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1. Introduction 

 Measurements of the magnetic field strength in current-carrying magnetically confined 

plasmas are necessary for understanding the underlying physics governing the dynamical behavior.  

Such a measurement would be particularly useful in the Caltech coaxial magnetized plasma gun, an 

experiment used for fundamental studies relevant to spheromak formation,  astrophysical jet 

formation/propagation, solar coronal physics, and the general behavior of twisted magnetic flux 

tubes that intercept a boundary.  In order to measure the field strength in the Caltech experiment, a 

non-perturbing spectroscopic method to observe the Zeeman splitting in the emission spectra is 

being developed.  The technique is based on polarization-resolving spectroscopy of the 

Zeeman-split  components, a method previously used in both solar [1] and laboratory plasmas [2].  

We have designed and developed an optical system that can simultaneously detect left- and 

right-circularly polarized emission with both high throughput and small extinction ratio.  The 

expected spectra will be interpreted using quantum mechanical perturbation theory.  This paper 

discusses the design and feasibility analysis of this diagnostic which is being installed at time of 

writing. 

 

2. Experimental setup 

 The investigations will be carried out using the Caltech magnetized plasma gun.  The 

plasma gun is mounted on one end of a 1.4 m diameter, 2 m long cylindrical vacuum chamber and is 

powered by an ignitron-switched high voltage capacitor bank.  Details of the plasma gun and its 

sequence of operation can be found elsewhere (e.g., [3, 4]).  The discharge duration is typically 

5-50 s, and typical plasma electron and ion temperatures (Te and Ti) are 1-3 eV and typical electron 

density (ne) is 10
21

-10
23

 m
-3

.  The magnetic field consists of a poloidal component resulting from 

stretched externally imposed bias magnetic flux and a toroidal component generated by the poloidal 

plasma current from the gun electrodes.  The total field strength (|B|) is as high as 0.2 T. 

 The optical system is designed to separate the left- and right-circularly polarized 

Zeeman-split  components and then transfer these separated components to a spectrometer where 
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they are recorded.  A schematic drawing of this optical system is shown in Figure 1.  The optical 

system consists of a quartz lens (Sigma-Koki plano-convex lens; f = 60 mm), a /4 wave plate 

(Edmund Optics NT48-497), a beam-splitting Glan-Thompson prism (Halbo Optics PTSB10), and a 

custom-built 32-element optical fiber bundle (Mitsubishi Cable Industries ST230D; core and 

cladding diameters are 230 and 250 m, respectively).  Left- and right-circularly polarized light 

from the plasma is converted into orthogonal linearly polarized light by the /4 wave plate, and then 

separated into the ordinary (o) and extra-ordinary (e) rays by the Glan-Thompson prism.  The 

separated left- and right-circularly polarized signals are then transferred via the fiber bundle which 

consists of two 16-element sets of vertically aligned fibers to a Czerny-Turner type spectrometer 

(Jobin-Yvon Horiba 1000M; f = 1 m, 3600 grooves/mm grating).  The bundle is arranged so that 

left-hand light is carried on odd-numbered fibers and right-hand light on even-numbered fibers.  

The spectra from the 32 fibers are recorded by an ICCD camera (Andor DH520-25F-03; 800 x 250 

active pixels, 26 m square pixel).  Using the Glan-Thompson prism for polarization separation   

provides both high throughput and small extinction ratio.  The throughput has been measured to be 

about 80% using a diode laser ( = 532 nm) and power meter while the extinction ratio has been  

measured to be about 3 x 10
-2 

using H emission ( = 486.1 nm) from an ac glow-discharge 

hydrogen lamp coupled to a spectrometer with CCD.  The optical system will be installed in a 

direction perpendicular to the vacuum chamber axis.  At the plasma position (~1 m from the quartz 

lens) the o-ray viewing spot is a ~4 mm diameter circle.  In contrast, the e-ray spot is a horizontally 

elongated ellipse with major and minor axes of about 13 and 4 mm, respectively;  this is because of 

the difference of the refractive indices in the meridional and sagittal directions for the e-ray.  

 

 

Figure 1. Schematic drawing of the collection optics. 

 

3. Calculation of the expected NII spectra 

 The feasibility of this diagnostic has been estimated by calculating the expected spectral 

shifts and broadenings.  Since large Stark broadening due to high ne could prevent observation of 

small Zeeman splitting, the 489.5 nm nitrogen ion line NII 2s
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selected as the measurement candidate because this line has relatively small Stark broadening. 

Expected spectra have been represented by a Voigt function containing the Zeeman, Stark, and  

Doppler effects, as well as the instrumental function of the spectrometer.  The Zeeman-induced 

wavelength shift has been evaluated using quantum mechanical perturbation theory.  In the 

calculation, we adopted the |JM> basis wave function, where J and M are the total angular 

momentum and magnetic quantum numbers respectively, and assumed that the total Hamiltonian 

matrix except for the Zeeman effect is diagonalized.  The energies without the Zeeman effect were 

taken from a database [5].  The Zeeman effect was then considered as a first-order perturbation 

term.  We have confirmed that this procedure gives sufficient accuracy in the calculation results 

compared to the precision of the present visible emission spectroscopy.  The difference in the 

calculated wavelengths of the left- and right-circularly polarized  components is about 4.5 pm for 

|B| = 0.2 T.  The Stark broadening and shift due to the micro-electric field generated by electrons 

and ions are estimated using an empirical formula derived from experiments [6].  Both the 

broadening and shift are proportional to ne and the values are less than 46 pm (FWHM) and 13 pm 

respectively, when ne = 1.0 x 10
23

 m
-3

.  The Doppler broadening with Ti = 1-3 eV becomes 10-17 

pm (FWHM).  The spectrometer instrumental function, assumed to be Gaussian and dependent on  

entrance slit width, is typically less than 60 pm (FWHM).  We assumed that the emission is 

localized and observed parallel to the magnetic field.  The calculated spectra of the  components 

under a condition of Ti = 3 eV, |B| = 0.2 T, and 50 pm instrumental function are shown in Figure 2.  

             

Figure 2. Calculated NII 2s
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|B| = 0.2 T, and instrument function of 50 pm.  The filled circles denote the 

transition with M = -1, open circles denote that with M = +1, and dash-dotted 

lines indicate the center of the spectra. 

 



In the figure the dash-dotted lines indicate the center of the spectra, filled circles denote the 

transition with M = -1, and open circles denote that with M = +1;  here we define M = Mf - Mi, 

where the subscripts f and i indicate the final and initial states of the transition, respectively.  The 

interval of the data points corresponds to the reciprocal linear dispersion of the spectrometer, about 

3.8 pm/pixel.  The upper figure shows the results with ne = 1.0 x 10
23

 m
-3

 and the lower figure 

shows those with ne = 1.0 x 10
22

 m
-3

.  From these results, we can conclude that if the spectra can be 

acquired with sufficiently large signal-to-noise ratio, the Zeeman splitting should be detectable by 

separation of the polarized emissions. 
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