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The primary diagnostic on PBX for ion temperature measurements is 

charge-exchange recombination spectroscopy of low Z ions, wherein fast 

neutrals from the heating neutral beams excite spectral lines from highly 

excited states (n > 4) of hydrogenic 0, C, and He via charge-exchange 

collisions with the respective fully stripped ions. Since the neutral beams 

on PBX provide relatively low velocity neutrals (i.e., D° beams at 44 keV), 

the best signals are obtained using the near-UV lines of 0 [e.g., n = 6-7, 

2976 A). Off-line analysis of the Doppler broadened and shifted line profiles 

includes non-linear least squares fitting to a model line profile, while a 

simplified on-line fast analysis code permits between-shot data analysis. 
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I. INTRODUCTION 

The determination of ion temperature and plasma rotation in the PBX 

tokamak is routinely accomplished via charge-exchange recombination 

spectroscopy (CXRS). ' The recombination process 

H 0
+ * z +

+ H +
+ A { z - 1 , + < n , i > 

involves charge-exchange collisions of fully ionized low 2 impurity ions and 

fast neutrals (44 kev H° or D°), from the heating neutral beam. The resulting 

hydrogenic ion is in a highly excited (n > 4) state, and radiative decay (in 

= 1) yields spectral lines from the extreme ultraviolet to the visible 

spectral regions. 

Motivation for the use of CXRS for ion temperatures on PBX (a modified 

form of the PEK tc'.amak) arises from the need for ion temperature data for the 

determination of plasma thermal energy content. other traditional 

spectroscopic techniques utilize magnetic dipole lines or forbidden 

transitions in the UV region 3 or resonance lines in the x-ray regime 4; these 

lines are not readily measurable at the low electron temperatures {£,1.5 kev) 

in PBX. The CXRi. technique provides spatially localized information, at the 

intersection of the spectrometer line-of-sight and the neutral beam, whereas 

the other techniques are more spatially ambiguous. in addition, the CXRS 

method requires Only one spectral line to provide profile information across 

the plasma. 

While the CXRS technique may utilize a variety of impurity Ions (e.g., 

H e + 4686 A vaa used on the PDX 1 and Doublet-Ill5 tokaraaks), It is desirable to 

utilize an intrinsic impurity such as C or O to avoid perturbations due to 

Aapurity injection. 

"!•'. -;> ,̂ p>li. "paper presents the experimental configuration currently in use on 

the PBX tokaiKtk for the determination of ion temperature and toroidal 
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rotational velocity via the OCRS technique and discusses preliminary results 

and analysis. 

On PBX, the choice of ion species and spectral lines used has been 

primarily determined by the relatively low D° beam energy of ~ 22 keV/amu. At 

this energy, only the primary beam component has a sufficiently high cross 

section to get reasonable signal-to-noise ratios fd,. a few candidate lines of 

0 7 + and C S + above the air cutoff (X £, 2000 .';. The choice of longer 

wavelengths, i.e., above the cutoff of optical fibers, is preferred, since 

this eases the task of optically coupling the spectrometer and the tokamak. 

Interference from background radiation of the M = 1 lines emitted from 

bhe cool plasma periphery is more severe in C than 0 + for lines with \ > 

1000 A. This intrinsic emission is due somewhat to electron impact excitation 

of C or 0 near the plasma edge but more predominantly to charge-exchange 

recombination reactions of the fully stripped ions with the background thermal 

neutrals. The 0 transition at 2976 A (n = 8-7) has been found to provide the 

best signal-to-noise ratio without interference from other spectral 

features. A more detailed discussion of the factors influencing the choice of 

spectral lines for use with the CXRS technique is discussed elsewhere. 

II. APPARATOS 

The current configuration of the PBX heating neutral beams is shown in 

Fig. 1. The beam injection angle for the NW and E beams is nearly 

perpendicular, with tangency radii of 35 cm. The s and sw beams inject 

tangentially into the plasma, with tangency radii of 130 cm. The primary beam 

energy is 44 kev and the FWHM horizontal beam width is 16 cm. 

A 1.0-ni focal length Ebert spectrometer is coupled to the plasma by two 

quartz lenses, and a plane mirror located in front of a quartz window port. 

The intersection of the spectrometer sightline and the NW heating beam is 
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varied on a shot-to-shot basis by rotating the plane mirror about its vertical 

axis. With this arrangement, a scan along the plasma midplane is achieved, 

an aperture in the optical train defines an f/10 optical system. 

Optical access to both the NW perpendicular and the SW tangential beam 

is desirable, since for a given plasma discharge, a single beam may not be 

utilised for the entire beam heating period. Therefore, a fiber optically 

coupled telescope system is installed to viev across the SH beam. The output 

of the fibers is fed directly Into the spectrometer entrance slit. At 

present, only one viewing system can be utilized for a single discharge, since 

the installation of the fiber system necessarily obscures optical access to 

the HW beam viewing optics. Future experimental upgrades will alleviate this 

limitation. 

The low wavelength limit of the optics viewing the NW beam is 

approximately 2500 A. This is presumably due to the uncoated aluminuum 

mirrors which are used for bean steering. The fiber optically coupled system 

cuts off at wavelengths shorter than about 3500 A, due to both internal 

coating of 3ie machine window port and the transmission characteristics of the 

optical fibers utjed. Other groups working with fiber systems have reported 

good performance down to the 3000 A range.6 

For the results discussed here, the spectrometer was used in third order 

to measure the CXRS line of 0 at 2976 A, In this spectral regime, the 1180 

grooves/mm grating had a reciprocal dispersion of 2.2 A/mm. A blocking filter 

was installed in front of the entrance slit to eliminate spectral interference 

from overlapping orders of diffraction. Spectrometer wavelength and 

dispersion calibrations are accomplished with a simple Hg pen lamp. 

_ The output of the spectrometer is coupled to an intensified photodiode 

array detector (Princeton Applied Research Corporation, Model 1420). Full or 
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partial readout of the intensified portion of the array can be performed with 

a flexible integration time of 2 to 100 ms per spectral scan. These 

parameters can be varied on a shot-to-shot basis, being tailored to the 

spectral line of interest, thus allowing for intrinsic variations of line 

intensities while accommodating maximum flexibility of time resolution. The 

CAMAC-baaed data acquisition system can store 32 K of data per plasma 

discharge, and is similar to that developed by Ponck, Hamsey, and Yelle, 

where detailed interfacing of the electronics is described. 

The photodiode array has 700 active pixels with a 25-u center-to-center 

spacing which are coupled to an 18-mra, proximity-focussed microchannel plate 

image intensirier. With a 50-u wide entrance slit, the instrumental profile 

is d-Sector limited and nearly Lorentzian with a FHHH of 8.2 pixels or 0.45 A 

in third order. 

III. DATA AND ANALYSIS 

At present, the primary spectral lines used in conjunction with the CXHS 

technique on PBX are the n =• 8-7 transition of 0 7 + at 2976 A, and the n = 4-3 

He transition at 4686 A. The following discussion will focus on data and 

analysis for the 0 spectral line, since our earlier work describes the Ha + 

analysis in detail. in general, an ion temperature and plasma rotational 

velocity are obtained by determining the Doppler broadened width of the 

profile and measuring the shift of the line center from a reference 

wavelength. 

Sample spectra from three times in a neutral beam heated discharge are 

shown in Fig. 2. The prominent line observed at 2983.8 A is from the OIII 

2 p3s P - 2p3p D° transition excited by electron collisions at the plasma 

edge. This line provides a convenient reference wavelength from which to 

measure the 0 wavelength • shift due to plasma rotation. Uncertainty in the 
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wavelength separation of the two lines results in a velocity uncertainty 

relative to the OlII edge emission of < 0.3 x 10 6 cm/sec. A marked intensity 

rise of 0 7 + is evident with the onset of the neutral beam heating period, 

while the amplitude of 01II remains relatively steady throughout. Edge 

rotation can be Measured by perpendicular and tangential observations of the 

QUI transition at 2983.8 A. For the spectra shown in Fig. 2, the entrance 

slit width was 200 v, rather than the 50-y width used routinely. 

Detailed analysis of the profiles is done with an interactive 

multiparameter fitting program. A nonlinear least squares fitting routine 

fits data to a polynomial background and one or more Gaussian profiles, as 

shown in Pig. 3. To determine a temperature and velocity profile for a beam 

heated plasma with this approach requires a large investment of computing time 

and interactive operator effort. In an effort to make the CXRS technique a 

more responsive real-time diagnostic for general machine operations, an on

line analysis program was developed which produces temperature and velocity 

time profiles automatically between plasma discharges (it ~5 min). 

The real-tine fitting algorithm is computationally streamlined in the 

following manner. First, a preset spectral range of interest is examined, and 

the endpoints of this range are used to derive a crude linear background 

component for the data. The background is then subtracted from the data set 

and the mean and standard deviation of this difference data are taken. Since 

the spectrcl profile Is assumed to be roughly Gaussian, the mean of the 

distribution represents the line center, and the standard deviation is a 

measure of the line width. This method provides a reliable initial parameter 

estimate for further calculations and has proven to be computationally stable 

with respect to spurious noise-induced spikes in the data which otherwise tend 

to disrupt the fitting procedure. 
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With these first estimates for the line center at P and line width 

P 1 ,, , the program starts an iterative loop and moves out 2.5 standard 

deviations on either side of P Q and selects '5 pixels about the 2.5 o points to 

form a subset of 22 pixels from which a more precise linear background is 

determined by a least squares fit. -;ith this new background, a. ±2o data set 

about P is now background corrected, and the natural logarithm of the 

subtracted data is taken. The logarithmic data are then least squares fit to 

a quadratic polynomial; the weighting function for the fit is taken to be the 

square of the background-subtracted data. The coefficients of the quadratic 

polynomial provide new values for P and ?i/2 which are then iteratively fed 

back to the top of the loop. Convergence takes two iterations and is both 

rapid and well behaved. 

T.ie ion temperature value obtained from P. ,_ is adjusted to account for 

the effects of atomic fine structure broadening. This correction is usually 

on the order of 5% or less.1 The calculated rotational velocity is 

geometrically corrected to the true rotational velocity at the neutral 

beam/spectrometor sightline interaction region. 

Uncertainties in the calculated results are typically not dominated by 

statistical noise in the data, but are more sensitive to the exact range of 

data which is being fit and other fit-related parameters. Nevertheless, 

agreement with results from the interactive multiparameter fitting program is 

within 5*, and the great improvement in calculational speed is obviously 

advantageous for real-time diagnostic Information, A sample output display is 

shown in Fig. 4. 

Radial profiles of temperature and rotation velocity are built up on a 

shot-to-shot basis by changing the spectrometer sightline across the neutral 

beam. At the plasma edge, the shape of the 0 7 + line departs from the Gaussian 



e 

profile observed further into the plasma. The assumption of a single Gaussian 

fit to der'.ve an ion temperature is no longer valid, and the full 

multiparameter fitting routine must be used. Observations at the edge, 

without injection by the NH neutral beam, show excitation of the 0 7 + 2976 A 

line. This may be due to electron collisional excitation of hydrogenic 0 7 + or 

charge exchange of 0 S + with the high density of thermal neutrals present at 

the plasma edge. In either case, careful interpretation of spectral profiles 

from the edge region is necessary. A modulated neutral beam source and a 

phase-locked detector system would enable discrimination between the charge-

exchange signal from the bean interaction region and interfering emission 

resulting from edge phenomena. 

IV. CONCLUSION 

Charge-exchange recombination spectroscopy is a simple and reliable 

diagnostic tool for the determination of ion temperature and plasma 

rotation. Preliminary work on the PBX tokamak has used a simple optical 

system and a heating neutral beam to measure temperature and velocity as 

functions of time and radial position. A simplified on-line fast analysis 

code provides between-shot data analysis. Work to date has utilized the 

2976 A n - 8-7 transition of 0 7 +, which provides the best signal for PBX 

plasma discharge parameters. 
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FIGURE CAPTIONS 

Figure 1. Schematic of experimental setup on PBX for CXRS measurements. 

Figure 2. Spectral line profiles of 0 7 + 2975.7 A and 0 2 + 2983.8 A showing 

the time evolution of the charge-exchange line, (a) R spectral scan at 

380 ms, before neutral beam Injection. The 0 line Is strong 

throughout the discharge. tb) At 400 ms with the start of neutral beam 

injection, the 0 7 + signal is present, (c) At 680 ms, the 0 7 + line has 

broadened and has shifted towardB shorter wavelength. 

Figure 3. Spectral line profile of 0 7 + 2975.7 A line ac t = S00 ms into a 

beam heated plasma discharge. The data are fit to a single Gaussian 

profile (solid line) and a linear background. The residual differences 

between the date, and the fitted function are shown below the data 

sample. 

Figure 4. ion temperature and velocity profiles as output by the on-line 

fast analysis code. Perpendicular bean injection from t = 400 - 700 ms, 

with tangential beam injection from t » 550 - 700 ms. . 
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