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ABSTRACT

In HL-1M experiment, multiple pellets were injected into Ohmic dis-

charge , good results for plasma confinement have been achieved. The energy

confinement is enhanced by up to 30% over that of usual gas fuelled discharges

after a series of pellet injections. The improvement is characterized by a pres-

sure profile that peaks strongly around the central region. It was found that

the peakedness depends strongly on penetration length of the pellets, and the

characteristics of MHD activity changes with peakedness of pressure profile

produced by pellet injection. On the other hand, the central MHD activity

plays a key role in limiting the available peaking degree. The improved dis-

charges characterized by a highly peaked pressure profile inside q = \ surface

degrade suddenly by a large sawtooth collapse. For deep penetration case, the

pressure gradient in the central area becomes steep, the central magnetohy-

drodynamic activities are strongly affected by pellet injection. The large saw-

tooth crash tends to have more ideal-like characteristics in magnetic structure,

which is usually observed in discharges of higher density and pressure values.

The most conspicuous feature is that just at the early stage of the crash, the

m==l continuous oscillation merges into a very localized pressure perturbation.



INTRODUCTION

The injection of a frozen pellet of solid hydrogen isotopes is a high effi-

ciency means of refuelling a steady-state fusion reactor. Experiments with pel-

let fuelling on many Tokamaks have demonstrated its advantage of improved

energy confinement. The improvement is mainly caused by the strongly peaked

density and pressure profile according to the experimental observation on Alca-

tor-C[1], D- I [ 2 ] , ASDEXC3] and JT-60[4]. The peaking of density and pressure

profile are found to depend on the pellet penetration depth. A highly peaked

profile is obtained on JET, when the pellet reaches the center of the plasma1-5-1.

The central magnetohydrodynamic (MHD) activities are strongly affected by

hydrogen pellet injection, such as sawtooth suppression when the pellet pene-

trates inside the central region. From soft X-ray chord-integrated measure-

ments which offer the advantage of high spatial and temporal resolution, a 2-D

X-ray image of the plasma cross-section can be derived, this can provide much

information on the plasma structure and the evolution of the image with time is

useful for studying MHD activities.

In HL-1M, hydrogen pellets were injected into hydrogen Ohmic dis-

charge, high fuelling efficiencies were observed. Improved energy confinement

for Ohmic heated HL-1M discharges has been obtained with multiple hydrogen

pellets injection. The energy confinement is enhanced by up to 30% higher

than that of usual gas fuelled discharges, and a strongly peaked electron densi-

ty profile rce(0)/<neX2 at n e ( 0 ) ^ 5 X 1013 cm"3 is sustained about 50 ms after

a series of pellet injections. This paper presents the improvement performance

and magnetohydrodynamic activity of pellet fuelled plasma in HL-1M. The

main subjects are the results of the improved confinement characteristics of the

pellet injection experiments in HL-1M, and, the dependence of sawtooth char-

acteristics on pressure peakedness and the pellet penetration. We find that the

peakedness of pressure depends strongly on penetration length of the pellets

and the characteristics of MHD activity changes with peakedness of pressure

profile produced by pellet injection. On the other hand, the MHD activities

play important roles in limiting the attainable central plasma pressure. The pa-

per is arranged as follows. In section 2, experimental setup and discharge pa-

rameters are briefly given. In section 3 the improvement performance and mag-

netohydrodynamic activity of pellet fuelled plasma in HL-1M are given. In sec-

3



tion 4, we present the characteristics of sawtooth and m=\ mode. Section 5

present the conclusions.

1 EXPERIMENTAL SETUP AND DISCHARGE PARAME-
TERS

HL-1M is a circular cross-section tokamak with R = l. 02 m, a = 0. 26 m,

5 , ^ 3 T , Jp = 90~350 kA and two full graphite limiters located at toroidally

symmetrical sections. Multiple hydrogen pellets injection was performed on

HL-1M with velocities up to 700 ms"1 , and with particle number iV«s4. 5X

1019 and diameter <j>=l mm. Four small pellets can be fired independently. The

pellet injection line is just on the equator plane of the torus- and along the major

radius, the typical time interval adopted for each pellet is 20 ms. For the high-

current [7p=160 kA] limiter discharges with deep penetration of pellets, the

line-integrated electron density profile has a peaking factor ne(0)/(ne) of 1. 8

with the central value of ne (0) ^w5 X 1013 cm"3. Fig. 1 shows the limiter config-

uration and the lines of sight of soft X-ray (SX) detectors. The detectors used

are PIN photodiode arrays. Normally designed to operate in the visible. These

type of detectors have been found to work well in the SXR region1-1-1. Each ar-

ray consists of 38 elements with anodes 4. 4 mm by 0. 9 mm at 1 mm spacing

with common cathodes. In this application we use only every other channel in

each array plus one edge element, i. e, 20 channels per array. Each array is en-

closed in a single water-cooled assembly. The phodiodes are operated with

negative voltage? and the frequency of response was adequate for the 100 kHz

band width. The diode current is amplified up to 106, then converted to digital

numbers. Three PIN diode arrays (camera A, B, C, 60 detectors in total)

covered with 25 fxm Be filters were used for measurement of soft X-ray (SX)

intensities allowing a spatial resolution of 1 cm and a time resolution of 10 /is

(camera D, E, F arrays are used for measurement of visible spectrum). This

allows the use of a tomographic reconstruction method to obtain the local spa-

tial distribution of X-ray emission as a function of time without assuming rigid

plasma rotation. The tomographic reconstruction of soft X-ray emissivities

will include Fourier terms up to cos (3(9) and allow the study of MHD activity

in fine detail. The soft X-ray signal depends on the energy kTe, the square

density n\ and the impurity content of the plasma, and is the main diagnostic



used to study the electron pressure peakedness and the transfer of the kinetic

energy.

Fig. 1 Configuration of HL-1M plasma. Shown are the lines of sight of SX camera,

only A, C, E are used to measure soft X-ray emission

2 IMPROVED PERFORMANCE AND MAGNETOHYDROD-
YNAMIC ACTIVITY OF PELLET FUELLED PLASMA

In multiple pellet injections through the cooling of the plasma by the first

few pellets, pellets injected successively are able to penetrate deep into the

plasma core region. During pellet injection on the HL-1M, within a few hun-

dred microseconds (i. e, approximately the pellet-ablation time), the sudden

rise (<C0. 5 ms) of electron density after injection is accompanied by a simulta-

neous drop of the electron temperature, as shown in Fig. 2. Fig. 2 shows a

four-pellet injected discharge (03955). With the pellet injection in HL-1M,

the density profile has a peaking factor ne(0)/<ne) of 1. 6 — 1. 8 with the central

value of ne (0) ^#5 X1013 cm"3, the total plasma energy, WP , the poloidal beta,

/?P, as well as the energy confinement time rE, all rise following injection, and

the energy confinement time was enhanced up to 30% higher than that of usual
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gas fuelled discharges. The central Te falls sharply as indicated by the profile

evolution of Te measured from ECE as shown in Fig. 3.
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Fig. 2 Time evolution of (a) central electron density ne ( 0 ) , (b) energy confinement

time rE , (c) total stored energy Wp, (d) poloidal beta /?„, for a pellet-fuelled 100

kA Omic heated discharges (03955)

In the most of the discharges, the soft X-ray intensity rises gradually and
profile becomes increasely more peaked after pellet. Apart from the perturba-
tion , Sne/ne, introduced by the pellet, the MHD activity of plasma was greatly
influenced by the pellet penetration depth. Fig. 3 compares the time histories
of central SX signals and the profile evolution of Abel inverted SX emission for
three four-pellet injected discharges. The ratio of SX intensity of the central
chord between just before and just after the injection is a good measure for the
deposition of the pellet particles in the central region. For these three dis-
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Fig. 3 The electron temperature profiles during pellet injection in shot 3955 from

t = 204 ms to £ = 260 ms

charges the values are : (1) J' sx//sx = 80% ; (2) I'sx/hx = 55%; and (3) / 'Sx/

/ s x = 20%. For the shallowest pellet penetration discharges in Fig. 4 ( a ) , the

initial plasma density is low («T<1. 0X1013cm~3), the pellet penetration was

limited to the periphery, probably because of ablation due to high energy elec-

trons. The m = 2 MHD oscillation have been observed in the early phase after

pellet injection, their amplitude may increase by a factor of 3 after a few peri-

od. The soft X ray profile is almost flat in central region in these sort of dis-

charges. For the situation that pellet penetration is medium where the initial

density is about ^ ( 1 . 0—1. 5) X 1013 cm"3 in Fig. 4 (b) , the deposit of parti-

cles is outside the sawtooth reversion radius, small sawtooth oscillation have

been found from t = 260. 0 ms, limiting the density peaking degree at each saw-

tooth collapses, and the inversion radius is narrow ( r s ^ 2 cm) , so the peaking

of density is obvious but nowhere high enough. In centrally fuelled pellet in-

jection discharges where the initial density is about n e ^ 2 . 0X1013 cm"3 in Fig.

4 (c ) , a shift of plasma position is detected, the central soft X-ray intensity
7



falls sharply. There is a low SX emission area in the central region, so it indi-

cates that pellets deposit a substantial number of particles there and, it is in

this region that the SX emission gets maximum point later. It demonstrates

that the pellet has penetrate in the central region, causing the sudden drop of

electron temperature. This drop of Te is due to the cryogenic temperature of

the pellet. The sawtooth activity can be completely suppressed in period of 20

~ 5 0 ms with a simultaneous increase of central soft X ray radiation, charac-

terizing by a soft X ray emission profile that peaks strongly around the mag-

netic axis (inside the sawtooth inversion radius). In HL-1M pellet fuelled dis-

charges the SX profile is considered to reflect the electron pressure profile

well. The soft X ray emission rate is roughly proportional to n\ T\. For pellets

injection on HL-1M, the dilution by the injected fuel ions reduces the average

Zeff, the 7 ranges from 1. 3 to 2. 4 for a parameter regime of Zeu=l. 1 — 2. 1 and

Te = 0. 5~1 keV. Therefore, the square root of the soft X ray intensity is pro-

portional to neTe's~0'3, which may be considered to yield the electron pressure

for pellet injected discharges, as shown in Fig, 5. Fig. 5 shows electron pres-

sure (n ,XT e ) profiles from SX emission squire root. The electron pressure

profile start to peak from £ = 255 ms and evolves only inside 9 = 1 radius (5

cm) and, in contrast, the outer region remains almost unchanged. Since the

electron pressure profile continue to rise even after a long period (50 ms) fol-

lowing the injection of the last pellet, the peaking of the electron pressure can-

not be simply attributed to a peaked source term of the pellet ablation, but is

caused likely to a modification of the transport process by the injected pellet.

It seems that the q=\ surface behaves as a transport barrier causing the densi-

ty and pressure profile peak strongly inside. The pressure gradient saturates at

a certain value and degrades suddenly when a large sawtooth emerges. In Fig.

6 (a) , the evolution of the SX signals around the first large sawteeth crash are

shown. The peaked SX profile is broadened at the crash from £ = 290. 5~291.

75 ms as shown in Fig. 6 (b). Fig. 6 (c) indicates the time history of the con-

tour lines of SX emission rate in the central region ( r<10 cm) from £ = 278—

295 ms. The position of the q=\ surface is 5 cm. The centrally peaked portion

of kinetic energy is released outward and> the relaxed profile is almost flat in-

side the mixing radius. It may conclude that the peaked density profile which is

obtained with pellet injection eventually is broadened by the MHD collapse.
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Fig. 4 Time histories of the SX signals and Abel inverted SX emission profiles for three

pellet-injected discharges (a) ~ (c) [/p = 100~150 kA,i?,=3 T ] , pellet penetra-

tion becomes deeper from the top (a) to the bottom (c) column
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Fig. 5 (a) and (b) Time evolution of the electron pressure profile (

from £ = 250~-290 ms. Pellets were injected at £ = 250 ms. The electron pres-

sure profiles peaks strongly inside the central region, (c) Contour lines of elec-

tron pressure intensity in the central region from £ = 250-—-290 ms

From these observations we conclude that the peakedness depends strong-

ly on penetration length of the pellets , and the characteristics of MHD activity

changes with peakedness of density or pressure profile produced by pellet in-

jection. In the deep pellet penetration discharges, the sawtooth free phase pro-

duced by injection of pellet and density peaking are closely linked and, the cen-

tral MHD activity plays a key role in limiting the available peaking degree.
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Fig. 6 (a) Time evolution of the central SX signals around the first large sawteeth

crash, (b) The SX profiles before and after the sawtooth crash, (c) Contour

lines of SX intensity in the central region from £ = 278—295 ms, the SX profiles

is broadened at the crash

3 CHARACTERISTICS OF SAWTOOTH AND m = 1 MODE

With deep pellet injection, the central magnetohydrodynamic activities are
strongly affected by pellet injection. As sawtooth activity is associated with
the thermal instability of the plasma core, its behavior should be affected by
the local perturbation introduced by the pellets. The change in the sawtooth
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characteristic (viz. , crash time, crash mechanisms) seems to be dependent on

the density (and pressure) peakedness. A very localized pressure perturbation

has been observed to arise spontaneously after the onset of sawtooth crash in

discharges exhibiting density peaking at early times caused by pellet injection.

In deep pellet penetration, the large sawtooth crash tends to have more ideal-

like characteristics in magnetic structure (interchange structure), which is

usually observed in discharges of higher density and pressure. The soft X-ray

signals near the center are shown in Fig. 7. Fig. 8 shows the time evolution of

SX profiles for the crash phase from £ = 290. 5 ms to t = 290. 975 ms. Fig. 9 il-

lustrate the main features of the crash as seen on the contour plot of the emis-

sivity map and 3D emission, obtained by tomographic reconstruction of soft X-

ray. Initially, the hot core moves outward in minor radius. The shape of the

hot core changes from a circle to a crescent, a cold bubble appears in the oppo-

site direction and grows gradually (from c~f ) .

157

r=5 cm

r—3 cm

r—\ cm

r = —1 cm

r— — 3 cm

' 1 = - 5 c m

290

Fig. 7 The soft X-ray signals near the center. A m = \ mode throughout the sawtooth
crash for shot 04030

After pellets injection, the centrally peaked pressure is degraded in a slow

time scale compared to that for the usual sawtooth crash. The first large saw-

tooth crash time is typically about 400 ~ 600 fxs, which is much longer than
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Fig. 8 Time evolution of SX profiles for the crash phase from <=290. 5 ms to

£ = 290. 975 ms

that (about 100 — 200 jus) for gas-fueled discharges. The most conspicuous

feature is that just at the former stage of the crash, the increasing m = \ oscil-

lation merges into a "snake-like" oscillation, as shown in Fig. 10, the snake-

like oscillation exists immediately after the onset of the first large sawtooth

crash but cannot survive sawtooth crash. Fig. 11 presents time evolution of SX

profiles for the density oscillation phase for shot 4030 from £ = 291. 00 ms to

£ = 291. 075 ms, the core seems to be displaced to the left-hand side of the fig-

ure, and the snake-like oscillation rotates in the electron drift direction. In

Fig. 11, the snake-like oscillation is shown just after its production, it is clear

that the snake-like area is a small rotating region of enhanced X-ray emission,

and the point of maximum emission is altered by the sawtooth crash from the

plasma centre to the snake-like area on the q=l magnetic surface.

Discharges with deep pellet injection show clear evidence for density accu-

mulation before the first sawtooth crash. In fact, before the first sawtooth, a

considerable m = l activity was observed. It seems probable as a result of in-

creasing m = l instability, the profiles of electron pressure in the central region

become very flat or even hollow, the partial temperature collapse causes an re-

duction of the parallel electric conductivity, which in turn may reduce the local

current density in the central region and give rise to magnetic perturbation re-
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Fig. 9 Series of images from a movie of sawtooth crash, the frames are not equally

spaced in time, (a) Contour plot of the reconstructed X-ra,y image, (b) hidden-line

perspective plot of the the reconstructed X-ray image at £=290. 975 ms. The cold

bubble near the centre is readily apparent
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suiting in a magnetic island in

which a substantial number of

particles trapped due to the very

peaked initial density profile. It

seems that the first sawtooth crash

has the effect of convecting the

plasma central region onto the m =

1 magnetic surface, and forms a is-

land structure enclosing a high

density region with reduced plasma

temperature. This idea is support-

ed by the observation that the saw-

tooth usually has an interchange

structure after deep pellet injection

on HL-1M. This will produce a re-

gion of extremely high density and

291.25 291.5
T/mse

291.75

Fig. 10 (a) Hidden-line perspective plot of the

reconstructed image at £ = 291. 25 ms.

(b) Contour lines of SX intensity in

the central region from t = 291 ~

291. 75 ms showing a snake-like oscil-

lation just after its production

low temperature which will start immediately to diffuse away. Such m = l/n =

1 oscillation is associated with a density perturbation lengthen the crash peri-

od. The density perturbation should decay on a time-scale of rj/D. Putting in
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Fig. 11 Time evolution of SX profiles for the density oscil-
lation phase from £ = 291. 00 ms to £ = 291. 075 ms
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typical values ( r s =5 cm, D — 0. 3 + 0. 1 m2 • s 1 at central region) and increas-

ing D by one order of magnitude during a crash phase gives a value of several

hundred microseconds. This is comparable to the decay time of the snake-like

oscillation as observed in HL-1M experiment. From these observation, it is

noted that the initial peaking density profile caused by deep pellet penetration

plays a significant role in sawtooth crash and cant lead to the development of a

transient density oscillation. It suggested that the central kinetic energy is re-

leased slowly through a "snake-like" oscillation in a extending crash time (up

to two times than that of usual) and the crash does not follow the fully recon-

nection model.

4 CONCLUSIONS

Improved energy confinement for Ohmic heated HL-1M discharges has

been obtained with multiple hydrogen pellets injection. The improvement was

characterized by a pressure profile that peaks strongly around the magnetic ax-

is, probably because of suppression of the sawtooth activity. The peakedness

of pressure profile depends strongly on penetration length of the pellets and

the characteristics of MHD activity changes with peakedness of pressure pro-

file produced by pellet injection. It was found that the pressure peaking and

sawtooth suppression are closely linked. At the sawtooth crash emerging after

the deep pellet penetration, the central kinetic energy is released slowly

through a "snake-like" oscillation in a extending crash time (up to two times

than that of usual) and the crash does not follow the fully reconnection model.

It suggested that the initial peaking density profile plays a significant role in

sawtooth crash process and can trigger the development of a transient density

oscillation.
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