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The H -laser fluorescence diagnostics applied to the Nagoya Bumpy Torus

is described. The measurement yields local densities of hydrogen atoms

( nj=9xl09cm"3 ) in a high density plasma ( ne=5xl0
12cm"3 ) produced by an Ion

Cyclotron Resonance ( ICR ) heating with a gas puffing. The result makes it

clear that the energy confinement time and the power loss due to the charge

exchange process of plasma ions are 2.8 ms and 21 kW, respectively.

1. Introduction

The atomic hydrogen in the Nagoya Bumpy Torus ( NBT-IM ) plays an

important role in the confinement of plasma ions and a mechanism of the ICR

heating. The density of atomic hydrogen can be measured by the Laser-Induced

Fluorescence ( LIF ), which is a well suited local detection method for

hydrogen as well as for impurities. As was shown by Radzdobarin et al.[l],

such measurement can be performed on the Ha - transition in order to obtain

the local density of hydrogen in the first excited state. From the

measurement the ground-state density can be deduced by a collisional-

radiative model [2].

The H -LIF experiment presented here is employed at a high density NBT

plasma, which has been produced by an ICR heating with a gas puffing added to

an ECR plasma. The plasma parameters during the ICR heating are as follows;

the electron density ne = SxlO^cm"
3 and the electron temperature Te = 15eV.

The density measurement of hydrogen atoms has been performed et the plasma

center before and during the UR heating.

2. Principles of the density measurement

The laser-Induced fluorescence considered here is related to the H -
a

transition ( X = 656.3 nm ) between the n=2 level and the n=3 level of atomic

hydrogen. When a sufficiently powerfull laser light of appropriate duration
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at the H a line pumpes hydrogen atoms in the NBT plasma, the temporal variation

of the population density in the n=3 level ( n, ) can be calculated from the

corona model. One should note that the total population density of two levels

is increased by 2.8 times that before laser pumping during Te; 10~100 eV since

the total loss rate of the two levels is decreased by the laser pumping. The

temporal behavior of the n, can be obtained by a three level approximation as

fol1ows;

1 gJU. + g-A-.
n [K - (K . ) exp(- Z f g

3 31 t)], (1)
1 fl 92 + 93

where K =
92 A2

S3
A31

In this formula C y means the excitation rate from the i level to the j level

due to the electron collisions, A means Einstein's coefficient ind g,- means

the statistical weight of the i level. In the first period of 20ns the

population density of the n=3 level becomes a constant value. At the steady

state the enhancement of the n=3 level population density ( An, ) can be

written by a simple formula as follows;

92
1
 A32 ~ ~gT A21

*n3 = < 1 ! C12 + gT ' C13> "1- <2>
A31 + -gj A21 <A31 + "gj A21> (A31 + A32>

The An, is calculated by using Drawin's atomic data [3] and the absolute

change of a An, with the electron temperature is shown in Fig. 1 by a dot-
10 3dashed curve for a constant ground state population ( n. = 10 cm ) and a

13 3constant electron density ( ng = 10 cm ). Gohil et al. [2] has also

calculated the absolute enhancement using a collisional radiative model with

the Johnson's atomic data [4]. The result is also shown in Fig. 1 by a

line. The difference of these results is mainly caused by that of the atomic

data used in the calculations.

Since the intensity of the H fluorescence produced by laser pumping is

proportional to the value of the An, , the density of atomic hydrogen can be
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derived from absolute measurements of the H laser fluorescence.
a

3. Experimental arrangement

Nagoya Bumpy Torus ( NBT-1M ) is shown in Fig. 2 schematically. The

bumpy torus is constructed with a series of simple mirrors connected

toroidaliy. In this experiment the ICR heating ( 7MHz, 400 kW, pulse duration

= 10 ms ) with the gass puffing is added to the ordinary ECR plasma ( 18 GHz,

30 kW ) for the production of high density plasmas. The microwave power for

the ICR heating is input through two antennas set in the vacuum vessel of #2-

#3 and #14-#15. The density measurement of atomic hydrogen by the LIF is

performed at #12. The electron density is measured by a 4mm microwave

interferometer and a Li neutral beam probe. The electron temperature is also

monitored by a Thomson scattering of a ruby laser and a heavy ion beam

probe. The ion temperature is measured by two fast neutral energy analyzers

at #15 and #20.

The experimental set-up of the laser fluorescence measurement is shown in

Fig. 3. The laser is a dye laser pumped by a coaxial flashlamp (Phase-R DL-

2100C). The diameter of the laser beam is expanded by two cylindrical lenses

for the enlargement of the H fluorescence compared to the H background light

and the size of the beam is 25mmxl0mm at the plasma center. The spectral

bandwidth of the laser light is measured by a spectrometer and is about 0.3nm,

which covers the H lines emitted from the plasma. The output power of the

dye laser is about 60kW/cm2nm at the observed point ( saturation parameter s =

20 ), which is sufficiently strong to eliminate the influence of the laser

longitudinal mode structure on the laser pumping[5]. The fluorescence light

in the derection of 90 degrees to the incident laser beam are focused on the

photomultiplier with two lenses through a slit ( 6mm x 15mm ) and an

interference filter. The volume observed by the detection system is defined

by the major radius of the laser beam and the image of the slit on the laser

beam. In order to avoid the stray light of the laser beam, a small viewing

damp ( 90$ ) which consists of many stainless needles is set in the side port

of the vacuum vessel. It is difficult that a large viewing damp is set on the

wall of the vessel for measurements of the radial distribution of laser

fourescence, since the needles may be damaged by the microwave. Thus, the

measurement is performed only at the plasma center in this experiment. The

photomultiplier is Hamamatsu photonics R955 with a gating circuit

( At = 80ps ). Its output signals are recorded in a transient memory (Iwatsu

CM-902, freqency band 25MHz). The experimental results are obtained by
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averaging about 10 measurements with a computer (Iwat.su SM-2100C). The

detection system is calibrated using a standerd lamp with the same geometry.

The temporal change of the laser intensity is monitored by a P.I.N. photo

diode {Yokogawa Hewlett-Packard 5082-4220, frequency band lGHz).

4. Results and discussion

Density measurements of hydrogen atoms at the center of the NBT plasma

are performed by the LIF before and during the ICR heating. Typical traces of

the laser pulse and of the H light signal during the ICR heating are shown in

Fig. 4. The H fluorescence can be observed on the background of the H light

emitted from the plasma. The fluorescence intensity is about 10% of the

background light, which conforms well to the calculation result obtained by

the collisional radiative model [3]. The enhancement of the n=3 level

population density An, is detemined from the flourescence signal and the

density of hydrogen atoms can be obtained from the value of the An3 using

Gohil's collisional radiative model [2]. The results are shown in Table. 1.

The electron density ne increases from 6xl0
11cm"3 to 5xl012cm"3 by the ICR

heating. The electron temperature Te is almost constant ( ~ 15eV ) before and

during the ICR heating. The hydrogen density decreases from 5xl0^^cm"3 to

9xlO^cm~3 at the plasma center. As shown in Fig. 5, the density of hydrogen

atoms at the plasma center decreases with the rise of the electron density.

Thus, the reduction of the hydrogen density at the plasma center during the

ICR heating is caused by the ionization of hydrogen atoms due to plasma

particles ( ex; charye transfer and electron impact ionization ).

From measurements of the fast neutral energy emitted from the plasma, it

is determined that the ion temperature T^ in the vessel with the ICR power is

very high and has two components of 550eV and 2.45keV. However, the T-j in the

vessel without the ICR power is only 50eV. The energy confinement

time x due to the charge exchange loss is calculated to be 2.8ms for cold

ions ( T.j=50eV ), which is longer than the relaxation time of ion

temperature t.. ( see Fig. 6 ). On the other hand, the T for the hot ions

( T.j=500eV and 2keV ) are 1.2ms and 0.8ms, respectively, which are shorter

than the t.. . Consequently, almost of the hot ions heated in the vessel

with the ICR heating escape to the wall due to the charge exchange process

before the energy of the hot ions is transfer to the cold ions due to the ion-

ion coulomb collision. The total loss power of ions due to the charge

exchange process is estimated to be 21kU.
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F1g. 1 The change of the absolute population enhancement

In the na3 level with the electron temperature

for nj - 1010cm"3 and ne « 10
13cm"3, The dotted

line shows the result obtained by Eq. (2) and the

line shows the result of Gohil et al. [23.

F1g. Z Schematic drawing of Nagoya Bumpy Torus (NBT-1H).
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