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In the HL-1M plasma experiments, two refueling ways, the pellet injection and 
the gas puffing, are usually used. In recent years, a new refueling method, the 
supersonic molecule beam (SMB) injection, has been developed[l]. SMB injection is 
an attempt to enhance the penetration depth and the fuelling efficiency of gas, as 
well as to reduce surface absorption of the injected particles and the impurity 
content in the plasma. In SMB injection experiments, the gas is injected into the 
plasma through a Laval nozzle at high gas pressure. In this case, the peak density 
and improving confinement have been achieved as in the case of a pellet injection. 

In this paper, the penetration characteristics of SMB has been analyzed and 
researched. Because Hα emission (Balmer alpha line) is the best representation of 
neutral hydrogen particle flux in the plasma, SMB experiments were analyzed with 
Hα emissivity measurements. The Hα emissivity distribution in the plasma was 
calculated from multi-channel chord emission signals by means of the asymmetry 
Abel inversion method. 

1 Measurement method 

The HL-1M is a tokamak with circular cross section (major radius R = 1.02 m, 
minor radius a = 0. 26 m, toroidal magnetic field B T≤3 T and plasma current IP≤ 
350 kA) and two full graphite limiters at distance of 180° in the toroidal direction. 
The SMB is injected from the horizontal direction. The Laval nozzle of 0.5 mm in 
diameter is about 36 cm away from the plasma edge. Pressure of the gas source is 
0.3~1.1 MPa. A detector array with 20 PIN diodes is located on the top port above 
SMB injection path. The detector system consists of the collimating hole, 
interference filter, detectors and preamplifiers and makes up a pinhole camera. The 
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center wavelength of the interference filter is 656.3 nm. The sight lines of the array 
covered whole plasma cross section. The data acquisition frequency is 100 kHz. The 
Hα emissivity distribution along the injection path was obtained with asymmetric 
Abel inversion of measured 20-channel Hα emission intensity. 

2  Penetration depth of SMB 

In the experiments of SMB injection at pressure of gas source < 1 MPa, the Hα 
emission intensity measured by the detector array is very weak. It indicates that gas 
particles entering into the plasma are quite few. In these cases, a large part of neutral 
particles in the beam are ionized in the boundary layer of plasma. 

When the gas source pressure is more than 1 MPa, a few spikes of Hα emission 
appear during one SMB injection pulse or between two pulses in case of multi-pulse 
injection in one discharge. These Hα emission spikes of 1~2 ms duration are 
probably due to the uncontrolled oscillations of the electromagnetic valve at the high 
gas source pressure[2]. 

Fig. 1 shows the Hα emission signal with six spikes and the contour plot of Hα 
emissivity distribution including three spikes between 510 ms and 535 ms. It can be 
seen from Fig. 1 (b) that three molecule beam channels are corresponding to three 
spikes. In order to observe the evolution of Hα emissivity distribution during a spike 
in detail, we present the contour plot of Hα emissivity distribution corresponding to 
the spike at 512 ms (Fig. 2). Usually, each spike accompanied with one or more 
smaller bursts on its rising edge [Fig. 2 (a)]. 

The supersonic molecule beam can be injected deeply into plasma at high 
pressure of gas source. It may be explained by the shielding effect of SMB. Two 
basic shielding models have been presented. One is the electrostatic double layer 
shielding model[3]. 

The idea of this model is as follows: when the supersonic molecule beam is 
injected into the plasma and crosses the magnetic line, the molecule beam is 
bombarded by plasma thermal electrons moving along the magnetic line from two 
sides of the beam. The electrons interact with the neutral particles through elastic 
collision, excitation, dissociation and ionization process. In this case, because the 
neutral particle density in the beam is larger than the density of the electron, the 
electron loses most of its energy and then slows down. This means that an electronic 
pile will be produced and a plasma sheath at two sides of the beam will be formed. 
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Two sides of the beam are basically symmetric, so the plasma sheath will become an 
electrostatic double layer structure. Another model is simple mass model based on 
the high density of SMB (e. g. the density of SMB is about 4. 0×1024 m-3 at the gas 
source pressure about 0.5 MPa)[4]. Due to the high density of SMB, plasma electrons 
with limited energy can effectively interact only with the neutral particles in the 
surface layer of SMB. Consuming electron energy, these surface particles protect 
volume particles of SMB from depositing in the edge plasma zone. In this sense 
surface particles provide a cold channel for SMB. The penetration capacity of the 
molecular beam into the plasma at high gas source pressure can basically be 
explained by above mentioned two models. 

 
Fig. 1   Hα signal (a) and temporal evolution of Hα emissivity distribution  

      along the SMB injection path (b) between 510~535 ms 

 
Fig. 2   Expanded one Hα peak signal (a) and temporal  

       evolution of Hα emissivity distribution (b) 
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3  Penetration speed of SMB 

The speed of SMB was estimated at about 1.2 km· s-1 by the track of the cold 
channel (Fig. 3). By the observation with CCD camera, this speed is more than 1 
km· s-1. Adiabatic expansion through a Laval nozzle produces the SMB with speed 
limited by[5] 
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where R is gas constant (8314 J· kmol·K-l),  T0 is the temperature of gas source 
(K), µ is the molecular mass of gas source (g·mol-l), γ= cp/cv is the gas heat capacity 
ratio (γ = 5/3 and 1/4 for monatomic and diatomic gas, respectively). In given case 
T0=300 K, so v≈3 km·s-1. Measured and calculated speeds have the same order of 
magnitude. 

 
Fig. 3    Estimation of SMB speed (v = 1.23 km·s-1) 
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The scaling laws of energy confinement are very significant for confinement 
improvement. A typical scaling law of ohmic heating with low effective charge and 
radiation power is given by Goldston[1] 

τE(ms) =7.1×10- 6nel (1013 cm-3) 
               a1.04(cm) R2.04(cm) q 5.0

a                    (1) 

here nel, a, R, q a are line-averaged density, minor radius, major radius and edge 
safety factor, respectively. The energy confinement time on the HL-1M tokamak is 
17 ms at ne =3×l013 cm-3 and q a =4.5. 

Normalized poloidal beta εβp≤1.6 and diamagnetic beta βN≤4.7 were 
obtained in TFIR when plasma current was ramped down prior to NBI[2]. 
Confinement times are 3 times greater than that expected from L-mode prediction 
have been achieved. On TdeV, the electron and ion temperature of core plasma 
remained close to their initial values after the current is ramped from 250 kA to 40 
kA at a rate of -6 MA·s-1[3]. Energy confinement time in the TUMAN-3 tokamak 
becomes longer by a factor of 1.5~2 than that in the steady state phase after the 
current is decreased twofold at a rate of -8.5 MA· s-1[4]. Improved ohmic 
confinement (IOC) has been observed during the turbulent heating of the HT-6M 
tokamak[5]. Particle confinement improvement by current ramp is investigated on the 
HL-1M tokamak. 


