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Abstract 

A fast spatially scanning emissive and mach probe has been 
developed for the measurement of plasma profiles in the PISCES 
facility at UCLA. A pneumatic cylinder is used to drive a multiple tip 
probe along a 15cm stroke in less than 400msec, giving single shot 
profiles while limiting power deposition to the probe. A 
differentially pumped sliding O-ring seal allows the probe to be 
moved between shots to infer two and three dimensional profiles. 
The probe system has been used to investigate the plasma potential, 
density, and parallel mach number profiles of the presheath induced 
by a wall surface and scrape-off-layer profile modifications in biased 
limiter simulation experiments. Details of the hardware, data 
acquisition electronics, and tests of probe reliability are discussed. 



Various mach probe theories are reviewed and the resulting mach 

number profiles from these theories are examined critically. Typical 

plasma profiles demonstrating the utility of the diagnostic for 

studying tokamak-like edge plasmas will also be presented. 

Additional techniques for improving scanning emissive probe 

diagnostics are proposed. Work Supported by U.S. DOE Contract No. 

DE-FG03-86ER52134. 
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I. Introduction 

The study of the physics of presheaths and tokamak-like 

scrape-off-layers in the PISCES plasma-surface interaction facility 1 

has lead to the development of a fast injection, spatially scanning 

combination emissive/mach probe diagnostic. The emissive probe is 

a unique diagnostic tool because it permits the simple, continuous 

monitoring of the space potential 2 - 3 as long as the probe can emit 

more electrons than the incident electron flux from the plasma. 

Other designs 4* 5 circumvent the condition of strong emission through 

the use of secondary electron emission and feedback electronics. 

Fast spatially scanning probe diagnostics are very important 

and unique tools used in analyzing tokamak edge plasmas. Profiles 

of potential, density, temperature, parallel mach number, and heat 

flux, as well as the fluctuations of the first three quantities, can be 

accumulated simultaneously to characterize the transport in the edge 

of a tokamak plasma. Profiles from a scanning probe generally have 

better spatial resolution than non-perturbing optical or RF edge 

diagnostics that typically rely on mathematical tools such as the Abel 

inversion to infer profile shapes from the raw data. A fast spatially 

scanning probe can be used several times during a single tokamak 

shot to observe temporal changes in the profiles and transport. The 

same diagnostic can also be used to observe edge profile 

modifications due to biased limiter or divertor structures in the 

plasma. 
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The combination emissive and mach probe tip is driven across 

the plasma by a pneumatic cylinder, which allows for single scan or 

shot profiles of the space or floating potential, density, and parallel 

mach number. Since the PISCES facility has a steady state plasma 

generator, profiles of the space and floating potentials under 

identical plasma conditions can be obtained by using successive shots 

of the fast probe. During the first shot, the emissive probe tip is left 

cold in order to record the floating potential. Before the second shot, 

the probe is resistively heated so that it will thermionically emit 

electrons into the plasma and electrically float at the space potential 

by cancelling the effect of the sheath in front of the probe. 

The PISCES experimental facility is used to simulate plasma-

surface interactions occurring at the edge of fusion confinement 

experiments (figure 1). The plasma is produced by a radiatively 

heated lanthanum hexaboride cathode supplying primary electrons 

to a reflex arc discharge. The electrons in the plasma are radially 

confined by a DC solenoid magnetic field of 200 to 1400 gauss and 

are lost mostly by recombination with the ions at the endplates. 

Steady state plasma densities of 1 0 1 l to 10 1 3 cm - 3 with electron 

temperatures of 5 to 30eV are typically achieved. The typical 

operating neutral pressures in the main chamber are between 10 - 4 

to 10 - 3 torr, while the neutral pressure in the source region can be a 

few millitorr. These values correspond to typical conditions in the 

edge plasma of tokamaks. The ions have been observed to have a 
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temperature of less than leV. A much more detailed explanation of 

the experimental arrangement is given in another reference6. 

This paper will cover the theory, design, and operation of the 

PISCES scanning emissive/mach probe diagnostic and its data 

acquisition electronics. Representative profiles of potential, density, 

and parallel mach number measured in the PISCES plasma will be 

presented. Various mach probe theories will be compared using the 

mach probe data collected. Evidence for a double sheath forming 

around the emissive probe tip is presented. Finally, techniques for 

eliminating the error induced by this effect in inferring the space 

potential are discussed. 

II. Principle of Operation of Scanning Probe 

The diagnostic is designed to give single shot spatial profiles of 

the potential, density, and parallel mach number. The diagnostic 

infers these parameters through the use of five electrical probes 

protruding from the end of a cylindrical ceramic rod. A thoriated 

tungsten wire loop emissive probe records the floating or space 

potential of the plasma depending on whether or not the probe is 

heated into strong emission. The density and parallel mach number 

profiles are computed from the ion saturation current profiles of the 

four other probes, which are grouped into pairs. For each pair of 

probe tips, one probe faces towards the plasma source end of the 

experiment ("upstream"), while the other faces the opposite direction 
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("downstream"). The probe tip structure is designed so that there is 

no direct electrical connection of probe tips along the field lines. 

One pair of probes has dimensions physically larger than the 

ion Larmor radius in the plasma. In this case, the probe tip pair can 

be referred to as a magnetized mach probe. By recording the 

difference in the flux incident on the upstream and downstream 

magnetized probes, the parallel mach number profile can be inferred. 

A density profile can also be computed by looking at the total 

current collected by both the up and downstream probes. 

The tips of the other pair of collecting probes are physically 

smaller than the magnetized pair, and depending upon the axial 

magnetic field strength, they can be smaller than the ion Larmor 

radius. These probes are used to study magnetized versus 

unmagnetized probe theory and wakes downstream of objects 

inserted into the plasma7. 

In order to measure the space potential profile, the emissive 
probe is heated to its equilibrium temperature before the probe is 
inserted into the plasma. This ensures that the probe is in a regime 
of space charge limited emission rather than temperature limited 
emission. Monitoring the space potential by temperature limited 
emission requires a more complicated sheath criterion than space 
charge limited emission. 

When a spatial profile is recorded, the position of the probe, 
the potential of the emissive probe, and the ion saturation current 
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for the four mach probe tips are all fed through isolation amplifiers 

to a CAMAC data logger. The CAMAC then transfers the digitized 

data to a MicroVaxII, which handles the database and computes and 

displays the raw and processed data. 

A. Mechanical Design 

Since the residence time of the fast probe tip in the plasma is 

short, no active water cooling of the structure is necessary. Thus, the 

physical dimensions of the probe can be much smaller than its 

actively cooled counterpart, and the probe will be only a small 

perturbation to the plasma. 

The basic design of the probe is shown in figure 2. The probe 

shaft is made of an alumina rod with six holes accommodating the tip 

wiring. The probe tip itself consists of an emissive probe and two 

pairs of collection probes, each pair featuring upstream and 

downstream probes. The magnetized collection probes are simply 

.030" diameter molybdenum wires that are shadowed from each 

other by the chisel point of the alumina insulator of the probe. The 

pair of small collecting probes are made of .010" diameter tungsten 

wire, also insulated by small alumina tubing. 

The emissive probe construction is slightly more complicated. 

Originally, the emissive probe was built entirely of .010" diameter 

thoriated tungsten wire slipped through the holes of the alumina 

tubing and potted to the alumina with high temperature ceramic 
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adhesive. The attachment of the tungsten wire to the insulator is 

very important in this design because the thermal inertia of the 

alumina rod keeps the tungsten in the insulator cooler than the tip. 

Since the specific resistance of tungsten versus temperature 

increases an order of magnitude between room temperature and 

3000°K, most of the power will be deposited in the tip. However, this 

design was not entirely successful because hot spots were created at 

the joints of the sections of alumina. Thus, most of the heating power 

was lost before reaching the tip, and the tip never reached the 

temperature required for space charge limited emission in the 

PISCES plasma. 

To alleviate this problem, a revised design has been used 

whereby a thoriated tungsten tip is brazed to .030' diameter copper 

leads that feed the electrical heating power through the insulator. 

The alumina rod s:iil plays an important role, however, in that it acts 

as a heat sink to keep the braze sud copper ;ool when the probe tip 

is heated. 

Figure 3 shows the pneumatic actuator for the fast scanning 

probe. The pneumatic actuator is mountea on a robust structural 

member to ensure that the probe has a straight line trajejtory and 

the vacuum bellows is properly compressed. In addition, the Teflon 

spacer near the end of the tip slides inside the copper guard and 

redrces th<5 vibrational motion of the tip. The pneumatic cylinder 

provides a relatively constant travel velocity in and out at 
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lOOcm/sec with a short zero velocity dwell time at the end of the 

stroke. Position sensing is done with a linear potentiometer. 

When the fast scanning probe is swept through the plasma, it 

records profiles of the various quantities along its trajectory through 

the plasma. In order to provide the flexibility to scan the entire 

plasma volume, an X-Y table has been constructed for the fast probe 

assembly. The entire probe assembly is mounted to the X-Y table 

and slides on a differentially pumped double O-ring seal. The 

maximum displacement of the X-Y table in each direction is limited 

by the 8cm port diameter. This is sufficient to scan nearly the entire 

plasma diameter in addition to a distance of 8cm along the column. 

B. Electronics and Control 

Figure 4 shows the control electronics for the PISCES fast probe 

system. Since the emissive probe has to be heated for a period much 

longer than the sampling window of the CAMAC, there is a separate 

preheating and trigger circuit for the fast probe diagnostic. The 

preheating timer circuit is made up two independent timing circuits. 

The first one energizes the filament heating circuit, while the second 

timer sends the CAMAC trigger pulse and energizes the air valve 

solenoid on the pneumatic cylinder. In general, the timers a set so 

that the emissive probe is heated to its equilibrium temperature 

while at r«st and the heating is continued during the probe's inward 
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stroke. This ensures that the probe will be in strong emission 

throughout the entire inward stroke. 

The data acquisition electronics are shown in figure 5. The 

collecting probes are held at ion saturation by a DC power supply and 

the current drawn by each probe is measured as a voltage across a 

known resistance. High impedance, low distortion op amp current 

monitors are used to isolate the probes from one another since all the 

probes are driven by a single power supply. The potential of the 

emissive probe tip is measured at the center of the resistor bridge, so 

that the circuit is balanced. Therefore, the emissive probe tip floats 

because of the transformer isolation, and the AC heating current is 

eliminated from the measurement because of the balanced resistor 

bridge. The measured potential is then sent through a voltage 

divider circuit to produce a low voltage signal. The resistors for the 

current channels and the voltage divider for the potential channel 

are chosen so that the maximum output voltage will be 5 volts, which 

is the saturation Jevel of the CAMAC. 

Since the PISCES CAMAC records 2048 points at a rate of 5kHz, 
the digitizing window is approximately 400ms. Of that, the first 
100ms of the digitizing window is used to record offset levels in the 
data channels before the probes are inserted into the plasma. The 
offset is subtracted from the recorded data later on. 

Figure 6 is a schematic diagram of the PISCES data acquisition 

and analysis network. Once the raw data has been accumulated in 
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the CAMAC, the PISCES node receives the raw data via the fiber optic 

serial highway and then stores the data in the PISCFS database. Once 

the raw data is in the database, the PISCES node computes 

transformed data that converts the stored raw voltage values from 

the CAMAC into the actual values of interest by applying the 

appropriate multiplier or function and labeling the data with the 

proper units. The transformed data can then be displayed with the 

McCool graphics package. The transformed data from a series of 

shots can be temporally processed and accumulated into a single file 

on the PISCES node for later analysis and display on the FRAN VAX 

machine using the NCAR graphics package. 

III. The Floating and Space Potential and the Role of 
Sheaths on Their Measurement 

In general, a sheath will form in front of a material surface as a 

response to the disparity in the ion and electron fluxes incident on 

the surface as the discharge forms8. Since the electrons move with a 

greater velocity than the ions, the surface will become negatively 

charged, thus depressing its potential and repelling electrons. When 

the surface is sufficiently negative such that the electron flux equals 

the ion flux to the surface, the potential at the surface is said to be at 

the floating potential. Therefore, a surface at the floating potential 

collects no net current from the plasma. 

However, rather than measure the floating potential, one would 

like to measure the potential distribution in the plasma to determine 

9 



the electric fields that are set up in there. Using a non-emitting 

probe to accurately determine the space potential is difficult in most 

practical cases. For cold probes, the space potential can be found 

from the knee (the transition to electron saturation current) of the I-

V characteristic of a Langmuir probe. In many experiments, this 

knee is not very well defined due to several factors: 1) A non-

Maxwellian electron velocity distribution affect the interpretation of 

the transition region of the I-V characteristic; 2) as the probe is 

biased near the space potential, electrons freely flow to the p^obe 

and change the local discharge conditions. 

If the probe surface is allowed to emit electrons back into the 

plasma, the emitted electrons may cancel the sheath and allow the 

probe to "float" at the space potential. However, because the 

electrons are emitted from the probe at the filament temperature, 

they are much cooler than the bulk plasma electrons. The result of 

this disparity is that only a fraction of the electron current entering 

the sheath is cancelled by emitted electron current5. In order for the 

emitting surface to draw no net current, a sheath will still have to be 

present to reflect the necessary fraction of bulk plasma electrons. 

The sheath then takes on a "double sheath" shape (figure 7), which 

nas a minimum in the potential in front of the probe instead of at the 

probe. The magnitude of the potential drop in a double sheath is the 

subject of several theories^.lO, but simple, analytic solutions are not 

readily available. While this paper will not go into the derivations of 
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the analytic solution of Poisson's equation in the presence of a double 

sheath, its effects on probe performance will be discussed. 

In fact, there are widely differing results from the theories, one 

of which states that the floating potential of an emitting probe should 

only be slightly above the floating potential of a non-emitting probe9 

because the emitted electrons from the probe are much colder than 

the bulk electrons. This derivation has been considered to be quite 

pessimist ic 5 because the derivation can be shown to not always 

satisfy Poisson's equation in the sheath. In another derivation, the 

net double sheath drop in the presence of strong secondary emission 

should be on the order of k T e

1 0 . However, it should be noted that 

strong secondary electron emission is not expected in PISCES because 

the electron temperature is not hot enough to have a significantly 

large population of energetic electrons (>100eV). 

IV. Magnetized Mach Probe Theory 

A mach probe can infer the flow velocity in the bulk plasma 

from the ratio of the ion saturation currents collected by two 

unidirectional probe tips. Several mach probe theories exist and it is 

important to discuss how each theory is derived and to what extent 

such theories are relevant to the experiments being conducted in 

PISCES. The theories due to P. C. Stangeby11 and I. H. Hutchinson! 2 

relate the plasma density at the sheath edge of a probe to the bulk 

plasma flow. However, each theory contains different source terms 
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for plasma entering the flux tubes connected to the probe. The 

Stangeby model relies on uniform cross field diffusion into the flux 

tubes connected to the probes to balance the collection by the ion 

saturation probes. The Hutchinson model concerns itself with the 

effect of plasma viscosity as well as diffusion. 

In addition to these two models, Harbour and Proudfoot have 

developed a semi-empirical model for a mach probe on the DITE 

tokamak'3 . The equation for the mach number that Harbour and 

Proudfoot derive is an approximation to the solutions of the particle 

and fluid models. 

To derive the local mach number from the fli'x measurements 

of a pair of magnetized probes, we start with the Stangeby derivation 

and the basic equations of conservation of mass and momentum and 

the Boltzmann relation. In addition, quasineutrality is assumed up to 

the sheath edge such that n = n ; = n e, where n e is the electron 

density. The Boltzmann relation is given by 

n = n0exp(jpjr-) , (1) 

where * is the potential in the plasma, and kT e is the electron 

temperature. The conservation of mass equation is 

V.(nv),( = So , (2) 

where S 0 is a source term in the Stangeby derivation due to uniform 
cross field diffusion and v is the fluid velocity of the plasma within 
the presheath. The source term S 0 ignores the effects of variations in 

12 



the potential and density along the perturbed flux tube versus the 

unperturbed plasma. The uniformity of S 0 is an assumption used to 

make the mathematics tenable. As will be seen later in the 

Hutchinson treatment, the introduction of a non-uniform loss 

mechanism precludes an analytic solution to the problem. The 

conservation of ion momentum for warm ions is expressed as 

mnvVv = enE - Vpi - m(v-v 0)S 0 , (3) 

where v 0 is the drift velocity of the ambient plasma. The parallel 

mach numbers are defined as the fluid velocities v and v 0 

normalized to the ion acoustic speed c s at the sheath edge, which will 

be shown later to be related to the ion acoustic speed of the ambient 

plasma c s a such that 

c _ f ( I l ) c c /fc(YiTi+T?) 

Thus, 

M ° = c s 

M _ vo M 0* 
0 " c s a " f(Ti/Te) 

Finally, assume ? constant ion and electron temperature along the 

field lines, which is a good approximation due to the large thermal 

conductivity along field lines. The ions are assumed to be isothermal 

(4a) 

(4b) 

(4c) 
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and warm, so that the pressure gradient Vpj can be rewritten as 

follows 

^ = ^ V n . (5) 
mn mn 

Taking the derivative of the Boltzmann relation, 

,T n e _ . n e _ , , ,, 
V n = p f ^ * = - ? j r E (6a) 

which gives 

enE = -kTeVn . (6b) 

Thus, substituting into (5) yields 

Vpi J E k(YiTi+Te)Vn c s

2Vn 
m n m mn n (7) 

So, by using (3) and (4), the momentum conservation equation is 

rewritten in a normalized form 

dM i ^ ( M ^ ^ 
dx n v d x ' nc s 

By replacing the fluid velocity in the mass conservation equation (2), 

the density gradient can be solved for in terms of the mach number 

l n = I y S a dMv 
dx M^c, n d x ' ( y > 

so that equation 8 becomes 

rdM 1 
dx ~ n v Mc s M v dx • # - * & - £ ( £ ) • a * * 2 * ) . <.c) 

14 



Solving for -:— in (10) gives 

dM S v l + M 2 - M M n \ 
dx "ncT^ 1-M2 t • ^ll> n c s 

So Using (11), the constant -*• can be replaced in (9), such that 

dn _ jwdMv / 1-M 2 \ 
dx = M^ dx ' M+M2-MM 0* ~X> ' 

which again can be rewritten to give 

±2. , 1 0 2M-M 0 * 
n = - d M l + M 2 - M M 0 * ' ( 1 2 ) 

and this can be integrated to give 

ln(7~) = -ln(l+M2-MM 0*) 

Finally, 

n 0 ~ l + M 2 - M M 0 * ( 1 3 ) 

where n 0 is the undisturbed density of the plasma outside of the 

presheath and flux tube. This gives the relationship between the 

densities and flow velocities in the flux tube and ambient plasma. 

Plugging (13) back into (11) results in an expression for the mach 

number gradient in terms of the mach number itself 

dM So r (l+M2-MMo*) 2 x 

and integrating this equation will give the spatial dependence of M 
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So>L E ( l 5 ) 

n 0 c s " 1+M2-MM0* " u ' 

From this, the disturbance lengths of the probe can be calculated. 

The disturbance length determines the minimum distance in front of 

a surface over which mach number data can be collected accurately. 

If the wall is within the disturbance length of the probe, then the 

cross field diffusion will not be able to fill in the flux tube as fast as 

the probe is depleting it. Thus, the current drawn by the probe will 

be lower than expected, resulting in an error in the inferred parallel 

mach number. 

To compute the local mach number, as well as the disturbance 

lengths, some useful boundary conditions have to be applied to (13) 

and (15). At the sheath of the upstream probe, the Bohm sheath 

criterion implies that the plasma must be moving at the ion acoustic 

speed, so that the mach number M = +1. Far upstream at the end of 

the presheath, M = M 0* at a position designated as -x u (the origin of 

our coordinate system being at the probe). In the same way, at the 

sheath edge of the downstream probe, M s -1, and M = M 0* at the 

end of presheath at the position x j . Utilizing these boundary 

conditions, x u and x<i can be obtained from (15) 

x u = ^ - M 0 * + 2 ^ r ) (16a) 

x d ^ M o ' + d ^ ) d6b) 

These are the disturbance lengths of the probes in the plasma. 
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To compute these quantities, the source term S 0 and the 

function f(T;/Te) has to be known. From (2), this source term can be 

approximated by cross field diffusion if ionization within the flux 

tube is neglected. Thus, along the flux tube intercepted by the probe, 

the cross field diffusion will be related to the source term by 

or 

TjA a S0V 

DiVnxjd = S0xjd2 

*o= d 2 

(17a) 

(17b) 

(18) 

where Tx is the flux due to cross field diffusion, D̂ _ is the cross field 

diffusion coefficient, d is the size of probe tip, A is the surface area of 

the flux tube, and V is its volume. The source and sink of plasma in 

the flux tube is shown schematically in figure 8. Plugging (18) into 

(16), gives finally 

c s d 2 / - , 
x " = "DT^ + M *) 2-M 0 

Xd ~ " r j j ~ ^ M o * + f*.uf.*) 2+M0 

(19a) 

(19b) 

An expression for f(Tj/Tc) can be derived by solving for the 

enhancement of the parallel ion flux at the sheath edge due to the 

presheath electric field. In addition, the self-consistent change in the 

field due to the enhanced flux through the sheath has to be taken 

into account 1 4. The enhancement of the ion flux is given by Emmert, 

et. a l . 1 5 and can be written 

17 



r i = 2 n o c s = 2 7 1 o c s a f ( ' c ) 

where 

«t) = j ^ a + z 1 ' 5 exp(-^)D[V*L t = ̂  (20) 

X 

and D(x)= Jet 2dt 
o 

e<P 
is the Dawson Integral. *P is the presheath potential drop, *P = £^r- . 

The equation for *P at the sheath edge is a result of the potential 

distribution in the presheath satisfying the Emmert plasma-sheath 

equation. The expression for *P is given as 

1 = V i!z e*p(-a+(z/^WDiV^n + erfcy ^ ( 2 *} 

In the limit of t « l , which is true for the PISCES plasma, the 

potential can be approximated by the fluid model solution, Y = ln2, 

and equation (20) gives 1 6 

f ( t ) s^= . ( l4^) ( .535) = .96(1+^) . (22) 

Thus, for the PISCES plasma, where typically z = .05, the difference 

between the sheath and ambient ion acoustic speed is less than 3% of 

the ambient speed. Note that in the case of cold ions, f(0) = .96, so 

that the kinetic and fluid treatments do not exactly coincide in this 

approximation. However, the value of *F used in the kinetic 
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treatment comes from fluid theory rather than solving equation (21) 
in the limit of x approaching 0. From this analysis, for t « l , c s = c s a 

and M 0* = M 0 . On the other hand, in. a tokamak application, where x 
is of order unity or greater, this analysis breaks down and equations 
(20) and (21) must be solved to compute the correct value of f(t). 

With the boundary conditions M = 1 upstream, M = -1 

downstream, and M 0 * = M 0 , the local mach number M 0 can bo 

computed from the ratios of the upstream and downstream flux 

measurements. Using the Bohm sheath criterion again, the fluid 

velocity at the sheath edge of the two probes is found to be equal to 

the local ion acoustic speed, so that the ratio of the ion fluxes to the 

two probes is equal to ratio of the densities at the sheath edge, which 

can be had from (13). Thus, 

l i n(M=+l) 1+1 +M„* 2+MQ* 2+M0 

r d

= n ( M = - l ) = l + l - M 0 * ~ 2 - M 0 * S 2 - M 0 ' (23) 

Therefore, solving for M 0 , 

^ 1 
M 0 = 2 g - (24) 

This is the bulk plarma mach number as comuuted by the Stangeby 
model. 

On the other hand, the Hutchinson derivation defines the 
source of plasma in the flux tube to be due to a true diffusive 
exchange of ions between the bulk plasma region and the flux tube. 
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This varies from the Stangeby model, which considered a source 

term that is approximately equal to the diffusion rate into an empty 

flux tube. Diffusion of plasma back out of the flux tube is not 

allowed in that model. The electrons still obey the Boltzmann 

relation in the presheath and ambipolar diffusion is still assumed. 

The source term balances the loss of flux at the probe (equation 2), 

but the sea,ce term is computed based on the assumption that the 

ions in the plasma have a mean rate Q for diffusive exchange events, 

such that 

V.(nv)|| = S v = Q(n0-n) . (25) 

In addition, the effect of the acceleration of the ions in the presheath 

of the probe must be taken into account in the momentum balance 

equation. The momentum balance equation (3) then becomes 

mnv»Vv + mvS2(n0-n) = enE - Vpj - m£l(,n0v0-nv) (26) 

By applying the Boltzmann relation to (26), the Hutchinson analog to 
(8) can be derived (assuming the conditions in PISCES of T « 1 and 
M 0* = M 0): 

n M l M = . d j i + f 2 2 o ( M M ) _ ( 2 7 ) 

dx dx c s

v ° v ' 

In addition to this normalized expression for the momentum 

conservation equation, the normalized mass conservation equation 

can be rewritten 
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w d n dM Q 
M dT + n d T = ? n o - n ) • <28> 

dn dM Equations for j — and -r— can be found from plugging (27) into (28), 

which gives 

dM ft/nn(l-MMn+M2)-n\ 
dx ~ c ^ n(l-M2) ) < 2 9 ) 

and 

d£ Q/n 0(M o-2M)+nM\ 
dx =cTV 1-M2 > • ( 3 0 ) 

Finally, by dividing (30) by (29), we get the equation 

dn no(M0-2M)+nM 
dM = nn 0(l-MM 0+M2)-n ( 3 1 ) 

which has the boundary condition TjT[(0) = nQ. 

This is a highly nonlinear differential equation, that can only be 
solved by gross approximation or numerical methods. Once again, 
the sheath criterion is applied at the probe sheath (M = 1 for the 
upstream probe, and M = -1 for the downstream probe). While the 
numerical approximation method is too cumbersome to be quoted 
here, by approximating n in a second order Taylor series expansion 
about M 0, the solution to (31) will be of the form 

n(M,M0) = p«e-q (32) 
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where a, p, and q are polynomials of M and M 0 . The solution for M 0 

in terms of TJT^ is found by determining the roots to the non-linear 

equation 

n(M=l,M0) r u 

n(M=-l,M0) r d ^ J ) 

r u such that M„ is simply a function of ~ -
Ml 

The practical upshot of the theory is that the Hutchinson model 

will predict subsonic ion flow at higher upstream to downstream flux 

ratios than the Stangeby model. This is due to the different form of 

the source term and the fact that particles can not only enter the flux 

tube but can also leave it before being collected, thus providing a 

momentum sink in the system. 

The Harbour and Proudfoot model 1 3 introduced earlier in this 

section was also tested for the mach probe data taken with the 

PISCES fast scanning probe. This model includes the effect of the ion 

energy distribution on the flow of ions towards the sheath edge. 

Harbour and Proudfoot basically fold this energy dependence term 

into the fluid model and return with a simple expression for the 

mach number in terms of the upstream to downstream flux ratio 

M = 0.6 h A (34) 

This expression is a semi-empirical "average" of the ion energy 

distribution correction and the Stangeby fluid model discussed in 
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depth earlier. The difference in the mach numbers computed by 

these two schemes can vary considerably and can possibly be 

attributed to the fact that the assumptions made may not hold very 

well, especially for the downstream probe. In the Stangeby fluid 

model, the fact that the plasma collected by the downstream probe 

has to reverse its flow direction to meet the sheath criterion may 

overestimate the amount of flux collected by the probe for a given 

ambient mach number. On the other hand, the effect due to the ion 

energy distribution correction assumes that the probes are sampling 

an undistributed region of plasma with the same ion energy 

distribution 1 7 . Harbour and Proudfoot have considered that neither 

of these assumptions may hold and thus developed their "average" 

formula. 

As a way of comparing these models, each one is plotted versus 

upstream to downstream flux ratio. As can be seen in figure 9, the 

Stangeby model predicts the highest mach number for any given flux 

ratio, while the other models predict subsonic ion flow at higher flux 
r 

ratios than the Stangeby model, which goes supersonic at rv 1^. ^ 

should also be noted here that the Stangeby model also covers 

supersonic flow, and the solution for the mach number is not covered 

here but is included in the computation of figure 9. In the results 

section of this paper, these various mach probe models will be 

compared using actual data taken with the PISCES fast scanning 

probe and conclusions regarding the validity of the various models in 

PISCES tokamak-like edge plasmas will be discussed. 
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V. Probe Emission Testing 

One of the important questions that has to be answered about 

the emissive probe is whether it is actually emitting a sufficient 

electron flux during its complete scan through the plasma. An 

experimental verification of this is to observe the variation of the 

measured potential versus the voltage needed to heat the probe tip. 

If an emissive probe is operated in strong emission, then its potential 

is determined by the plasma's potential and temperature and should 

not be a function of the amount of emission from the probe. On the 

other hand, if the probe's emission is temperature limited, then the 

potential drop in the double sheath can also be expected to be a 

function of temperature. As can be seen in figures 10 and 11, the 

emitting probe has a small region of temperature limited emission 

followed by a larger region of space charge limited emission. The 

slow variation in the measured space potential once the probe is 

strongly emitting can possibly be explained by the presence of a hot 

electron component of the electron velocity distribution. If a non-

Maxwellian electron distribution exists in the plasma, then the bulk 

electrons are more likely to be reflected in the sheath than the hot 

electron component, so that the hot electrons are a larger component 

of 'he net electron current at the probe, and the energy distribution 

will therefore deviate further from a Maxwellian. 

The electrostatic sheath is not the only mechanism that can 
control the emission from the filament. Since the potential 
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measurement is taken with the filament heating current on, there is 

an oscillating magnetic field around the wire that is perpendicular to 

the probe's sheath. If the Larmor radius of the emitted electrons in 

this field is smaller than the sheath thickness, then the electrons will 

not be accelerated out of the sheath freely. This will limit the total 

emission current from the probe. However, for typical plasma 

conditions in PISCES (T e = lOeV, n c = I 0 1 2 cn r 3 ) , the Debye length 5iD 

= .02mm while the Larmor radius of the emitted electrons in the 

magnetic field at the wire surface (1 = 4 Amps, B = 60G) is r^t -
.2mm. The sheath thickness is approximately8 d = 3XD, so that T-^e » 
d. Thus, the field induced by heating the filament during the 

measurement does not significantly alter the emission. 

Other important considerations in the operation of the fast 

scanning emissive probe are thermal reliability and maximum shot 

repetition rate. Since the actual temperature distribution in the 

probe shaft and the leads can not be measured, a one dimensional 

heat traasfer calculation was done to estimate the temperature that 

the filament and braze reach to ensure the longevity of the probe. 

The concern here was that the braze joint between the tungsten and 

copper might undergo severe temperature excursions during the 

heating phase of the probe operation, thereby causing the braze to 

flow and shorten the life of the probe. 

The heat transfer equation is 

p C P d t _ K d x 2 + V ( 3 5 ) 
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where 

Pjouie = I 2 ^ p

Piasma = r e k T c , and P r a d = ecrT4 . 

Since the variation in the thermodynamic properties of the materials 

and the radiative power loss are not negligible in this case, the 

differential equation becomes non-linear and must be solved 

numerically. The numerical calculation includes the thermal 

variation of the emissivity, resistivity, and thermal conductivity of 

the tungsten. The thermal conductivity and heat capacity of the 

brazing material is ignored, but the effects of an alumina jacket 

around the copper leads are included. In order to simulate the 

contact between the copper conductor and the alumina, heat is 

allowed to conduct from the conductor to the alumina at a fraction of 

the alumina's conductivity. In the computations shown here, the 

conductivity to the alumina is grossly approximated by 10% of 

alumina's true thermal conductivity. 

The results of these calculations show that the alumina plays a 

critical role for the probe's reliability because it acts as a heat sink 

" T the braze and leads. Without the alumina jacket in the model, the 

braze and copper leads see a severe thermal excursion (figure 12). 

This thermal excursion approaches an arbitrary maximum 

temperature of 1000°C for the braze joint, so it is likely that the 

braze will lose its mechanical strength after repeated heatings. On 

the other hand, if the alumina jacket is present and heat is allowed to 

pass from the copper and braze into the alumina, then the severe 
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thermal excursion is not observed, as seen in the second case 

overplotted in figure 12. 

Figure 13 shows a typical probe equilibrium temperature 

profile. The equilibrium temperature profile is characterized by a 

steep temperature gradient in the tungsten near the braze joint, with 

a least 75% of the probe tip's length above 2000°C (the typical 

temperature for strong emission in the PISCES plasma). Since a large 

fraction of the probe area will be in strong emission, the potential 

measurement should be unaffected by probe geometry effects. 

It is important that a large heating current flow through the 

probe so that the tip will heat rapidly and its resistivity will be 

greater than the leads. If the probe is heated too cautiously, then the 

entire probe structure will heat up slowly rather than the tip being 

heated rapidly. In particular, this could lead to long term thermal 

cycling stresses on the alumina. 

Finally, as for the question of the repetition rate, figure 14 

shows the thermal history a few seconds after the heating current is 

shut off. The tip cools off more rapidly than the rest of the structure 

due to radiation, which dissipates most of the heat a few seconds 

after the heating phase. From these results, the probe can be 

repetitively heated with a period of about 5 seconds without 

overheating the leads or braze. In typical PISCES operations, this 

limit is not approached because of the dead time between shots 

necessary for data acquisition and analysis (typically 1 minute). 
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Occasionally, the diagnostic is fired repetitively without the digitizers 

enabled in order to observe real time density profiles on a storage 

oscilloscope during periods of discharge tuning. However, the 

emissive probe is not externally heated when the diagnostic is 

operated in this fashion, and the heat flux from the plasma is 

negligible because of the probe's small surface area. 

VI. Results from Data Collected by the Probe 

Representative single shot spatial profiles of the floating and 

space potential in the PISCES plasma column are shown in figure 15. 

The space potential profile is typical of reflex arc discharges 1 8 

because the electrons diffuse much more slowly across the magnetic 

field than the ions. The cross field diffusion coefficients of a partially 

ionized plasma in a strong magnetic field can be shown 1 9 to be 

proportional to the ion and electron temperature and mass ratios 

The proportionality of the cross field mobility coefficients can also be 

shown to be 

a 7 ^ " ( 3 6 b ) 
Hii m i 

m e T: D ± e In PISCES, typically — S - « = J - , so that t**- < 1. The radial particle m j i e u _u 

fluxes to the wall are 
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r r i = n±inV<D - D± iVn (37a) 

1 re ~ 
-uXenV<& - D l e Vn (37b) 

If the parallel losses to the endplates are neglected, then in order to 

have ambipolar diffusion of the plasma across the field lines, the ion 

and electron fluxes have to be the same. Since the ions diffuse across 

the field lines faster than the electrons, a radial electric field (or 

potential gradient) is formed to electrostatically confine the ions in 

the plasma. In reality, the depth of thi^ electrostatic potential well is 

determined not only by the cross field diffusion and mobility, but 

also by the parallel losses to ends of the machine, the presence of a 

hot emitting cathode, and the difference in ion-neutral and electron-

neutral collision frequencies, which was also neglected in equations 

36a and 36b. 

Three dimensional profiles are produced by accumulating fast 

scanning probe shots at different X-Y table positions. Data is taken at 

regular spatial intervals to simplify the data reduction. Figures 16 

through 18 show the space potential, density, and mach number 

profiles of the presheath in front of a material sample. The 

presheath is the region in the plasma in front of the sheath and it 

supports a potential drop v/hich accelerates ions to the sound speed 

at the sheath edge, as required by the Bohm sheath criterion. The 

potential drop necessary to accelerate the ions in a plasma is A* = 

0 . 5 k T e

2 0 . Plugging this potential variation into the Boltzmann 

relation shows that the plasma density between the ambient plasma 
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and the sheath edge should fall by approximately a factor of two 2 1 . 

The density drop off is due to the fact that while the flux, which is 

the product of the density and the velocity, is constant along the field 

lines, the ions are accelerating and therefore, the density has to fall. 

The mach number profile is computed by the Stangeby model, 

and it can be seen in the figure that the mach number actually 

exceeds unity near the sample surface. This is due to the fact that 

the sample surface is within the disturbance length of the probe and 

the mach probe models break down when this occurs. The 

downstream disturbance length for the probe as computed by (19b) 

in a lOeV plasma with a lkG magnetic field is approximately 1cm. 

Therefore, the mach number data within the last 1cm of the wall 

surface is not entirely reliable. 

The various mach probe models summarized earlier in this 

paper were compared for the same set of data and are shown in 

figure 19. As can be seen in the figure, the Stangeby model is the 

only model to predict a sound speed flow near the wall surface. All 

the other models predict lower values of the mach number near the 

wall. To compare the various models, a simple particle free fall 

method has been developed2 2. The free fall model assumes an initial 

velocity comparable to the mach number far upstream from the 

material sample, and the ions are allowed to fall through the 

potential drop in the presheath. The free fall model is described by a 

simple energy conservation equation 
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V I 2(<r>(0)-«i)(x)) 
M2(0)+ \ T

y (38) 

It should be noted that this equation does not include any of the 

parallel momentum loss terms taken into account by the more 

sophisticated models that are being compared here. Thus, equation 

(38) is the maximum possible change in the mach number for a given 

potential drop. By setting the normalization M(0) equal to the 

Stangeby mach number computed far upstream, the free fall model 

predicts that the mach number should be near unity near the sheath 

edge. This gives confidence that the model is somewhat accurate in 

predicting the dependence of the mach number on the potential. It 

also suggests that parallel momentum loss mechanisms are not 

important to the computation of the mach number. If they were, 

then equation (38) would have predicted M » l at x=0. The other 

models compute lower mach numbers far from the surface, as 

compared to the Stangeby model. However, the free fall profile is 

relatively insensitive to these lower initial velocities and continues to 

predict a mach number near unity at the sheath edge. The Harbour 

and Proudfoot model and the Hutchinson model predict lower mach 

numbers throughout the presheath and have trouble achieving the 

unity mach number condition at the sheath edge. 

The density profile is computed with an average of the flux 

collected by the upstream and downstream probes using the formula 

r u + r d <n(x)> = - ^ — a (39) 
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The density profile along a particular flux tube can be compared to a 

density computed from the space potential via the Boltzmann 

Relation 

e<Ps(x) 
n(x) = n0exp( ^ ) (40) 

The comparison between (39) and (40) and several other 

representative profiles is shown in figure 20. Normalizing the 

density derived from the Boltzmann Relation to the measured 

average density far upstream from the surface produces the best fit 

between the two data sets. 

The three dimensional profiles of potential, density, and mach 

number that have been shown here have good correlation between 

theory and experiment in many respects, but there is one very 

important disagreement. The relationship between the floating and 

space potential measured from the I-V characteristic of a cold probe 

in a helium plasma is 8 

* s - O f = 3.5kTc/e . (41) 

However, the difference d>s - Of as measured with a hot and cold 

filament, respectively, is only about 2.0kTe near the center of the 

discharge. This could be possibly attributed to the stray capacitance 

in the cable from the probe to the data acquisition electronics. The 

stray cable capacitance forms a non-linear, low impedance path to 

ground for fluctuations in the potential, and coupled with the 
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plasma's non-linear response to fluctuations, oscillations about the 

floating potential do not average out to zero. 

In order to analyze the effect of fluctuations on the time 

averaged floating potential, a few basic relations are necessary. In a 

plasma whose particles are maxwellian, the space and floating 

potentials are related by 

V s - V f = akT e / e , (42) 

where a is some constar.:. The current drawn by a probe in the 

plasma at a voltage V p near the floating potential is given b y 2 3 

I n e t = I e e x p ( - ( ^ ^ - ) ) - I s a l . (43) 

Note here that the electron currents are positive. If the probe 

electronics have an input impedance Z, then the probe voltage will be 

V p = - I n c t Z (44) 

The I-V characteristics described by equations 43 and 44 are shown 

in figure 21. 

Using equation 42, the equation for the net current from the 

probe (43) becomes 

e ( V f + ( a k T e / e ) - V n ) 
I n e t = I c exp(-( j ^ "")) - I s a i • (45) 

I c and I s a l are relat.J by the true floating potential condition I n e t = 0 

when V p = Vf, thus 
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I eexp(-oc) = I s a t (46) 

and therefore 

Inct = I » » t ( e » P ( - ( e ( ^ g ) ) ) • 1 } ' ( 4 7 ) 

A floating probe and its electronics can be described by the 

simple network shown in figure 22. The resistance R s is the source 

impedance of the plasma while the resistance Rx is the input 

impedance of the nieasurement circuit. The capacitor is due to the 

intervening length of cable between the probe and electronics. If 

fluctuations are introduced into this derivation, the following 

substitutions can be made 

V f = V f 0 + v-fe'0" (48a) 

V p = V p o + Vpei*» . (48b) 

Then, an analysis of the network in figure 22 can be made, such that 

7f 
? p = • ' (49) 

Vd+fRs/Rr^+CRsCfl)) 2 

For ease of notation, the following definition is made 

5 = V(1+(RS/RT)) 2 +(R S CCO)2 . (50) 

Applying equations 48a and 48b to equations 44 and 47 gives 

e (V t o +v f e ' f t >t -V D O -v D e i < n t ) 
- ( V p o + V m t > = ZI s a t (exp(-( ' 9 ^ ^ p < ? " -))-1) (51) 
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and using (49) and time averaging over many periods, such that 

jk'wtdt = o and jexp(e i e ) l)dt = 1 

gives 

-Vp 0 = ZI s a t(exp(-( f g P ° T ^ -))- l ) . (52) 
l e 

e Multiplying by rrr gives 
l e 

e*nr> eZ.lsat 
< » p ( - ( " v ^ - v " ; 7 ' ( ' - ' / 5 ) ) ) H ) . <53, kT e "" kT e

 y" ^ v kT c 

By defining 

e V 0 0 cVfo evf 
P~ kT c • *» kT c ' Y I " k T ( e 

eZI m. and 7 = ^ . 

then (53) becomes 

-»Pp = Y(exp(-(^ f-Y p)+f f<l-l/5))-l) . (54) 

By noting that the source impedance of the plasma near Vf i s 2 4 

kT 
R s = ^ - £ - . (55) 

e l s a t 

then Y = Z/Rs is the ratio of the input to source impedance of the 

diagnostic. 
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Finally, by rearranging (54), an expression for the floating 

potential in terms of the probe's potential can be derived 

f p ' P p - W l - l / S ) - ln(l-¥p/Y) • (56) 

The size of the error due to the non-linear response of the diagnostic 

system can be expressed as 

¥ p - ¥ f = ? f ( l - l / 5 ) + In(l-VY) • < 5 7 > 

To evaluate the size of the error due to this effect, typical 
values can be inserted: 

R T = 10to kT e = 15eV 

C = lO-^F I s a t = 7.5 x KM A 
R s = 2 x \0*Cl 

and 5 and y are computed for an average frequency response of 

10kHz (the typical oscillation frequency in PISCES) and taking ijrf = 

. 3 2 5 . Therefore, for y = .8, 5 = 2.6, and »Fp = -3, then *Pp - «Ff = 1.7. 

This can easily account for the experimental result Os - <Df = 2.0kTe/e 

since the floating probe potential is much greater than the true 

floating potential. If, on the other hand, the cable capacitance is 

reduced to lOOpF by shortening the cable to one meter, then the 

value of *Fp - *¥? becomes .3, which is more acceptable. 

However, the effect of stray cable capacitance on the time 

averaged floating potential measurement has not been observed in 

PISCES so far. The fast probe diagnostic intended for studying 

plasma profiles in CCT was mounted on PISCES and floating potential 
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data from it was compared to the floating potential data from the 

PISCES fast probe. The data acquisition electronics for the CCT fast 

probe have been designed to minimize stray cable capacitance, which 

is estimated to be no greater than 200pF. A comparison of floating 

potential measurements from the two diagnostics actually coincide 

within 5 volts, which is much less than the kT e that would be 

expected from the analysis. 

While the derivation above can not necessarily be extended to 

space potential measurements, the fact that the probe is capable of 

emitting electrons will decrease the source impedance of the plasma 

to about lkQ. Thus, the effect of oscillations on the space potential 

measurement should be much less severe than in the floating 

potential. 

There may be an additional discrepancy in the difference <&s -

<Df due to the existence of a double sheath in front of the emissive 

probe. The depth of the double sheath is unfortunately masked in 

the uncertainty of the floating potential measurement. However, 

there is still some evidence that the sheath fo:.nation around the 

emitting probe affects the space potential measurement. The 

emissive probe I-V characteristic was collected and compared to the 

I-V characteristic in its non-emitting state. Theoretically, when the 

probe potential is above the true space potential, the emitted 

electrons will see a potential hill that is too high to climb since they 

are emitted from the wire with a temperature of .leV. The collected 

electron current will then simply depend upon the random electron 
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current from the plasma. Thus, the I-V characteristics should 

coincide above the space potential. Below the true space potential, 

the electrons emitted from the probe are no longer trapped by the 

sheath potential and they can enter the plasma. The emitted 

electron current entering the plasma will decrease the net electron 

current collected by the probe. Thus, the non-emitting and emitting 

I-V characteristics will begin to diverge. However, this explanation 

breaks down in this experiment because of the coupling of the sheath 

impedance to the cable capacitance. 

In order to collect the I-V characteristics, the fast probe was 

fixed at a particular position on the X-Y table such that the probe 

passed through the center of the discharge. Thus, the cylindrical 

symmetry was preserved. The emissive probe filament was then 

biased at a fixed voltage and the current profile collected by the 

probe was recorded for the emitting and non-emitting cases. The I-

V characteristic was then reconstructed by taking many fast probe 

shots covering a range of voltages from below the floating potential 

to slightly above the space potential. For comparison, the 

temperature at various radial positions was taken with the PISCES 

water cooled fixed Langmuir probe. 

Figure 23 shows the two characteristics at the centerline of the 

plasma column, and it is clear that the floating potential of the 

emitting probe is about 1.5kTe below the divergence point of the two 

characteristics. Again, this corresponds to the observed discrepancy 

in the numerical constant of equation 41. 
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These measurements highlight the advantages and limitations 

of this form of probe measurement. In regions of constant electron 

temperature and fluctuations, such as along field lines, the error in 

the space and floating potential measurements should be constant. 

Therefore, while the probe may not measure the absolute value of 

the potentials, it will still measure the variation in the potentials 

very accurately. In fact, in the presheath experiments done in 

PISCES, it is unnecessary to know the absolute value of the space 

potential in order to compare the variation of the density and space 

potential via the Boltzmann relation. 

The difficulty with this diagnostic arises when the probe is 

used to compare potential variations across electron temperature 

gradients and in regions with different levels of fluctuations. It is 

currently unclear if the difference between the probe potential and 

the true space potential becomes a function of space due to the 

electron temperature profile. Once the capacitive effects of the 

measuring technique are minimized, then a more detailed study of 

the effect of the sheath around the emissive probe can be made. If 

the sheath effects are significant, then quantities such as the radial 

electric field, which is important to the overall confinement of the 

ions in PISCES and, more specifically, to biased limiter simulation 

experiments done in PISCES 2 6 , can be over-estimated because the 

depth of the potential well measured with the floating emitting 

probe is too great. 
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VII. Future Diagnostic Development 

Obviously, the capacitive effects of the diagnostic have to be 

minimized in order to measure the floating potential properly. This 

is easily accomplished by reducing the length of cable between the 

diagnostic and the electronics. If this is insufficient, then there are 

advanced methods for actively driving the shield of the cable to 

reduce the impedance to gTound. 

in order to avoid any adverse effects due to temperature 

gradients on the space potential measurement (which is very 

important if this diagnostic were to be employed as a tokamak edge 

plasma monitor), a more sophisticated probe would have to be 

constructed. Since the true space potential is characterized by being 

at the divergence point of the emitting and non-emitting I-V 

characteristics, a feedback circuit can then be used to fix the bias on 

an emitting and non-emitting probe to the minimum potential at 

which each probe collects the same amount of current. This is known 

as a differential emissive probe 2 7 because the diagnostic depends 

upon a high speed, high voltage differential amplifier to drive the 

probe voltage (figure 24). It is expected that the error in the 

potential measurement will be smaller because the diagnostic no 

longer depends on the sheath physics occurring in front of the probe. 

The main sources of error can be expected to come from the thermal 

energy of the emitted electrons and any secondary electron emission 

from hot electron bombardment. The secondary electron emission 

problem can be minimized by heating the non-emitting probe to boil 
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off any impurities which form on the filament. Then, both probes 

will have to same secondary electron emission coefficient, and if the 

hot electron population on each probe is similar, then the secondary 

electron emission will be the same for each probe and will not be 

detected by the differential amplifier circuit. 

The scanning differential emissive probe is not a trivial 

extrapolation of the current diagnostic being operated. The two 

emissive probe loops must have the same dimensions within a very 

small percent, otherwise the difference in the collection areas of each 

probe will be too large to correct for in the sensing electronics. The 

other difficulty in this design is in the differential amplifier circuit. 

Depending upon the voltage slew rate required by the size of the 

potential gradients encountered and the velocity the probe through 

the gradients, the differential amplifier circuit may operate near the 

stability limit of its high voltage and current components. 

VIII. Conclusions 

A fast spatially scanning diagnostic for producing two 

dimensional profiles of floating and space potential, plasma density, 

and parallel mach number has been developed. The generic design 

of the pneumatic actuator is adaptable to tokamaks, as can be seen 

by the use of probes with designs similar to PISCES fast probes on 

the TEXTOR and CCT machines, but the development of this diagnostic 

on PISCES allows for the testing of scanning emissive probe designs 
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in a simpler machine. The direct measurement of the space potential 

by the means of a floating, emitting filament may be complicated by 

the presence of a double sheath, but this can be corrected for by 

construction of a scanning differential emissive probe. The floating 

potential measurement may been affected by significant stray 

capacitance and future experiments will attempt to observe and 

correct the effect. The fast scanning probe diagnostic has observed 

the structure of the electrostatic presheath in front of a wall surface 

perpendicular to the applied magnetic field and will be used to 

observe the effect on the presheath of the magnetic sheath in front 

of a wall surface at an oblique angle to the magnetic field 2 8 . In 

addition, this diagnostic is being used to measure potential and 

density profile modification in the presence of biased structures in 

the plasma, but the calculation of radial electric fields from the space 

potential data may be hampered by the effect of radial temperature 

gradients on the probe potential. The application of a scanning 

differential emissive probe should also minimize the error induced 

the space potential measurement by temperature gradients. Finally, 

the diagnostic is ueing used to monitor plasma potential and density 

profiles in several other experiments, including ongoing experiments 

on radiation-enhanced sublimation of graphite 2 9 and biased pumped 

divertor simulation experiments3 0. 
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Figure 1 - General schematic layout of the PISCES experimental 
facility, showing the fast probe diagnostic position in relation to the 
plasma generator, magnetic field, and other diagnostics. 
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Figure 2 - Detailed schematic diagram of the scanning combination 
emissive and mach probe tip showing dimensions and relative 
position of the probes. 
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PISCES Fast-Scanning Probe Drive 
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Figure 3 - Schematic diagram of the PISCES generic fast probe 
pneumatic actuator. 
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Figure 4 - Schematic of the emissive probe heating circuit and 
CAMAC trigger delay circuit. 
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Figure 5 - Schematic of the data acquisition electronics for the 
emissive and mach probes. 
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Figure 6 - PISCES data acquisition and analysis network showing the 
various functions performed by each computer node. 
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• Thermonically Emitting Surface 

Distance from Emitting Surface 

Figure 7 - The potential as a function of position within a double 
sheath; after F. F. Chen^. 
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To probe electronics 

Probe Shaft 

Figure 8 - The source and sink of plasma in the flux tube of a mach 
probe tip according to the Stangeby model 1 1 . 
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Figure 9 - Mach number computed using the Stangeby, Hutchinson, 
and Harbour and Proudfoot models versus upstream to downstream 
flux ratio. 
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Figure 10 - Emitting probe potential profile and contour plot versus 
variac setting. 
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Figure 11 - Emitting probe potential versus variac setting at the 
center of the PISCES discharge. Observe regions of no emission, 
temperature limited emission, and space charge limited emission. 
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Figure 12 - Temperature versus time along tungsten tip and copper 
leads computed from one dimensional heat transfer equation in the 
absence and presence of the alumina insulator. Note temperature 
excursion undergone by braze joint without the alumina acting as 
heat reservoir. 
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Figure 13 - Temperature versus position along tungsten tip and 
copper leads computed in the presence of alumina insulator acting as 
a heat reservoir. Note the steep temperature gradient in the 
tungsten filament near the braze joint. 
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Probe Tip and BTaze Temperature versus Time 
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Figure 14 - Temperature versus time along tungsten tip and copper 
leads in presence of alumina insulator with heating current shut off 
at 0.5sec. Copper leads show little overall temperature rise after 
5sec. 
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Floating Potential Raw Data vs Position 
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Figure 15 - Representative floating and space potential versus radi?l 
position profiles in PISCES using the scanning emissive probe 
diagnostic without heating emissive probe tip. Parabolic shape of 
potential profiles is indicative of reflex arc discharges. 
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Figure 16 - PISCES Presheath Experiment data; three dimensional 
profile and contour plot of space potential. Note that the space 
potential is seen to vary by approximately 0.5kTe along the axis of 
experiment. 
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Figure 17 - PISCES Presheath Experiment data; three dimensional 
profile and contour plot of density as computed from average of flux 
collected by upstream and downstream mach probe. 
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Figure 18 - PISCES Presheath Experiment data; three dimensional 
profile and contour plot of parallel mach number as computed by the 
Stangeby model. The computed mach number is actually greater 
than 1.0 near the surface, but the assumptions of the Stangeby model 
are violated because the surface is interrupting the downstream 
probe's flux tube. 
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Figure 19 - Mach number computed from mach probe data via the 
Stangeby, Hutchinson, and Harbour and Proudfoot models and the 
mach number computed from the free fall model due to the 
measured space potential variation versus position along the axis of 
the discharge. The free fall model is normalized to the Stangeby 
mach number far upstream from the wall surface. 

65 



Figure 20 - Density as measured from the average of the upstream 
and downstream flux on the mach probes and the density computed 
from the Boltzmann Relation using the space potential variation 
measured by the emissive probe versus axial position along the 
center of the discharge. Density from the Boltzmann Relation is 
normalized to the measured density far upstream from the wall 
surface. 
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Figure 21 - A typical I-V characteristic of a cold probe in a plasma 
and the load line of the measuring electronics with finite impedance. 
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Figure 22 - A simple network modelling the effect of the plasma 
source impedance, stray cable capacitance, and finite input 
impedance of the data acquisition electronics. 
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Figure 23 - I-V characteristics of the emissive probe when cold and 
emitting at the center of the discharge. Observe that the floating 
potential of the emitting probe is 1.5kTe below the true space 
potential at the divergence of the two characteristics. 
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Figure 24 - Schematic diagram of the differential amplifier and 
feedback circuit necessary for the differential emissive probe. 
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