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REPORT 
 
 Spectroscopic diagnostics described below were carried out both at MIT and at the 
University of Maryland.  At MIT, measurements were made of toroidal flow velocities in 
the mid-plane of the inner and outer scrape-off layers (SOL) of Alcator C-Mod plasmas, 
using a high-resolution spectrograph.  Subsequently, the MIT/Alcator procedures based 
upon visible spectroscopy were transferred to the new Maryland centrifugal experiment 
(MCX).  In a further effort towards data refinement, we expanded the hydrogen 
measurements from the n2 Balmer series in the visible to the n1 Lyman series in the 
vacuum-ultraviolet (vuv) spectral region.  Recent results were presented at APS Division 
of Plasma Physics meetings and published in Physics of Plasmas in 2004 and 2005.  
Further details can be found in the annual progress reports to the Department of Energy. 
 

ALCATOR EXPERIMENTS 
 
 At MIT, we performed measurements of toroidal flow velocities in the mid-plane of 
the inner and outer scrape-off layers (SOL) of Alcator C-Mod plasmas using a high-
resolution spectrograph. Doppler shifts of the line emissions from either He+ at 468.6 nm 
or neutral deuterium at 656.1 nm from two local gas jets were observed along radially-
separated, toroidally-viewing chords to obtain the radial profiles of the toroidal ion and 
neutral flow velocities and of the temperatures in the mid-plane of the inner and outer 
SOL’s. In these experiments, the ion vertical drift due to the toroidal magnetic field 

gradient (ion B × ∇ B drift) was directed towards the lower X-point, and an outer SOL 

plasma flow with a velocity in the range of 5 – 10 km/sec in the direction of the plasma 
current was observed at the mid-plane far above the divertor plates.  
 
 Plasma flow in a similar direction with similar velocities was observed in the inner 
SOL mid-plane. Interestingly, the neutral atoms in these views were observed to flow in 
the opposite directions in the inner and outer SOL’s, i.e., the neutrals flow in the plasma 
current direction in the inner SOL and in the direction opposite to the plasma current in 
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the outer SOL. Also, the neutrals were found to move much slower (velocities ~ 2 – 4 
km/sec) in the outer SOL compared to the inner SOL (velocities ~ 4 – 10 km/sec).  
 
 Temperatures were determined from the Doppler broadening of the spectral lines and 
were found to be in the range of  ~ 15 – 25 eV for the He+ ions in the inner and outer 
SOL’s.  Much lower temperatures of ~ 2 – 5 eV were indicated for the deuterium atoms 
in both SOL’s. It is observed that the ions flow in the direction of the plasma current in 
both inner and outer mid-plane SOL regions, as do the neutrals in the inner SOL. 
Unexpectedly, the neutrals flow in the opposite direction in the outer mid-plane SOL.  

Er × Bθ  drifts seemed to be a likely candidate for driving the flows.  

 
 These results were presented at an APS Division of Plasma Physics meeting and 
published in Physics of Plasmas [1].   
 

MARYLAND CENTRIFUGAL EXPERIMENT (“MCX”) 
 
Integrated Spectroscopy in the Visible Region. 
 
 Later, the MIT/Alcator procedures described above based upon visible spectroscopy 
were transferred to the new Maryland centrifugal experiment (MCX).  In this device 
[2,3], enhanced confinement along axial magnetic field lines in a solenoid with mirror 
end fields is obtained by applying a radial electric field between a central conductor and 

the outer wall, thereby generating azimuthal r E x B z  forces. This configuration promises 
reduced end losses, shear stabilization and viscous heating.  Integrated intensity 
observations along a chord in the plasma of the Doppler shift of spectral lines yielded a 
confirmation of rotation of the plasma, with azimuthal velocities ranging from 20 to 100 
km/sec for carbon impurities in increasing ionization states and 10 km/sec for hydrogen 
atoms.  Also obtained from thermal Doppler line broadening were impurity-ion 
temperatures of 10-40 eV, and hydrogen-atom temperatures of 5-10 eV.  An electron 
temperature of ~15 eV was inferred from relative line intensities of different ionic species 
of carbon. 
 
 These results were presented at the APS Division of Plasma Physics meeting and 
published in Physics of Plasmas [4].  ( Appendix A) 
 
Spectroscopy in the Vacuum Ultraviolet Region. 
 
 In an effort towards data refinement, and a further understanding of these differences 
(possibly related to spatial variations) we expanded the hydrogen measurements from the 
n2 Balmer series in the visible to the n1 Lyman series in the vacuum-ultraviolet 
(vuv) spectral region.  The widths of the lower-n Lyman resonance lines were expected to 
be enhanced by opacity, decreasing towards higher quantum number along the series, 
with an associated increase in the depth of view.  Such opacity-sensitive measurements 
can be very useful for comparison with radiative transfer modeling in fusion devices and 
for determination of the absorber lower (ground) state density. 
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The results indicated, from opacity on the Lyman series, ~6% atomic hydrogen 
coexisting with protons, electrons and carbon-impurity ions in a plasma region where the 
temperature is ~15 eV.  An explanation was offered, based upon charge exchange of 
entering cold hydrogen atoms with plasma protons, followed by collisional excitation and 
radiative decay. 

 
 These results were presented at the APS Division of Plasma Physics meeting and 
published in Physics of Plasmas [5].  ( Appendix B) 
 
Space-Resolved Visible Spectroscopy. 
 
 Our most recent experiments on MCX incorporated the high resolution spectrograph 
used in the Alcator experiments described above, which included five channels of fiber-
optic viewing for spatial resolution.  Viewing was such that five circular layers were 
defined.  The data are currently being inverted and modeled to obtain radial distributions 
of velocity and density which may indicate the degree of shear present for stabilization.  
It is anticipated that this analysis will be complete for presentation at the 2005 APS/DPP 
meeting in Denver, CO in November 2005 and will be published in an appropriate 
journal. 
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ABSTRACT 

 
 

In initial spectroscopic measurements on the Maryland Centrifugal Experiment (MCX), 

rotation velocities and directions for C+, C2+, C3+ and N+ ions and neutral hydrogen atoms 

have been obtained from the Doppler shifts of visible spectral lines. Ion and neutral 

temperatures have also been determined from Doppler broadening. Different rotation 

velocities and temperatures are observed for the different species. The direction of 

rotation is found to be consistent with the predicted E r × B z r zE B  direction; and it 

reverses with the direction of the magnetic field. The magnitudes of the rotation 

velocities were of the same order as estimated from the plasma-stored energyapplied 

voltage and magnetic field. For the C+, C2+ and C3+ species, rotation velocities of 20 – 30 

km/sec, 40 – 70 km/sec and 60 – 100 km/sec are observed, respectively. The 

corresponding temperatures are 10 – 12 eV, 20 – 40 eV and 25 – 40 eV. Neutral 

hydrogen atoms are observed to rotate with velocities ~10 km/sec and with temperatures 

~ 5 – 10 eV. These ion velocities and temperatures correspond to sonic Mach numbers 

(uφ / cs) ranging from 1 – 2. Variations of rotation velocities and temperatures with axial 

magnetic field, radial electric field, and mirror ratio are described. An electron 

temperature of ≈ 15 eV is inferred from the relative line intensities from different ionic 

species of carbon, which is consistent with the lack of observable C4+ emission.     
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I. INTRODUCTION 

 

Centrifugal confinement1 of plasma is being tested in the Maryland Centrifugal 

Experiment (MCX). The basic idea is to rotate a plasma supersonically and utilize the 

centrifugal forces generated from the rotation, in conjunction with the magnetic field, to 

effect confinement of plasmas along the axial magnetic field lines 1 – 6. These high-speed 

rotations offer several improvements over standard mirror machines, such as reducing the 

end losses. Further, the shear in the rotation helps in breaking up convective cells and 

providing stability against typical plasma instabilities5.  Viscous heating is predicted3, 4, 6 

to be sufficient to heat the plasma to fusion temperatures in a full-scale device. Hence, 

with several conditional advantages such as superior cross-field confinement, no 

disruptions, steady state operation and a very simple coil configuration, this confinement 

scheme may be scalable to a fusion reactoris of interest as a possible fusion device.  

 

Rotating plasmas in MCX are created by applying a radial electric field into a 

magnetic geometry of a solenoid with axisymmetric mirror end fields. The Lorentz force 

drives the plasma to rotate in the azimuthal direction at a velocity 


_ _

2v / ( )r zE B B E B    . SinceAs Because the plasma rotation is of primary 

importance to this concept of centrifugal confinement, we report in this paper the 

measurement of the ion and neutral rotation velocities as well as the direction of rotation 

and temperatures achieved to date, using a high-resolution visible spectrograph with 

temporal resolution. Line emissions from different sections of the MCX plasma were 

collected; and the rotation velocities and the temperatures of ion and neutrals were 

determined from the Doppler shift and broadening of the emission lines, respectively. As 

the use of electrical (Langmuir) probes is difficult in such machines due to the presence 

of strong electric fields, the spectroscopic techniques provide the most accurate 

measurements of rotation velocities and temperatures. In the following section we 

describe briefly the MCX machine, the experimental set-up and spectrometer 
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characteristics, followed by experimental results in Section III.  Section IV contains a 

discussion and summary. 

 
II. EXPERIMENTAL SET-UP 

 
A cut-away view of the MCX machine in Fig. 1 shows the design and positioning 

of the MCX vacuum vessel, including the core, the mid-plane coils and the coils near 

either end. Also visible are the insulating discs just outside the end coils. The diameter of 

the vacuum vessel is 55 cm at the horizontal mid-plane, with a 326 cm length between 

the two insulators which intersect the magnetic field lines outside the mirror planes. The 

core is made up of a stainless steel tube with an outer diameter of 4.83 cm. The radial 

electric field is generated by applying high-voltage between the central core and the 

vacuum vessel wall. Typical operation is with a mid-plane magnetic field of 0.2 Tesla 

and a mirror magnetic field of 1.8 Tesla, i.e., for a mirror ratio of 9. The initial core 

voltage is – 7 kV. Fill gases at a typical pressure of 5 m Torr include hydrogen, helium 

and argon. 

 
A cross-section diagram of the MCX vacuum chamber with the central electrode 

and the collection optics is shown in Fig. 2. The spectrograph viewed the plasma 

tangentially in the longitudinal mid-plane of the machine. Light from two radial 

positions, one located below the central electrode at a distance r = 16.5 cm (lower view) 

and the other above the central electrode also at r = 16.5 cm (upper view), was focused 

alternately onto the spectrometer slit using lenses L1 and L2. Although the lenses were 

focused to collect light from a very small region in the plasma, the spectrum measured is 

an integration of the emissions and the plasma conditions along the lines of sight.  

 

A 1.0-m high-resolution Czerny-Turner design stigmatic spectrograph was used to 

disperse the emission from the plasma. A proximity focused, intensified, mMicro 

Channel channel Plate plate (MCP)-intensified linear diode array was used to record the 

emission. The size of detector elements (pixels) was 25 μm (wavelength direction) by 

2.5 mm (slit direction), with 900 active elements. A 600-grooves/mm grating provided a 

reciprocal dispersion near 600 nm in first order of 0.036 nm/pixel. This provided a 32-nm 
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coverage of the spectrum. The instrumental line width was limited by the detector 

resolution and was measured to be ≤ 3-pixels (75 µm) using a 50-µm entrance slit width, 

for a spectral resolution of 0.11 nm. Spectral lamps were employed for wavelength 

calibration. The Dα spectral line of deuterium at 656.10 nm and two Hg I lines (576.96 

nm and 579.06 nm) were used. The time-gated intensifier provided exposures varying 

from 100 μsec to 2 ms. The read-out time (~ 25 ms) of the detector limits the number of 

scans in a single discharge (typical pulse length ~ 3 ms) to a single scan.  

 

III. EXPERIMENTAL RESULTS 

 
Data from all discharges reported in this paper are with negative Er, i.e. the central 

core is biased negatively with respect to the vacuum vessel and the electric field is 

directed towards the central core. With the axial magnetic field Bz going into the paper, it 

is evident from Fig. 2 that the 
_ _

E B  rotation of the plasma is in the clockwise direction.  

This geometry and the configurations of the electric and magnetic fields, with the 

spectrometer placed on the right hand side of the machine (as shown), implies that line 

emissions from particles will be red-shifted when observed from the lower view and 

blue-shifted when observed from the upper view.  

 

A. Methods for obtaining rotational velocities and temperatures 

 

The directed motion of the radiating particles affects the measured line 

wavelength, because the energy of the transition is Doppler shifted by an amount 

proportional to the velocity along the line of sight. The relation between the shift of the 

central wavelength in the rest frame, f , and the flow velocity, v, is given by  

 

  0/ v/ cosf c    ,      (1) 

 

where 0  is the wavelength of the species in the rest frame, c is the speed of light and   

is the angle between the line of sight and the direction of the flow. 

Field Code Changed
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If there exists also random thermal motion, it will produce a broadening of the 

line shape. The relation between the FWHM (full width at half maximum intensity) of a 

Doppler broadened line D  and the temperature of the species which emits the radiation 

is given by 

 

2
02 2 ln 2 /D kT Mc  ,          (2) 

where M and c are the mass of the species and speed of light, respectively. The 

wavelength of the species in the rest frame is 0 . We used the Doppler broadening of the 

measured line profiles to estimate the ion and atom temperatures, T, of the species.  

  

B. Sample Results 

 

Figure 3 shows raw spectral data for different charge states of carbon and nitrogen 

(see Table 1 for the wavelengths) observed from the lower view in a single MCX 

discharge (mirror ratio = 9, applied voltage = -7 kV, fill pressure = 5 mTorr and mid-

plane magnetic field = 1 kGauss). A Hg I calibration line (576.96 nm) is also shown. A 

typical Hα profile (at 656.28 nm) as observed from the lower view is illustrated in Fig. 4. 

The curve through the experimental points is the result of a numerical fit to the 

experimental data. For the typical parameters of the MCX plasma (applied electric and 

magnetic fields), the Stark  and Zeeman effects have negligible influence on the observed 

line shapes. The Stark broadening is less than 0.2% (at an electron density  1  1020 m-3) 

for the C II line at a wavelength7 of (589 nm)7 compared to the Doppler broadening and it 

will be even less for C III and C IV according to the Z-scaling7. Also, tThe Zeeman 

splitting is less than 4% (at a mid-plane magnetic field = 0.2 Tesla).  Hence,  a Gaussian 

line shape has been used to fit all of the experimental Doppler broadening data. The plot 

parameters are obtained by nonlinear least square fits to the corresponding experimental 

line shapes to determine the numerical wavelength shifts and widths. The fitted line 

profiles have been de-convolved using the instrumental functions to calculate the actual 

broadening. Errors in the deduced parameters mainly originate from ambiguities in the 

Field Code Changed
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numerical fits, which in turn depend on the quality of the spectrum (purity and signal-to-

noise ratio). The application of 2 minimization to the modeling of observations with 

high signal-to-noise ratios can yield highly-precise values of the central wavelength. For 

the data presented in this paper an error estimate of 0.1 pixels, which corresponds to 

0.0036 nm in wavelength for each line center, has been used. 

 

C. Rotation velocities and ion and neutral temperatures 

 

Figure 5 shows the rotation velocity of charge states of different species (C3+, C2+, 

C+, H0, N+) observed from the red shift (0.02 – 0.14 nm) of spectral lines for the lower 

view for different (reproducible) MCX discharges (mirror ratio = 9, applied voltage = -7 

kV, fill pressure = 5 mTorr and mid-plane magnetic field = 1 kG). As suggested by Fig. 

5, the higher charge states rotate faster than the lower ones or the neutral hydrogen. 

Furthermore, a comparison of the emissions from higher ionization states, which come 

from hotter regions of the plasma and rotate with higher velocities compared to lower 

ionization states, that from colder regions, indicates that a large velocity shear exists in 

the MCX plasma. This result is quite consistent with earlier theoretical investigations8 by 

Lehnert7 Lehnert8 and earlier and experiments9,10. by Bergstrom8 Bergstrom9 and 

Lehnert9Lehnert10. The observation of neutral hydrogen atoms rotating at much lower 

velocities also agrees with theory7{is this really the correct reference?}, which predicts 

that the interior of the plasma should be screened from neutrals. 

 

The observed line widths (FWHM) of the emissions ranged from 0.11 to 0.14 nm 

in the parameter range shown in Fig. 5, and result in temperatures ranging from 20 – 25 

eV for C3+ and C2+ ions, 10 – 12 eV for C+ and N+ ions, and 5 – 10 eV for neutral 

hydrogen.   

 

Figure 6(a, b) shows the variation of rotation velocities and ion temperatures 

inferred from shifts and line broadening of C IV, C III, and CII line emissions as a 

function of applied axial magnetic field at the mid-plane of the machine. The data points 

are obtained from differentseparate MCX discharges (all for mirror ratio = 9, fill pressure 
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= 5 mTorr and applied bias voltage = -7 kV) with at least three shots with the same set of 

parameters. Furthermore, This figure shows that the rotation velocities increase with 

increasing axial magnetic field for the C3+ and C2+ ions (graphs to appear in a subsequent 

paper10). Rotation velocities of ~ 100 km/sec and ~ 70 km/sec are observed for the C3+ 

and C2+ ions, respectively, for an applied mid-plane magnetic field of ~ 2 kG. Ion 

temperatures for C3+ and C2+ also increase monotonically with the increase in the mid-

plane magnetic field10. However, the velocity and the temperature of C+ ions remain 

almost constant and do not vary greatly with magnetic field10. The increasing trend of the 

rotation velocities with the mid-plane magnetic field is also consistent with the indirect 

measurements of the rotation velocities derived from the measured voltage across the 

plasma and mid-plane magnetic fields. The open down-triangles in the Fig. 6a represent 

the velocity calculated from the measured voltage across the plasma and mid-plane 

magnetic fields. 

 

Although the basic magnetic configuration of the MCX machine is that of a 

mirror machine, spectroscopic data do not indicate theany significant dependence of 

mirror ratio does not appear to play an important role ion the plasma dynamics in the 

central mid-plane of this centrifugally confined plasma., as The mirror ratio has been 

varied bydetermined by changing the mirror (end) magnetic fields while keeping the mid-

plane magnetic field constant at 1kG.  Also, the rotation velocities and ion temperatures 

inferred from shifts and line broadening of C III line emissions remain constant with 

increasing bias voltage applied to the central electrode for the discharges presented in this 

paper with fixed external circuitry of the MCX machine. 

 

D. Confirmation of Rotation 

 

 Plasma in MCX is expected to rotate about the central electrode. Observing 

moving plasma particles from the lower view does not alone confirm such a circulation of 

the plasma. To be certain, we need to observe the plasma from the upper view, moving in 

a direction opposite to that from the lower view, i.e., towards the slit in Fig. 2. To 

confirm this circulation of the particles we made measurements at the upper view as well, 
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above the central electrode. Figure 6 7 {there is no caption for Fig. 7}shows the C III line 

(569.60 nm) from C2+ ions observed from both the upper and lower views with the 

normal direction of the axial magnetic field B z (going into the paper as shown in Fig. 2) 

and with a reversed direction of the axial magnetic field, from many, (reproducible) , 

MCX plasmas (mirror ratio = 9, applied voltage = -7 kV, fill pressure = 5 mTorr and mid-

plane magnetic field = 1 kGauss). The dotted vertical lines in the figure represent the 

unshifted wavelength for the CIII line. This clearly shows that the C++ ions are moving 

away from the spectrometer (spectral lines are red shifted) when observed from the lower 

port, whereas, the same ions are moving towards the spectrometer (measured spectral 

lines are blue-shifted) when observed from the upper port (Figs. 6a 7a and 6b7b).  These 

measurements clearly indicate that the MCX plasma is encircling the central electrode in 

a direction consistent with the E r × B z r zE B force. As further proof, we reversed the 

direction of B z {no space here between B and z} and observed the CIII line emission 

reversed (Figs. 6c 7c and 6d7d). 

 

IV. DISCUSSION AND SUMMARY 

 

Analyzing the Doppler shift of line emissions from different ions and neutral 

hydrogen atoms, we find an increasing rotational velocity with increasing ionization state 

(Fig. 5) in typical MCX plasmas. The C3+ ions rotate with a velocity of ~ 80 km/sec, 

while the neutral hydrogen atoms rotate at a relatively low velocity. The direction of 

rotation as well as its magnitude are consistent with the r zE B E r × B z force on the 

particles and the rotation velocities calculated from the stored electrostatic energy in the 

plasma. Ions in the higher ionization state rotate more rapidly than the lower ones, 

perhaps due to the fact that the emissions from the higher ionization states come from 

hotter regions of the plasma. This suggests that large velocity shear exists in MCX.  

 

The rotation velocity due to the r zE B E r × B z force is given by 


_ _

2v ( )r zE B B E B    . Hence, increasing the axial magnetic field Bz should decrease 

the rotation velocity at constant voltage. However, increasing rotation velocities for C2+ 
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and C3+ ions have been observed with increasing axial magnetic fields in the experiments. 

This may be due to modifications of the potential structures inside the plasma with 

increasing Bz as obtained in earlier experiments in Q-machines11.Or, or better 

confinement due to the higher magnetic fields can lead to higher rotation velocities of C2+ 

and C3+ ions. Temperatures of these ions also increase with the increasing magnetic field.    

 

Varying the No strong dependence of mirror ratio ondoes not affect the rotation 

velocities and temperatures on the mirror ratio in this parameter range of MCX plasma, 

which indicates that the mirror field has a minimal effect on   the plasma rotation. Again, 

has been observed and varyvariationing of the applied bias voltage in this paramater 

range also does not change affect these same parameters., which The latter result is 

consistent with the measured electric field Er across the plasma, which remains almost 

constant for different bias voltages with a fixed external circuit. 

 

An electron temperature of ≈ 15 eV is inferred from relative intensities of 

different ionic species of carbon, as tabulated in Table I. The ionization fractions are 

obtained from the abundances of the different species of carbon according to the corona 

equilibrium model described in Ref. 12.  This estimate of electron temperature from the 

corona equilibrium model is consistent with the lack of observable C4+ emission in our 

experiments.     

 

In summary, the rotation velocity and the temperature of C3+ for a mid-plane 

magnetic field of 2 kG correspond to a sonic Mach number (uφ / cs) of ~2, which indicates 

that supersonic rotating plasmas are produced and confined in MCX. 
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TABLE I1: Wavelengths and ionization potentials table for different elements studied. 

 

Spectrum Rest Wavelength [nm] Transitions Ionization Potential 

H I 

C II 

C III 

C IV 

N II 

656.28 nm 

588.98, nm and 589.16 nm 

569.59 nm 

580.13, nm and 581.20 nm 

568.62, nm and 567.96 nm 

2p 2P0 – 3d 2D 

3d 2D – 4p 2P0 

3p 1P0 – 3d 1D 

3s 2S – 3p 2P0 

3s 3P0 – 3p 3D 

13.597 eV 

24.381 eV 

47.881 eV 

64.490 eV 

29.611 eV 
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FIGURE CAPTIONS 

 
 

 
 

 

Figure 1. A cut-away view of the MCX machine. The view shows the design and 

positioning of the MCX vacuum vessel, including the central core with the 

high voltage feed-through on the right, the mirror end and mid-plane 

magnetic coils and the insulating disc just outside the mirror end magnetic 

coils.   
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Figure 2. A cross-section of the MCX vacuum chamber with central electrode 

showing the viewing geometry and the collection optics. Also shown are 

the direction of applied electric and magnetic fields and the direction of 

rotation due to the E r × B z r zE B  force.  
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Figure 3. Raw spectral data for different charge states of carbon and nitrogen 

observed from the lower view in a single MCX discharge (mirror ratio = 

9, applied voltage = -7 kV, fill pressure = 5 mTorr and mid-plane 

magnetic field = 1 kGauss). A Hg I calibration line (576.96 nm) is also 

shown. 
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Figure 4. A typical Hα profile (at 656.28 nm) as observed from the lower view. 
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Figure 5. Rotation velocities of different species (C3+, C2+, C+, H0, N+) observed 

from the lower view for different (reproducible) MCX discharges (mirror 

ratio = 9, applied voltage = -7 kV, fill pressure = 5 mTorr and mid-plane 

magnetic field = 1 kG). To avoid overlapping, C+, N+ data are deliberately 

separated from each other. 
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Figure 6. C III line (569.60 nm) emission from C2+ ions observed from both the 

upper (b, d) and lower views (a, c) with normal (a, b) (going into the paper 

as shown in figure 2) and reversed (b, c) direction of the axial magnetic 

field, B z, from many reproducible MCX plasmas (mirror ratio = 9, applied 

voltage = -7 kV, fill pressure = 5 mTorr and mid-plane magnetic field = 1 

kGauss). 
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FIG. 7. C III line (569.60 nm) emission from C2 + ions observed from both the upper (b), (d) and lower views (a), (c) from 
many reproducible  MCX plasmas (mirror ratio= 9, applied voltage=- 7 kV, fill pressure= 5 mTorr, and midplane magnetic 
field= 1 kG) . Graphs (a), (b): normal  direction of the axial magnetic field, B z , (going into the paper as shown in Fig. 2) and 
(b), (c) reversed direction of the axial magnetic field. 
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Abstract 

Extended spectroscopic measurements of hydrogen emission into the 

vacuum ultraviolet region on the Maryland Centrifugal Experiment (MCX) 

indicate, from opacity on the Lyman series, ~6% atomic hydrogen coexisting 

with protons, electrons and carbon-impurity ions in a plasma region where 

the temperature is ~15 eV.  An explanation is offered, based upon charge 

exchange of entering cold hydrogen atoms with plasma protons, followed by 

collisional excitation and radiative decay. 

 

INTRODUCTION 

 

 In a previous paper [1], visible spectroscopy was used as a diagnostic on the 

Maryland centrifugal experiment (MCX).  In this device [2], enhanced 

confinement along axial magnetic field lines in a solenoid with mirror end fields 

is sought by applying a radial electric field between a central conductor and the 

outer wall, thereby generating azimuthal r E x B z forces. This configuration offers 

reduced end losses, shear stabilization [3] and viscous heating [4].  Observations 

along a chord in the plasma of the Doppler shift of spectral lines yielded a 

confirmation of rotation of the plasma, with azimuthal velocities ranging from 20 

to 100 km/sec for carbon impurities in increasing ionization states and 10 

km/sec for hydrogen atoms.  Also obtained from thermal Doppler line 

broadening were impurity-ion temperatures of 10-40 eV, and hydrogen-atom 
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temperatures of 5-10 eV.  An electron temperature of ~15 eV was inferred from 

relative line intensities of different ionic species of carbon. 

 

 In an effort towards data refinement, and a further understanding of these 

differences (possibly related to spatial variations) we expanded the hydrogen 

measurements from the n2 Balmer series in the visible to the n1 Lyman 

series in the vacuum-ultraviolet (vuv) spectral region.  The widths of the lower-n 

Lyman resonance lines are expected to be enhanced by opacity, decreasing 

towards higher quantum number along the series, with an associated increase in 

the depth of view.  Such opacity-sensitive measurements can be very useful for 

comparison with radiative transfer modeling in fusion devices and, as herein, for 

determination of the absorber lower (ground) state density. 

 

EXPERIMENTAL DETAILS 

 

Plasma Device 

 

In  the MCX, the diameter of the vacuum vessel is 55 cm at the mid-plane, with 

separations of 250 cm between the two mirror coils and 330 cm between the two 

insulators which intersect the magnetic field lines outside the mirror planes. The axial 

core consists of a hollow stainless steel tube with an outer diameter of 4.8 cm. Typical 

operation for these experiments was with a mid-plane magnetic field of 0.2 Tesla (2 kG) 

and a mirror magnetic field of 1.8 Tesla (18 kG), for a mirror ratio of 9.  The initial 

potential between the core and the wall was –7 kV.  The hydrogen gas fill was at a 

pressure of 5 mTorr (3x1014 atoms/cm3).  A typical shot lasted ~7 ms.  The plasma was 

found to exist in two distinct modes.  The first “high-rotation” mode lasted ~2.5-to-3 ms 

(depending upon the magnetic field, the radial electric field and the external resistance of 

the circuit) and was characterized by low radial currents, high rotational velocities and 

good confinement times, but also by an abundance of impurity lines.  The presence of 

such impurities presumably resulted from a release at the wall, at the central conductor 
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and at the end insulators.   The spontaneous onset of the second “ordinary-rotation” mode 

at ~3 ms after breakdown was accompanied by a greatly-reduced impurity level and 

improved signal-to-noise ratio for the higher-n Lyman-series spectral lines.   Hence, for 

most of the measurements reported here, the detector was gated on for a time of  3-7 ms. 

 

Vacuum Ultraviolet Spectroscopy 

 

 For the vacuum ultraviolet spectroscopic measurements, the plasma was viewed 

along a chord 17.5 cm from the axis of symmetry, as indicated in Fig. 1.  A 1-meter, f/10, 

normal incidence monochromator equipped with a 1200 grooves/mm grating blazed at 

2.7o (80-nm Littrow wavelength) was used in first order.  It was custom-coated with 

magnesium fluoride for maximum efficiency in the 93.0-121.6 nm wavelength range of 

interest.  The reciprocal linear dispersion of the spectrograph was 0.83 nm/mm at the 

focal plane, where an evaporated layer of Liumogen [5] phosphor served to convert the 

vacuum ultraviolet radiation into broadband fluorescent emission at a wavelength 

centered at 530 nm.  The image at this phosphor was focused with a magnification of 2.8-

times onto a microchannel-plate-intensified linear diode array with a pixel size of 25 m.  

The resulting dispersion at the detector was 135 px/nm, as measured directly.  With a 

total of 900 pixels, the overall wavelength coverage was 6.7 nm.   

 

 An instrumental resolution of 6 pixels or 0.044 nm was determined by combining 

numerical best-fittings of two Gaussian profiles to two C II impurity lines at 103.634 and 

103.702 nm, i.e., separated by 0.068 nm.  This resolution is consistent with the width of a 

reabsorption dip appearing (particularly when viewing in the early phase) near the center 

of the Lyman- line of neutral hydrogen at a wavelength of 121.6 nm, as discussed 

below.  

 

 The relative sensitivity of the vacuum ultraviolet spectrograph was determined for the 

n1 Lyman-series lines at wavelengths between 93.1 nm (n=7) and 102.5 nm (n=3) by 

comparison with the n2 Balmer-series lines at wavelengths between 397.0 nm (n=7) 

and 656.3 nm (n=3), which were calibrated using a tungsten lamp as described below.  
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Here the branching ratios of transition probabilities [6] were used for the comparison.  

This relative calibration was continued over the series by comparison with a capillary 

discharge lamp, which was also cross-calibrated with the Balmer series.  For the most 

intense Lyman- line, a ND = 0.8 neutral-density filter of 16% transmission was added in 

the fluorescent beam.  In order to avoid variations of sensitivity across the phosphor and 

the detector, each spectral line was recorded at the same location on the phosphor and the 

detector surfaces by varying the grating angle between shots.  

 

 With no focusing lens at the entrance of the vuv spectrograph, the lateral extent of the 

plasma viewed at the midplane was 14 cm.  The view was aperture-limited by the 

porthole through the vacuum tank (see Fig. 1).  As such, the view was of the more dense 

portion of the ~19 cm radial extent of the plasma.  As illustrated in Fig. 1, this wide view 

was also used with the visible spectrometry described next.  An alternate focused view in 

the visible was also used for a comparison with the previous measurements [1].  With a 

possible exception at the center of the optically-thick vuv lines, the emissions measured 

were an average along the chordal line of sight. 

 

Visible Spectrometry 

 

 Supporting visible spectroscopy evolved from previous measurements [1] of the 

Balmer-series lines, with the addition of a measurement of electron density from Stark 

broadening .  In the present case, observations were possible for lines with wavelengths 

from 656.3 nm for n=3 to 379.8 nm for n=10.    The lines were dispersed using a 1.0-m 

Czerny-Turner stigmatic spectrograph.  The plasma was viewed simultaneously through a 

quartz fiber along a similar axis as that for the vacuum-uv spectroscopy, except at the 

upper port (see Fig. 1).  Initially a 1-cm diameter focusing lens was used to reproduce the 

earlier [1] data with a viewing aperture limited to 5 mm in the plasma.  However, in an 

effort to better compare the visible and vuv data, the visible spectra were recorded here 

without a focusing lens (as shown in Fig. 1) in order to provide essentially the same wide 

field of view as that of the vuv spectrometer. 
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 A CCD camera, intensified and gated by a lens-coupled microchannel plate, was used 

to record the visible emission. The size of each detector element (pixel) was 25 m, with 

748 active elements in the wavelength direction. A 1200-grooves/mm grating provided a 

reciprocal dispersion near 600 nm in first order of 0.0178 nm/pixel. This resulted in a 

11.8 nm coverage of the spectrum. The instrumental line width was limited by the 

detector resolution and was measured to be 3-pixels (75 µm) using a 50-µm entrance slit 

width, for a spectral resolution of 0.053 nm. The effect of the instrumental line 

broadening was included by convoluting a representative Lorentzian profile with a 

simulated Gaussian profile for the Doppler-broadened plasma emission and achieving a 

best fit.  The relative sensitivity of the spectrograph was determined by calibration with a 

tungsten ribbon standard lamp, as mentioned above.  This was possible over a 

wavelength range from 656.3 nm at Balmer- (n=3) to 397.0 nm at Balmer- (n=7), as 

limited by the output lamp.  This provided relative Balmer line intensities useful in our 

interpretations which follow. 

 

RESULTS 

 

 The measured n1 Lyman series full widths at half maximum for n=2 to 8  

(Lyman- to - are listed as wm in column 4 of Table 1, with an estimated accuracy 

varying from +15% for Lyman- and +20% for Lyman-and are found to be 

approximately the equal.  In all cases they exceed the value for the instrumental width of 

0.044 nm given above and included in column 5 of  Table 1 for comparison.  Such 

similar widths, when the Doppler broadening is decreasing for the high-n lines (column 

6), can be understood by an increase in Stark broadening along the series (column 7 and 

references shown).  Also, opacity broadening is more important on the lower-n lines, 

which have greater line strengths [6] and therefore opacity  as shown in column 8.  

Also, while the most intense Lyman- line was relatively free from underlying impurity 

contributions, the increasingly less intense recorded spectra for the higher-n lines 

included significant  narrow-band noise, originating from impurity lines from carbon, 

oxygen and metals such as copper and nickel, which affected somewhat the fitting to the 

observed widths. 
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 In order to better understand the processes responsible for the observed Lyman line 

data, especially concerning opacity, a series of best-fit convolutions were performed for 

each line in the series, with the requirement that they be self-consistent within the series.  

Another requirement was that the results be consistent with those from the Balmer series.  

In fact, the widths of the higher members of the Balmer series were significantly larger 

than could be explained by a thermal Doppler effect convoluted with an instrument 

function, and were used to derive an electron density of Ne=(7.7+0.8)1014 cm-3, based 

upon computations for both n=5 [7] and n=6 [8,9] and an experiment [10] for n=8.  This 

density is in agreement with an interferometric measurement [11].  It is also considerably 

larger than the hydrogen-atom fill density of 3x1014 cm-3. 

   

Table 1. Measured and calculated parameters and vuv line widths (in nm). 

 Lyman- n  [nm]   wm
a  wins    wD  wStk   [Ref.]    b 

   2 121.57  0.082 0.044 0.036 0.00090   [7] 20 

   3 102.57  0.089 0.044 0.031 0.0044  [7,8,9] 3.1 

   4   97.25  0.112 0.044 0.029 0.0081      [7] 1.1 

   5   94.97  0.122 0.044 0.028 0.013      [8,9] 0.5 

   6   93.78  0.111 0.044 0.028 0.019 [n2] 0.29 

   7   93.07  0.090 0.044 0.028 0.025 [n2] 0.18 

   8   92.62  0.090 0.044 0.028 0.033     [n2] 0.12 

ameasured widths +15-20%;  
bfor d = 30 cm, TH = 15 eV, NH = 4.6 x 1013 cm-3 = (0.06) Ne 

 

 The n=4 to n=1 Lyman- line was selected as a beginning of the vuv analysis, 

because it was relatively unaffected by both Stark broadening and opacity (see Table 1).  

A Gaussian profile of width 0.029 nm simulating the Doppler-broadened plasma 

emission was convoluted with a 0.044-nm wide Lorentzian instrument function to give 

the best fit to the measurements.  Actually this Doppler width was adjusted also for a best 

fit to the profile of the Lyman- line, the last in the series for which Stark calculations 
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[8,9] were available, and then on to the higher-n lines by extrapolating the theoretical 

Stark widths as n2 (see Table 1).  The fact that these higher-n Lyman lines can be fitted 

with Stark broadening, which is sensitive to electron density, supports our measurement 

of that density from the higher Balmer lines, as described above.  The best Doppler fit to 

the Lyman- (and higher-n) lines corresponds to a hydrogen temperature of TH 15 eV,.  

This new and increased temperature value is consistent [1] both with a measured ion 

temperature of  Ti 10-12 eV for C+ ions and an electron temperature of Te15 eV, and 

will be discussed further below. 

 

 For the n=2-1 Lyman- line, the Doppler width scales linearly upward with 

wavelength to 0.025 nm and clearly would not provide a suitable fit for this intense line, 

even when convoluted with the instrument function, as shown in Fig. 2.  Additional 

opacity broadening was  applied to modify the Doppler profile by using the basic 

radiative transfer relation I21()  1-e-for a uniform medium.  Here represents the 

opacity, i.e., the product of the line absorption coefficient and the depth of the medium d. 

As such, varies linearly with the neutral hydrogen density NH (to be determined), the 

oscillator strength [6] f =0.416 and the wavelength of the line and inversely with the 

square root of the hydrogen-atom temperature, along with the Gaussian line shape 

function [12]. The resulting opacity-broadened Gaussian profile I21() was again 

convoluted with a Lorentzian instrument function.  As shown in Fig. 2, it was found that 

a best overall fit to the data was obtained for a peak opacity of  ~ 20, which leads, 

for an assumed depth d=30 cm and a measured temperature TH = 15 eV, to NH = 4.6x1013 

cm-3, which is 6% of the measured electron density.  (The plasma may have a larger 

radial extent than suggest by the drawing in Fig. 1.) 

 
On some shots, particularly during the early mode following  breakdown, 

the Lyman- line emitted from the rotating plasma showed a near-central dip, 

characteristic of absorption in a thin and dense, cold, stationary outer layer near 

the wall.  This dip can be seen in Fig. 2 where a correction to the peak intensity 

has been applied, based upon a Gaussian best fit to the absorption dip.  Small red 
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shifts of the center of the plasma line emision from that of the reabsorption dip 

were observed on some shots taken during the early phase of the discharge and 

were found to be consistent with earlier measurements [1] of a 5.4-times larger 

(scaling linearly with wavelength) Doppler shift of the Balmer- line associated 

with plasma rotation, as indicated in Fig. 1.  

 

 For the n=3 to n=1 Lyman- line, the peak opacity assumed was reduced to 3.1, 

because of the lower oscillator strength and the shorter wavelength compared to that of 

the Lyman-line.  No definite central dip associated with the considerably-weaker 

absorption near the wall was observed.  Nevertheless, there was a noticeable 

enhancement of the calculated width when opacity is included.  Also apparent were the 

contributions of copper and nickel impurity lines, which became more apparent at the 

rather sharply reduced grating efficiency at wavelengths between the Lyman- and 

Lyman-lines [5]. 

 

 The existence of hydrogen atoms radiating on Lyman transitions from a plasma at a 

temperature of TH  15 eV, as encountered here, can occur when cold atoms enter the 

plasma and undergo symmetrical charge exchange p + H « H + p with 15 eV protons at 

a density Np = Ne=7.7x1014 cm-3 .  With a cross section of pH  3x10-15 cm2 (Fig. 3.24 of 

Ref. 13), the mean free path for entering cold hydrogen atoms to undergo charge 

exchange is (NppH)-1
  2 cm, with the resulting energetic atoms migrating through the 

hot plasma and serving as vuv absorbers. 

 

 Besides line widths discussed so far, the relative line intensities also are useful in 

characterizing the plasma.  From the measured n1 Lyman-series integrated relative line 

intensities In1 for n=2 to n=6, corrected for instrumental variations, the reduced 

populations Nn/gn (+50%) were determined using the standard relation In1  Nnfn/gnn1
3, 

where Nn and gn are population densities and statistical weights for level n, respectively, 

and n1 is the wavelength for the n1 transition.  Similar results were obtained from the 

Balmer series for n=3 to n=6, substituting In2 and n2 above, with an accuracy of +30%.  
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The measured values are plotted for both series in Fig. 3 versus n and closely follow a n-6 

dependence. Such a dependence has been shown (in Fig. 4.5 of Ref. 13) for Te=11 eV to 

be characteristic of a “purely-ionizing” plasma at our measured electron density of  

7.7 x 1014 cm-3.  Here collisional ionization dominates.  This is in contrast to a “purely-

recombining” plasma where the opposite is true and which also is plotted in Fig. 3 for 

Te=11 eV, where Nn/gn follows (see Fig. 4.13 of Ref. 13) a nearly flat distribution with n.  

In such a purely-ionizing plasma, ionization proceeds step-wise or “ladder-like” through 

excitation to higher bound states, followed then by ionization. 

 

SUMMARY 

 

 Vacuum ultraviolet spectroscopic measurements on the Lyman resonance lines of 

atomic hydrogen indicate an opacity of H=20 on the n=2 to n=1 line.  Besides being 

useful in radiative transfer modeling, this has led to an average value along the line of 

sight for the ground-state hydrogen density ~6% of that of the electrons (as well as  

protons), determined to be 7.7 x 1014 cm-3 from Stark broadening of visible lines and 

supported by interferometry.  The Doppler width giving the best fit to the vuv data 

indicates a temperature for the hydrogen lines of ~15 eV,  in agreement with earlier 

measurements [1] for ions and electrons.  The transient radiating atoms in such a hot 

plasma are thought to be formed by charge transfer with heated protons. 
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FIGURES     

 

 

 
 

 

Fig. 1.  A cross section schematic (not to scale) of the MCX vacuum chamber with a 

central electrode.  Both the vacuum ultraviolet and visible spectrographs are shown in an 

unfocused mode, with an ~14-cm radial view at midplane.  Implied distinct radial limits 

for the plasma are symbolic, representing the viewed region of an ~19-cm wide plasma. 
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Fig. 2.  Best fit for the Lyman- line of a Gaussian profile (dashed) simulating Doppler 

broadening, also shown convoluted (dotted) with a 0.044-nm wide Lorentzian instrument 

function, and finally with opacity added to the initial Gaussian and again convoluted with 

the instrument function (solid curve).  The data is shown as solid squares representing 

individual pixels.  The absorption dip near line center is simulated by a (negative) 

Gaussian, plotted with alternating dots and dashes. 
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Fig. 3.  Reduced population density versus upper quantum level n, showing the 

characteristic n-6 dependence of a purely ionizing plasma.  Both modeling [13] (lines) at 

Te=11 eV and present data (points) are plotted.  Shown for comparison is an 

approximately constant population predicted for recombination, also at  Te=11 eV.  

Normalization is to n=4 for clarity. 
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