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ABSTRACT 

Preliminary results obtained with a double Langmuir 
probe in the Compact Toroid Experiment facility confirm the 
existence of a gun plasma of n - 5 * If)'* cm"-* and T ~ 10 eV 
lasting for ~ 250-400 ps, which is consistent with inter-
ferometry and Thomson scattering data. The probe current 
characteristics as a function of voltage suggest 
non-Maxwellian features of the particles distribution 
functions. 

I. INTRODUCTION 

A Langmuir (electrostatic) probe was inserted into the flux conserver of 

tiis Compact Toroid gun experiment (CTX). Potentially, this very simple 

diagnostic can provide local information on the plasma ion density and 

electron temperature at: a function of time. Spatial profiles can be obtained, 

shot after shot, if the plasma conditions are reproducible, and the probe may 

also prove useful in determining the density fluctuation level as a function 

of time. We describe the mechanical and electrical aspects of the probe in 

Sec. II, give a brief theoretical outline in Sec. Ill, present the 

experimental results in Sec. IV, and provide a summary in Sec. V. An Appendix 

is devoted to the interpretation of the experimental current characteristic. 

II. PROBE DESCRIPTION 

Because the gun plasma is in contact with the flux conserver, its space 

(or plasma) potential can be kilovolts away from the CTX tank ground or screen 

room ground. Indeed, a transient voltage of about 5 kV with respect to ground 

and of 5 to 10-ps duration was measured on the flux conserver. Therefore, it 

is necessary to use a double Langmuir probe with both tips floating, in order 

to follow the change of plasma potential as a function of time. An early 

attempt with a single probe proved unsuccessful. 
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The probe wires were made of 4-mil-diameter tungsten and were spaced 

about 5 mm apart, outside of a pyrex envelope of 8-mm outer diameter and 1-mm 

wall thickness. The exposed portions of the wires were 2.5 mm in length, 

which is large compared to the wire diameter and plasma sheath diameter, so 

that end effects could be ignored and the one-dimensional cylindrical probe 

theory could be used accurately. Probes of this type, with identical tungsten 

wire, have been used extensively in plasmas of density --10* -10*5 c m ~ 3 j 

temperature ~10 eV, and lifetimes of up to 1 ms. For such plasmas, similar to 

those of the gun experiment, some probe current disruptions (probably unipolar 

arcs) are sometimes observed for bias voltages greater than about 50 V. These 

disruptions have been noticed in some of the early experiments described here 

but disappeared almost completely after thorough degassing of the probe tips. 

Figure l(a) shows a schematic of the electrical circuit used with the 
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(a) Probe circuit for static bias voltage; 
location with respect to the flux conserver. 
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double probe. A static bias voltage V in the range 0-90 V is applied between 

the two tips. This should be adequate for plasma temperatures of about 10 eV. 

The probe wires and the bias box are floating with respect to ground, and the 

collected current is measured with a current transformer (Pearson probe /Mil). 

The current loops the transformer five times so that the scope voltage 

calibration is 0.5 V/A. For typical ion saturation currents of about 1 A for 

about 200 MS, the collected charge of 2 x 10~4 C is well below the transformer 

limit of 0.19 C. The transformer's response time of -10 ns is quite adequate 

for these experiments. Note also that, for the above collected charge, the 

buffer c-"pa :itor voltage drop is less than 10%. 

A voltage sweeper consisting of a single capacitor discharge with peak 

voltage of 120 V and RC time of about 6 us was also tried. No results have 

been obtained as yet, because of an initial transient voltage from the plasma 

to the probe wires wMch forced an early triggering of the sweeper. 

Figure l(b) shows the location of the probe inside the flux conserver. A 

1-in. aperture in the stainless steel side wall allows the probe to move a 

distance x inside the flux conserver. When the probe is inserted at 

x = 20 cm, its distance to the center of the flux conserver is 30 cm, as 

indicated in Fig. l(b). 

III. DOUBLE PROBE THEORY 

The double probe method was originally proposed by Johnson and Malter. A 

good theoretical treatment for such probes can be found in Chen, and we 

outline just a few key points (after Chen) in this section. 

The probe used in this work is a symmetric double probe, that is, both 

tips have identical collection areas A^ = 2irr I . For such probes, the 

voltages V^ and V2 on the tips are always negative with respect to the plasma 

(space) potential. This implies that electron collection is always impeded, 

electron currents are always small, and their upper bound is the ion 

saturation current i+. This prevents probe damage from excessive currents but 

has the important disadvantage that only a few fast particles in the tail of 

the electron distribution can ever be collected. More precisely, for V = 0, 

Vj = V2 = Vf, where Vf is the floating potential and no net current is drawn 

from each tip. For a Maxwellian electron distribution in thermal equilibrium, 

neglecting magnetic field effects, at V = 0, the electron current i_ can be 

estimated with (l/4)neveApe
vf^Te, where vg = (SkTg/nig)

1/2 and Vf is referred 
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to the space (or plasma) potential. The ion saturation current i is given 

approximately by i+ - (l/^nevjAp, where vt = (fikTg/mj)*'
 2. The floating 

condition i+ = i_ yields Vf TeLog(m1/me)
1^2 4 T£, so that the electron 

current collected is only a few percent (e~^ ~ 2 x 10~2) of the electron 

saturation level (l/A)neveA^. Only those electrons having an energy greater 

than about 4 Te can ever be collected, which makes the double probe inherently 

poor in accurately determining the electron temperature. In addition, even 

small departures from a pure Maxwellian electron distribution can greatly 

influence the current characteristic in the transition region near V = 0, as 

described later in the paper. 

For a Maxwellian electron distribution, the probe current I as a function 

of V is given by 

I = i + tanh(V/2Te) . (1) 

The ion saturation current i_j_ is given by 

(2) 

where A is the effective collection area that differs from the probe area A 

by a constant factor y of order unity, which is determined from Laframboise's 

orbital theory. A represents the area of tho sheath surrounding "ach of the 

probe wires. It is a function of V, but for typical gun plasmas, the Debye 

length is much smaller than thf. wire radius so that y is always close to 
3 

unity. From Laframboise, assuming T^ = Te because typical equipartition 

times are approximately a few microseconds, we find y = 1.8, almost 

independent of V. For Tg = 6 eV, i+ = 1.0, A corresponds to an ion density of 

5 x lO1'* cm"3, using Eq. (2) for deuterium with A - 1O~2 cm2. 

Magnetic field effects can be ignored for large values of V for which 

ion saturation current is collected because the typical ion gyro-radius is 

much greater than the sheath radius (y)1'2r . However, for small values of V, 

where electron collection is substantial, magnetic effects will alter somewhat 



the ideal characteristic given by Eq. (1) and cause further uncertainty in the 

determination of Te. 

IV. EXPERIMENTAL RESULTS 

First, some miscellaneous checks on the probe and the circuit of 

Fig. l(a) were performed. V was measured at the circuit box and between the 

tips, resulting in identical values for the two cases. No current was drawn 

when the probe was outside the flux conserver with voltage applied, so that no 

stray currents resulted from the gun or snipper coil firings. The collected 

current was not sensitive to probe rotation, which ensures that there is no 

appreciable contribution from the time-varying magnetic flux in the unshielded 

area between the leads of the probe tips. On one shot, V was reversed to 

-50 V, and the collected current was reversed (as compared to the case 

V = 50 V), which was expected for this symmetrical probe. No obvious damage 

to the probe was ever noticed and the plasma properties observed independently 

did not seem to be appreciably different when the probe was inserted or 

withdrawn from the flux conserver. 

The current characteristic as a function of V was obtained on several 

occasions at a fixed location and time. This was done by varying V between 

shots, and the results are shown in Fig. 2. Curves Fig. 2(a) and Fig. 2(b) 

contain data obtained at x = 2.5 cm (near the wall) at 40 \is and 100 us, 

respectively, after the gun firing. Curve Fig. 2(c) shows the characteristic 

obtained at x = 20 cm (center of flux conserver), 125 us after the gun firing. 

For this latter position, characteristics obtained between 50 and 200 us are 

nearly identical to the one presented in Fig. 2(c). The curves of Fig. 2 are 

similar to each other and strongly depart from the ideal curve for a 

Maxwellian electron distribution given by Eq. (1). We note a strong current 

depression for V less than about 30 V by comparison with the hyperbolic 

tangent shape and the absence of a well-defined ion saturation level that one 

would expect for the thin sheath experimental situation. It is shown in the 

Appendix that a slight departure from a Maxwellian can explain the 

characteristics of Fig. 2. More precisely, for example, a tenuous-fast 

component of JcAo.'ty ~0.A% of the bulk plasma density and temperature ~500 eV 

is sufficient .̂. qualitatively reproduce the characteristic of Fig. 2(c). For 

this case, the bulk plasma tamperature was estimated at 6 eV (average Thomson 

scattering data at 125 vis). Of course, other non-Maxwellian features such as 
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Current characteristics as a functions of V: (a) x = 2.5 cm, 

t = 40 ps, (b) r. = 2.5 cm, t = 100 us, and (c) x = 20 cm and 

t = 125 us. t = 0 corresponds to the gun firing. 

2-5 
"bump-on-the-tail" or drifts could also account for the curves of Fig. 2. 

This gives us some confidence that the probe data are meaningful. 

Furthermore, the same double probe and electrical circuit have been used on a 

preionized (by theta-pinch ringing) plasma, which yielded Ideal 

characteristics [e.g., Eq. ( 1 ) ] . 

It is shown in the Appendix that the slope of the current characteristic 

around V = 40 V may still be indicative of the bulk plasma temperature within 

a factor of 2. For the case of Fig. 2 ( c ) , this corresponds to about 10 eV. 

One can estimate the ion saturation current of this case at about 0.7 V. This 

corresponds to a density of 7 x 10** cm~3, using Eq. (2) for deuterium with 

Y « 1.8 and a temperature of 6 eV. At 10 eV, the corresponding density would 

be about 5 x 10** cm~^. The uncertainties associated with the electron 

temperature, the saturation level, and the collection area make the density 



value uncertain within about a factor of 2. Earliar Interferometry data gave 

an average density of about 2 to 4 x io' cnf^, in reasonable agreement with 

the above probe data. 

A plasma spatial profile as a function of x was obtained, shot by shot, 

for a fixed value of V = 50 V. Figure 3(a) shows a typical current trace as a 

function of time, obtained at x = 15 cm; the current level settles to a value 

of about 1 A (.5 V) within 50 ps of the gun firing and remains at that level 

for about 200 us, a feature that was observed with minor variations for most 

of the data used for the spatial profile. We chose to plot the profile at 

100 us after the gun firing and these data are given in Fig. 4. We note that 
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Fig. 3 
Current traces as a function of time for V = 50 V: (a) 
1569 at x = 15 cm and (b) shot 1558 at x = 5 cm. 

shot 



Fig. 4 
Spatial current (I) profile as a function of distance x. 

the density profile is remarkably flat over most of the range of x, except for 

an abrupt density drop for x less than 2 cm. As mentioned previously, no 

noticeable current was drawn with the probe pulled just outside the aperture 
12 ~3 

in the flux conserver. The lowest measurable density is about 10 cm , 

which corresponds to a few millivolts on the oscilloscope. 

The collected current is observed to be approximately constant in time, 

up to about 200 us after the gun firing. There is a relatively sharp current 

drop to zero level within the last 50 us, as seen for example in Fig. 3(a). 

The initial higher current level can be interpreted in terms of mass motion or 

higher temperature. The total probe-current lifetime correlates well (within 

better than 57,) with the poloidal magnetic field lifetime near the top wall of 

the flux conserver. The poloidal field lifetime is defined by the time at 

which the poloidal magnetic field reverses sign, that is,( when the 0 point has 

reached the wall. 

For most shots, the current fluctuation level is >20% for the first 

100 us after gun firing and drops to a few percent at later times. In some 

cases, quiescent current periods greater than 100 us in duration are observed 

at early times. Figure 3(b) is an example of such data. 

These experimental results, in particular the characteristics of Fig. 2, 

are consistent with the results obtained with a symmetric double probe on the 

Livermore gun experiment.7 



Additional data were obtained with a solid copper flux conserver instead 

of the previous stainless steel flux conserver. Similar plasmas were probed 

(n ~ 5 x 10* cm"-', xg ~ 10 eV) . The longer magnetic field penetration time 

of the copper shell prevented the rapid plasma decay previously observed 

around 250 us, and the plasma lifetime was extended to about 400 M S » in 

agreement with magnetic probe and interferometry (He-Ne; 3.39 u) data. The 

plasma and magnetic field lifetimes are defined as the times for the probe 

current and magnetic field to reach zero level, respectively. Following an 

experiment performed at Livermore, a glass shield was mounted on one side of 

the probe so that data could be taken with the double probe shielded (or not 

shielded) from a given direction. For these experiments the probe was 

inserted at a distance y from the side of the flux conserver as indicated on 

Fig. l(b). Near the top of the flux conserver (for small values of y), the 

plasma current is presumably mostly poloidal (opposite to the direction of the 

poloidal flux lines for this experiment). At y = 5 cm, two probe 

characteristics were obtained, shot by shot, and are displayed in Fig. 5 for 

t = 125 ps after the gun firing. Curve Fig. 5(a) was obtained with the shield 

rotated to block the poloidal current (ion current blocked, electron current 

unblocked) whereas curve Fig. 5(b) was obtained with the shield rotated by 

180°. This latter characteristic is quite similar to those previously 

obtained [e.g., Fig. 2(c)], with a strong current depression around V = 30 V, 

whereas the characteristic of Fig, 5(a) is closer to the ideal hyperbolic 

tangent curve expected for a double probe from a pure Maxwellian plasma. 

So far, no definite conclusion has been obtained from those results, 

which suggest some anisotropy in the plasma velocity distribution. The most 

plausible explanation for th-i depressed characteristics mentioned previously 

is the presence of a component of fast electrons. However, the results shown 

in Fig. 5 would suggest a fast electron current which unexpectedly opposes the 

net plasma current. As yet, this discrepancy has not been resolved. 
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Fig. 5 
Current characteristics for a shielded double probe at 
y = 5 cm and t = 125 us: (a) plasma current blocked; (b) 
plasma current unblocked. 

V. CONCLUSIONS 

The preliminary results obtained with a double Langmuir probe in the CTX 

facility confirm the existence of a gun plasma of density of about 

5 x lO1^1 cm"3 and temperature <J0 eV la-ting for about 250 to 400 JJS , The 

values for the density and the temperature should be accurate to within a 

factor of about 2. These results are in agreement with interferometry and 

Thomson scattering data. The probe exhibits current characteristics as a 

function of voltage that suggest non-Maxwellian features of the particles 

distribution functions and that can be qualitatively modeled with a 

tenuous-fast electron component. There is some experimental evidence that the 

velocity distribution functions might involve drift velocities. The plasma 

density appears fairly constant for most of the plasma lifetime and a spatial 

scan indicates a flat density profile up to the flux conserver boundary. 

Large fluctuation levels of >20% are observed, in particular during the first 

100 ps, but at later times, fluctuation levels of less than a few percent are 

observed on most shots. Although of a qualitative nature for the most part, 

the information that might be gleaned from such a simple diagnostic appears to 

easily justify the modest investment of time and capital it required. 
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APPENDIX 

DOUBLE PROBE CHARACTERISTIC FOR A BI-MAXWELLIAN ELECTRON DISTRIBUTION 

We assume a plasma with an electron distribution consisting of tt.-o 

Maxwellians. A bulk plasma of density na and temperature Ta and a tenuous-hot 

component, respectively of density nb « na and temperature Tb » T3. The ion 

distribution is assumed to be a Maxwellian with density n4 ~ n_ and 
1. 3. 

temperature Ta. We assume that a = (n|)/na)(T]3/Ta)^'^ is much less than unity, 
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so that the ion saturation current is given by Eq. (2) with n = n and 
9 

Te = Ta. At V = 0, (Vj = V2 = V f ) , neglecting magnetic field effects, the 

electron current i_ is given by 

i_ = .J- eAp(navae
vf/Ta + nbvfe evf /Tb) , (A-l) 

where v = (8kT e/m e)^
2 for each of the two components and V^ is the floating 

potential with respect to the space potential. For V = 0, the floating 

condition i, = i_ becomes 

Y = e
Vf/Ta + a eVf/Tb . (A-2) 

We now assume that for V > 0, Vj = Vf + -*• and V2 = Vf - y rather than solving 

the exact potential problem. This approximation should yield some qualitative 

answer, although it clearly breaks down for V ~ Vf. The probe current I can 

then be expressed as a function of V with 

evf/Ta sinhCj^-) + a evf/Tb sinh(^_) 

I = i. 1 L. . (A-3) 

For a = 0, Eq. (A-3) reduces to Eq. (2) as expected. Given Ta, Tb, and 
nb^na» E 1 S * (A-2) and (A-3) can be used to find the characteristic. For 

Y = 1.8 and (nij/mg)1/2 = 60, the value of the left-hand side of Eq. (A-2) is 

3 x 10~2. For the cases of interest where Tb » Ta and a « 1, solutions for 

Vf from Eq. (A-2) are obtained with e
vf/Ta » 1 and evf/Tb ~ 1. We further 

observe from Eq. (A-3) that, for small values of V, I/i+ + tanh(V/2Tb) - V/2Tb 

so that the slope of the current characteristic as V * 0 is indicative of the 

fast component temperature Tb. This reflects the fact that, for small values 

of V, Vj and V2 are both strongly negative with respect to the space potential 

and that only a few electrons on the tail of the electron distribution 
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function can be collected (e.g., primarily those of the hot component). For 

large values of V (e.g., V » T a), the dominant contribution In Eq. (A-3) 

comes from sinh (V/2Ta) - cosh (V/2Ta) - (l/2)e
V/2Ta, and the probe current I 

tends towards the saturated level i+. At intermediate values of V (e.g., 
Ta ^ V « Tb^» t n e exponential character of the hyperbolic sine and cosine of 

argument V/2Ta begins to compensate for the small value of eVf'Ta and the 

current characteristic experiences a fairly rapid change of slope between the 

two asymptotic values discussed previously. In this intermediate range of V, 

when the hyperbolic sine and cosine of argument V/2Tg begin to dominate, 

I/i+ + tanh(V/2Ta) so that the slope of the characteristic could still provide 

a factor of 2 approximation of the bulk plasma temperature T , 

We now consider the experimental data of Fig. 2(c). This characteristic 

is reproduced in Fig. A-l(a); from the current slope at low values of V, one 

can estimate T^ at about 500 V. We assume Ta = 6 eV from the average Thomson 

scattering data. Figure A-l(b) shows the ideal curve of I/I. corresponding to 

Eq. (2) or Eq. (A-3) with a = 0. Figure A-l(c) shows the characteristic 

obtained for a = 0.034. With Ta = 6 eV and Tb = 500 eV, this corresponds to 

Vf = -43V and nb/na ~ 4 x 10""-
3. OnP observes from Figs, A-l(b) and A-](c) 

that even a tenuous-fast component is sufficient to drastically modify the 

current characteristic in qualitative agreement with the experimental data of 

-05-

Fig. A-l 
Comparison of current characteristics: (a) experimental data 
at x = 20 cm and t = 125 us, (b) ideal characteristic for 
a = 0, and (c) characteristic for a = 0.034. 
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Fig. A-l(a). We note that the slope of the curve Fig. 5(a) near V ^ 40 V is 

approximately equal to the slope of the curve Fig. A-l(b) at low values of V. 

As suggested previously, one can still estimate the bulk temperature Ta to 

about 10 eV from the experimental data, with [d(I/i+)/dV]v_40v ~ V/2Ta. 
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