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ABSTRACT 

A fast neutral lithium beam has been installed on the TEXT tokamak for Beam 

Emission Spectroscopy (BES) studies of the edge plasma electron density profile. The 

diagnostic was recently upgraded from ten to twenty spatial channels, each of which has 

two detectors, one to measure lithium beam signal and one to monitor plasma background 

light. The spatial resolution is 6 mm, and the temporal resolution is designed to be as 

high as 10 ms for studies of transient events including plasma density fluctuations. Initial 

results are presented from the ten-channel system: Edge electron densities unfolded from 

the LiI (2 s2S - 2 p*P) 670.8 nm emission profile have the same general time dependence 

as the line-averaged density measured by microwave interferometry. 
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INTRODUCTION 

Atom and ion beams of many different types have been used as diagnostics of fusion 

plasma parameters. One subset of these beam diagnostics is that for which the measured 

quantity is light emitted by beam particles. High-power heating beams and low power 

diagnostic beams have both been used, and the general technique is called beam emission 

spectroscopy (BES). Beams of neutral lithium atoms are a common choice since they are 

relatively easy to produce, lithium is a benign plasma contaminant, and the lithium 

resonance transition line lies in the visible part of the spectrum. Fast neutral lithium 

beams have been used as probes of plasma edge densities in ASDEX,I TEXTOR,2 and 

CHS,3 of local magnetic field angle in TEXT,4 and of plasma density fluctuations in 

DIII-D.5 Neutral lithium beams have also been proposed as targets for charge exchange 

recombination spectroscopy (CERS) of plasma impurity ions.6 

This paper describes a neutral lithium beam installed on TEXT as a diagnostic of the 

edge density profile and of density fluctuations. A neutral lithium beam is injected 

radially into the plasma on the tokamak mid-plane, and is viewed from below. The Li+ 

ion source and neutralizer are described in Ref. 7. The neutral beam intensity is 

1-2 mA at a beam energy of 20-30 keV, and the diameter of the beam in the plasma is 

2.5 cm. 

When the lithium beam enters the plasma it is predominantly in the ground Li 2s2S 

state. Collisions between the beam and plasma electrons and ions populate higher energy 

levels in the beam atoms and attenuate the beam due to ionizing collisions. This is 

illustrated in Fig. 1, which shows the populations of the Li 2s2S, Li 2p2P, and Li(n=3) 

levels calculated for a TEXT-like plasma. This calculation is done by a computer 

program which solves a set of coupled differential equations for the various Li(n1) states, 

using a data base of measured or calculated cross sections for collisional and radiative 

transitions among the various states.8 The intensity light from the LiI (2s2S-2p2P) 
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resonance transition is directly proportional to the population of atoms in the 2P state and 

is the measured quantity. The useful diagnostic range of the beam in the plasma is on the 

order of 10 or 15 cm, limited by beam attenuation and by saturation of the ratio of the 

populations of atoms in the 2s and 2P states. 
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FIG. 1. Li 2s2S, Li 2p2P, and Li(n=3) level populations, normalized to the initial beam 
intensity, calculated for a 25 keV LiO beam traversing a plasma with a size and 
density representative of the TEXT tokamak. Li(2S-2P) resonance radiation at 
670.8 nm, proportional to the Li 2p2P level population, is the measured 
quantity. 

The Li 2P level population and the 670.8 nm emission intensity are not directly 

proportional to the local plasma density, due to attenuation of the beam and the finite 

lifetime of the 2P level, so the electron density profile must be "unfolded" from the 

fluorescence profile. The unfolding process consists of finding a putative electron density 

profile for which the Li 2p2P population profile matches the measured 670.8 nm emission 

profile. Because of the large amount of data to be analyzed (up to 50,000 profiles per 

shot), a new faster technique was developed to do this calculation. The density profile is 

3 



assumed to be the sum of a smooth, slowly varying average density plus rapidly varying 

fluctuations. The slowly varying part of the density profile is determined by a fitting 

routine and the differential equation for the evolution of the 2p2P level population is 

linearized and solved algebraically for the fluctuations. This algorithm will be described 

in detail in a separate paper.9 
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DETAILS OF THE OPTICAL DETECTION SYSTEM 

A schematic of the experimental optical detection system is shown in Fig. 2. It is 

designed to have a high photon collection efficiency, uniform spatial sensitivity (within 

each channel), and to discriminate between lithium light and plasma background light. 

Lithium 670.8 nm light emitted from the beam is focused by a system of two lenses and 

an optical wedge onto a fiber optic assembly. The lens L1 subtends a solid angle of 1.8 x 

10-2 sr. The wedge, which bends the optical axis of the system, is required by physical 

constraints imposed by the location of the port and adjacent diagnostics. Separate multi- 

element collection (Ll) and focusing (L2) lenses minimize the aberrations in the system, 

reducing cross-talk between adjacent channels due to blurring of the image. 

I/ I CI\ I JACUUM VESSEL 

LITHIUM BEAM 

FIG. 2. 

L3 F1 L4 PMT1 

A schematic of the optical system. Lens L1, wedge W, and lens L2 focus light 
from the lithium beam onto an array of 20 fiber optic bundles. The remainder of 
the figure shows the optics for one of the 10 spatial channels. Light from the 
fiber bundle is collimated by lens L3. Interference filter F1 passes light a t  
670.8 nm (bandwidth = 1 .O nm) and reflects light a t  other wavelengths. Light 
that gets through F1 is focused by lens L4 onto photomultiplier PMT1. This light 
has two components: Li (2S-ZP) signal and plasma background. Light reflected 
from F1 goes to F2, an interference filter centered a t  685 nm (bandwidth = 
3.0 nm). Light that gets through F2 is focused by lens L5 onto photomultiplier 
PMT2. This light has only a plasma background component. 
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The fiber assembly consists of twenty individual bundles. The remainder of Fig. 2 is 

representative of one of the twenty spatial channels, each of which has two 

photomultipliers. Each fiber bundle cable has a 3 x 12 mm rectangular cross section at the 

tokamak end, where they butt up against each other with no gap separating adjacent 

bundles. Each fiber bundle collects light from a section of beam 6 mm in radial extent 

and up to 24 mm in toroidal extent. At the detector end, each fiber bundle has a round 

cross section, and each spatial channel consists of a two-color polychromator. 

Lens L3 collimates the light exiting the fiber bundle, which is focused, after passing 

through interference filter F1, onto the detector PMT1. The pass band of filter F1 has a 

central wavelength centered on the (Doppler shifted) 670.8 nm lithium line, and a FWHM 

of 1.0 nm. Because of the finite solid angle subtended by lens L1, the 670.8 nm lithium 

line has a Doppler broadened width of 0.3 nm at the filter. The fiber assembly is being 

changed to one in which the individual fiber bundles will have a rectangular cross section 

at the detector end as well, since the PMT photocathodes onto which the bundle ends are 

imaged are rectangular. In addition, the individual fibers in the bundles will be 

randomized, for reasons explained below. 

Filter F2 has a central wavelength of 685 nm and a FWHM of 3 nm, and is used to 

monitor plasma background light. Filter F1 reflects >90% of light within the pass band of 

filter F2. Light that passes through filter F2 is focused onto detector PMT2. PMTl and 

PMT2 are Hamamatsu R636 gallium-arsenide photomultipliers with approximately 10% 

quantum efficiency at these wavelengths. 

This experimental design has evolved to its present form in order to reduce or 

eliminate two of the major sources of experimental error that were discovered while 

analyzing early data: plasma background light and detector non-uniformity . 
Plasma Background Light. Plasma continuum light near 670.8 nm passes through 

interference filter F1 (Fig. 2), so that the light measured by photomultiplier PMTl is a 

sum of two parts, a “signal” component from the lithium beam and a “background” 
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component from plasma continuum, notably molecular hydrogen light from the plasma 

edge. In Figs. 3(a) and 3(b), which compare the measurements for two similar shots with 

and without the lithium beam, the signal to background ratio is approximately 5:  1, 

although it varies with plasma radius and average density. For slow time scales and 

reproducible plasmas, the “background” measured on PMT 1 with the lithium beam off 

[Fig. 3(b)] can be subtracted from the “signal plus background” measured on PMTl with 

the lithium beam on [Fig. 3(a)]. For fast time scales or transient events, however, the 

background intensity will not be reproducible from shot to shot, and its subtraction can 

introduce significant error. This is the reason for the second photomultiplier PMT2, 

which is designed to measure the plasma “background” simultaneously with the “signal 

plus background”, at a slightly different wavelength. As shown in Fig. 3, the 

“background” measured by PMT2 [Fig. 3(c)] when the lithium beam is on is similar to 

what would have been measured by PMT1 [Fig. 3(b)] with the lithium beam off. To the 

extent that transient features in plasma background near 670.8 nm (F1 and PMT1) are 

similar to those at 685 nm (F2 and PMT2), this method will allow the subtraction of the 

“background”, including transients, from the “signal plus background”. 

Detector Non-Uniformity. Each of the 20 detector channels is designed to measure 

the integral of the light intensity profile over a 6 mm long section of the beam path. 

According to the manufacturer, the photomultiplier tubes used for this experiment do not 

have uniform sensitivity over their active area.10 This sensitivity can vary by more than a 

factor of 2 in 1.5 mm, the distance corresponding to the 6 mm width of the channel in the 

plasma. This can introduce errors in the experimental determination of the integrals of the 

(2S-2P) light over the 6 mm widths of the spatial channels, since the light intensity can 

vary significantly over this distance in the plasma (Fig. 1). If, for example, the brightest 

part of a channel is imaged onto the part of the detector with the lowest sensitivity, this 

light will be under-represented in the integral and the signal from that detector will be too 

low. To circumvent this problem, a new non-coherent fiber assembly is being assembled 
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with randomized fibers in each of the bundles. This way, any part of the image of a 

particular channel (formed by lens L2 in Fig. 2) will be distributed over the entire active 

area of the photomultiplier, and all sections of the image will be detected with a uniform 

(average) sensitivity. 

4 I 

3 -  

2 -  

1 -  

0- 

1 -  

0 ' ;  

1 -  

0 

Shot 197820- PMTI 
Lithium Beam On 

u 
Shot 19781 9- PMTI 

Lithium Beam Off 

Shot 197820- PMT2 
Lithium Beam On i i 

, 

0 200 400 600 800 
Time (ms) 

Fig. 3. Raw data from one spatial channel. (a) PMTl and lithium beam on. This trace 
has two components, Li (2S-ZP) signal and plasma background. (b) PMTl and 
lithium beam off. This trace was measured on a different shot than (a) and has 
only a plasma background component. (c) PMT2 and lithium beam on. This 
trace was measured on the same shot as (a) and has only a plasma background 
component. 
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RESULTS 

Figure 4 shows the elec *on density as a function of time determined from the 

lithium beam data at one position inside the plasma for the shots shown in Fig. 3. This 

data was taken with the ten-channel system and with the old (non-randomized) fiber 

assembly. Because of the systematic errors in the intensity profiles introduced by the non- 

uniform sensitivities of the photomultipliers, this data was analyzed using only the first 

part of the two-part density unfolding algorithm: A least-squares fitting procedure was 

used to find the smooth electron density profile that best fit the measured lithium beam 

intensity profile. With twenty spatial channels and the new fiber bundle in place, 

differences between the measured and fit intensity profiles will be further analyzed to 

determine the density profile, including fluctuations, with higher resolution. The points in 

Fig. 4 are plotted every 10 ms, and each point is calculated from lithium beam data which 

has been averaged for 2 ms. The edge electron density calculated in this manner from the 

lithium beam qualitatively reproduces the major features visible in the line-averaged 

density measured by the microwave interferometer. 
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FIG. 4.The edge density unfolded from the lithium beam data reproduces the major 
features seen in the line average density measured by a microwave 
interferometer. Increasing the number of detector channels from 10 to 20 and 
installing the new fiber optic assembly described in the text should improve the 
resolution and decrease the errors in the lithium beam measurements. 
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