 ms which is over 30 %

longer than that of gas puffing (GP) results

under the same operation conditions. The

improvement of rE and increase of Qn for

MBI were comparable to those of small pel-

let injection (PI) in HL-lM,as well as those

of slow PI in ASDEX [Kaufmann M et al.

Nucl. Fusion 28 (1988)827]. It is argued

that the peaked density profile induced by
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the deepened particle injection is a factor es-

sential for the confinement improvement a-

part from the isotope effect of helium parti-

cles , because the density peaking factor Qn is

normally less than 1. 4 for GP plasma in

HL-1M. The particle confinement time with

MBI increased sixfold in comparison with

that before injection.

1 Supersonic molecular beam
The molecular beam source is a small

chamber in which the working gas can be

kept at a definite pressure and temperature.

Stream of particles from a Laval-type nozzle

can pass through a skimmer orifice permit-

ting the passage to the vacuum chamber on-

ly those molecules which form the core of

the beam. This core consists of atoms or

molecules flying with adequate velocities in

adequate directions while the rest of the

beam is deflected and pumped off by high

speed pumps.

Pulsed molecular beams have high in-

stantaneous intensity, high speed, small

spread of velocity and small angular distri-

bution, and low gas consumption. Gas pulses

of tens to hundreds of milliseconds are com-

monly used in this work to control the edge

recycling and to satisfy the general require-

ments of HL-1M gas fueling.

The quantity of gas passing through

the nozzle is calculated from the equation

(1)

(particles/s)

Q

where Y = — is the heat capacity ratio ( / =

2

— for a monoatomic and 7 = 1 . 4 for a di-
o

atomic gas) , R is the molar gas constant,

8314 J/kmol • K , T 0 is the temperature in

Kelvin in gas source,// is molecule (atom)

mass in kg, n0 is the gas particle number

(number of atoms) per cubic meter in the

gas source,A is the cross-section at critical

diameter of the nozzle.

2 Penetration depth of MBI and

density Peaking
The penetration depth of MBI into the

plasma depends mainly on the electron den-

sity and temperature of the target plasma.

Beam quality parameters include beam ve-

locity and angular distribution, especially

the flux density of the beam stream. Tn or-

der to distinguish the injected particles from

the particles of target plasma and to reduce

particles entrapped in the graphite limiters

and protective barriers, a helium molecular

beam was injected into the HL-1M Toka-

mak with low density («e = 4 X 1O1S m~3)

target hydrogen plasma. The helium particle

penetration of up to 12 cm was observed

with a PIN diode (He I 587. 6 nm) detector

array and treated by Abel transformation.

A single- and six-channel HCN laser

interferometers were used to measure, re-

spectively, the line-averaged electron densi-

ty and density profile of the HL-1M plas-

ma. The peaked-density profiles were the

result of MBI fueling and recycling control

at the edge plasma. Hydrogen recycling was

decreased by degassing procedures employ-



ing siliconization and pure helium glow dis-

charge cleaning that removed hydrogen en-

trapped- in the graphite limiters. The line-

averaged electron density of the target plas-

ma prior to the MBI was found to be corre-

lated with both the enhancement of the en-

ergy confinement time and the ratio of ne

(0)/<«<•> during injection. When the target

density was increased during injection, the

density profile broadened and the energy

confinement time decreased. Sometimes

plasma current disruption may occur due to

the strong injection resulting in channel

pinching with the subsequent MHD instabil-

ity. In order to reduce the injected gas reab-

sorption in the first wall,helium was select-

ed as the working gas for pulsed molecular

beam. Normally, helium MBI fueling was

carried out at low target density of hydro-

gen plasma. For example,in shot 4116»«c =

4X1018m~3 , the ramp-up of line-averaged

electron density d ne/dt is as high as 3. 1 X

102Om~3 • s"1 during injection, and the re-

sulting plasma density after 100 ms injection

reaches «. = 5. 6X1019m-3.

Density profile peaking is one of the

most important features of the present fuel-

ing method. The He beam pulses start from

£=150 ms to 250 ms in which the peaking

factor of density profile Qn = ne (0)/<n e >

reaches 1. 51.

3 Confinement improvement with

MBI
In the experiment on HL-lM,for GP

fueling hydrogen plasma, the energy con-

finement time TE as measured by diamag-

netism increases linearly with the density

below ne = 2 X1019 m~3. When the density is

further increased, rE increases slowly with

the density. When the working gas is a mix-

ture of H2 and He, the critical density in-

creases to 2. 5 X 1019 m~3,beyond which rE

increases continuously but further enhance-

ment is rather slow. In the experiment of

MBI fueling with helium into hydrogen

plasma,xE increases with increasing plasma

density till ne = 6 X 1019m~3. This result is

over 30% Larger than that of previous GP

results in the density range of (3. 5 ~ 6) X

10!9m~3,The plasma behavior with He MBT

into hydrogen plasma is in shot (4116). The

energy confinement time rE of the HL-1M

small pellet injection plasma enhances by

about 30% in comparison with that of GP

plasma in the density range of (1 — 3)X1019

m~3. The ranges of the discharge parame-

ters for the TE study are- Bx = 1. 9 ~ 2 . 3 T ,

995 = 5~7,7P = 100~120 kA.

It is interesting to compare the present

. results with the slow pellet ( velocity 200

m • s"1) injection in ASDEX. With ohmical-

ly heated deuterium plasma of starting den-

sity ne = l. 3X1019m~3> penteration depth of

up to 7 cm was observed. The relative densi-

ty profile peaks afterwards,reaching a value

of «e(0)/rte about 10% higher than before.

During this nonstationary phase of injection

the energy confinement time rE rose,contin-

uously starting from 60 ms to a value of

around 100 ms and was clearly above the

standard GP values in the linear part of the



Fueling method

MBI

Slow pellets

Table 1

Working gas

He+H2

Comparison of

Mean velocity

/m • s"1

350

200

the effects of two

Target density

/l019nTs

1.0

1.3

fueling methods

r«.co)i
A[ <*«> J

>iox

ATE

>30%

Mode

Stationary

Transient

© It is the value of n

@ Non-stationary phase

r£(n e) curve. Except for particle velocities,

the experimental results of the MBI fueling

in this paper are quite similar to those of the

slow pellet fueling in ASDEX. A comparison

of the effects for the two fueling methods is

listed on Table 1.

The particle confinement time rp is ob-

tained by measuring the outgoing particle

flux with edge Langmuir probes. The en-

hancement of rp with MBI is pronounced.

For instance,the ratio of rp before and after

MBI fueling is 1 s 6 in shot 4116. The corre-

sponding value for strong GP fueling is 1 '• 3

(shot 4160) under similar conditions of dis-

charge.

5 Conclusion and discussion

We report an effect of the new fueling

method of high speed molecular beam injec-

tion on Tokamak confinement improve-

ment. The present method is an improve-

ment of conventional GP,with performance

comparable to the small pellet injection in

HL-1M and also to the slow pellet in AS-

DEX.

It has been noticed for a long time that

central fueling,such as pellet injection and

high energy neutral beam injection,can im-

4

prove the confinement of Tokamak plasmas

relative to ordinary gas puffing. This im-

provement is usually attributed to the densi-

ty peaking which tends to stabilize the so-

called f}\ mode. As mentioned above,a simi-

lar confinement improvement is observed

both in our "very low energy neutral beam

injection" (MBI) experiments and in the

slow pellet injection experiments in AS-

DEX. As contrasted with central fueling,

these experiments are characterized by a

hollow fueling with the position of maxi-

mum deposition near the plasma edge. The

fact that a shallower fueling can lead to a

similar confinement improvement as a deep

one suggests that there may exist a critical

position in a Tokamak plasma such that any

kind of fueling will have a better confine-

ment as long as it can give rise to density

peaking at the critical position. This point of

view could be supported by QU's theoreti-

cal study where ,based mainly upon the elec-

tron temperature profile consistency.a criti-

cal position pc = r/a^0. 7 is argued to exist

and it is shown that the global confinement

property,at least for the electron,is basical-

ly determined by the local anomalous ther-

mal conduction at this critical point.
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1. 2 Improvement of Plasma Performance with

Wall Conditioning in the HL-1M Tokamak®
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WANGZhiwen DENG Baiqun LI Kehua LUO Junlin LIU Li
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Studies and selection of plasma-facing

materials continue to be a concern for future

fusion devices*and ongoing efforts are being

made in the HL-1M Tokamak. The ad-

vanced methods of wall modification adop

ted by HL-1M are surveyed. Significant im-

provements in Tokamak plasma perfor-

mance have been obtained by using boron,

silicon or lithium-containing substance as a

material for wall coatings. The siliconization

technique is highlighted. The lithiumization

as the newest technique will be investigated

further.

The new type of wall conditioning is

called PCVD, i. e. plasma chemical vapour

deposition that was proposed firstly by

Veprek et al. for regeneration of the first

wall in fusion devices in 1976. In situ coat-

ing of the first wall to modify the wall con-

dition is a simple, economic and efficient

method. The pioneering work in area of wall

conditioning at the TEXTOR Tokamak has

been recognized and developed further now.

Winter gave a detailed description and out-

look in his review paper. This article gives

an overview of experimental methods and

results in HL-1M. The modification of the

wall and improvement of plasma perfor-

mance are summarized as follows.
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