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Abstract
An ideal internal magnetic probe would provide high temporal and spatial resolution, 

without perturbing the plasma. Optimizing the following moves towards this ideal: Size - as 

small as possible; Plasma facing material - insulating, difficult to ablate, low Z; Shielding -

electrostatic, short field penetration time; Electronics - high gain integration, long term 

stability. Over the years, significant improvements in these areas have been made. The latest 

probe, built for TCSU, is 3 axis with 96 windings. It is BN clad with a 5 mm outside diameter, 

is UHV compatible, and can be baked to 200 C. The integrators used are gated, with a 10 sec 

RC time, and have less then a 10 mV drift per second. Plasmas with widely varying parameters 

have been probed. A few hundred eV, 1e20 m-3 density plasma with a 1 msec duration 

represents a reasonable upper limit for probe usability. Plasma duration, density, and 

temperature can be traded for each other. Design criterion and construction details will be 

presented, with a focus on the óhow toô of actually building one.

Introduction
In 2001, we published an RSI paper titled "Small, high frequency probe for internal 

magnetic field measurements in high temperature plasmas". Since then, significant 

improvements to the design have been made. These include:

- Gold plated tungsten wire for the windings.

- Boron Nitride to Jacket the probes.

- A proper metallic UHV vacuum interface.

- Self zeroing differential integrators.

- Full electrostatic shielding.

- Bakeable to 200 C

While substantial effort went into developing these improvements, both in identifying sources 

for the materials and then in learning how to work with them, the cost to replicate them is 

modest. More importantly, these design elements provide substantially enhanced performance 

over the often used magnetic probes consisting of windings placed directly into fairly large 

stainless steel or quartz housings.   

The Redmond Plasma Physics Lab (RPPL) is dedicated to the study of the Field Reversed 

Configuration (FRC). Present efforts have focused on using Rotating Magnetic Fields (RMF) 

to sustain the FRCs in steady state. Figure 1shows a picture of the present machine, TCSU. 

Probe Design: Basic Equations
ú An internal probe needs to survive the plasma environment without significantly 

perturbing the plasma. There are three important equations to consider:

Pinc = 3.6 10-15nT3/2(eV) W/m2 Equation 1

Pincis the power incident on the probeôs surface per unit area from the plasma, n is the 

plasma density, T is the plasma electron temperature. This assumes sonic flow to the probe and 

is for a deuterium plasma. 

melt = 0.25 Tmelt
2 c/Pinc

2 sec Equation 2

melt is the characteristic time for the probe surface to melt, Tmelt is the material melting 

temperature, is the material thermal conductivity, is the material density, c is the material 

specific heat. This is based on the semi infinite 1-D heat equation.

T = PinctexpA/mpcp K   Equation 3

T is the total change in temperature of the probe based on the incident heat. texp is the 

time the probe is exposed to the plasma, A is the exposed surface area, mp is the total mass of 

the probe, and cpis the probeôs specific heat. This assumes that the probe has come into 

thermal equilibrium.  

ú The probe should be made sufficiently small so that the power lost to the probe is 

small compared to the plasmaôs characteristic energy loss rate. Equation 1provides a 

measure of the power the plasma will lose to the probe. Certainly, minimizing the probe area 

will minimize the probes impact on the plasma.

ú The probe's plasma facing surface should not melt.Equation 2provides a measure for 

the probeôs impact on the plasma that is most relevant when the probeôs exposure time to the 

plasma is less then the time it takes for the incident heat pulse to propagate to the probeôs 

interior. Most likely, once the probeôs surface melts (or boils), either the probe or the plasma 

will be destroyed. The probe material which will survive the longest has the largest material 

figure of merit, Tmelt
2 c. Table 1below compares various materials and their corresponding 

figure of merit. The material figure of merit expresses the ability of the material to both hold 

heat without damage, and to rapidly transport heat away from the surface. Not captured in the 

figure of merit is the materials sputtering threshold. Sputtering thresholds are compared in 

Table 2.

ú The probe's final equilibrium temperature must be kept below the failure point of its 

components.Equation 3provides a measure for the probeôs survivability. The change in probe 

temperature should be kept below that at which the first probe component would fail, often the 

insulation on wires. This equation is particularly useful for determining how long a probe can 

survive exposure to a given set of plasma conditions.

Table 1. A Comparison of Material 'Figure of Merit', Tmelt
2 c.

Tmelt (°K) (10
3
 kg/m

3
) (W/m°K) c (J/kg°K) Tmelt

2
c (10

15
)

Tungsten 3700 19.0 180 130 6.09

Molybdenum 2900 14.0 150 250 4.42

Aluminum 1000 2.8 240 900 0.60

Inconel 1700 8.2 30 200 0.14

Berylium Oxide, BeO 2800 3.0 260 1000 6.12

Boron Nitride, BN 3300 2.2 180 710 3.06

Aluminum Oxide, Al2O3 2300 2.6 26 800 0.29

Quartz, SiO2 1900 2.6 2 740 0.01

W Ta Mo Cu Al SS316 Inconel BeO Al 2O3 SiO2

H 429 737 199 51 93 65 51 47 63 30

D 178 315 90 33 36 39 40 29 66 28

He 107 90 48 18 12 35 35 72 112 66

Table 2. A Comparison of Material Sputtering Threshold.

Figure 1. A picture of TCSU.

ú As Small As Possible:

The most obvious design criterion is that the probe should be kept as small as possible 

to minimize its impact on the plasma. In minimizing the probe size, the following 

constraints arise.

The probe must be manufactureable, and the needed materials must be available. Since 

the cross sectional area shrinks as the square of the radius, space rapidly runs out. For 

example, very fine copper wire (20 m diameter) is available, but we found it too fragile to 

handle. This lead to the use of Tungsten wire since it has a tensile strength ~ 10 times 

greater than that of copper.

ǒThe magnetic pickup loops must have an area sufficient to detect the desired field levels. 

At a minimum their area should be significantly larger than stray areas in the connectors 

and leads. Decreasing integrator RC times compensates for smaller loop areas. With active 

integrators, stability issues arise at very short RC times. For us, this limit is approached with 

10 sec integrators that operate for 2 seconds.

ǒProbes become fragile and difficult to handle, especially when made from ceramics. They 

droop sideways unless installed vertically.

ǒThe probe's final equilibrium temperature, Equation 3, rises as the inverse square of the 

radius. If a given amount of heat must be absorbed by the probe, for a fixed temperature 

change, then a probe of given construction will have a relatively fixed minimum size. Since 

the probes innards have relatively little mass, we use this criterion to set how thick the 

probe's outer Boron Nitride sheath is. 

ú Does Not Melt:

The design criterion that the probe's plasma facing surface does not melt is achieved 

through proper material selection. Table 3 shows how Boron Nitride survives in a variety of 

plasma conditions. The 'surface melting time' scales linearly with the 'material figure of 

merit'. Thus from Table 1, one can see that Boron Nitride will last ~ 300 times longer than 

Quartz Glass. Experimentally, we have found that quartz should be avoided since it readily 

oblates and rapidly cools the plasma. 

ú Non Metallic:

In considering Table 1and Table 2for material selection, Ta, W and Mo look like 

particularly good choices, both in terms of the 'material figure of merit' and in terms of the 

sputtering threshold. However, being conductors, they tend to short out electric fields within 

the plasma. This not only perturbs the plasma, but also risks probe failure as currents arc to 

and from the probe. For this reason, we do not use metal clad probes.

Probe Design: Practical Constraints

Table 3. Probe Plasma Survivability.



Figure 3. A Single 3 Axis 

Base Unit Wound on Form. 

Probe Design, Construction, Material Sources

Kapton, 3 mil wall, 100 mil I.D.

Gold electrostatic shield, 2500 Angstroms.

Drain wire, 4 mil Au, 2 gently twisted.

Kapton, 3 mil wall, 114 mil I.D.

SS vacuum boundary, 126 mil I.D., 2 mil wall.

Teflon high voltage insulator, 6 mil wall.

Boron nitride, 28 mil wall, 205 mil O.D.

Kapton form, 40x40 mils

'Y' windings, 400 turns.

'X' windings, 40 turns.

'Z' windings, 40 turns.

Twisted leads, 1.85 mil O.D. Au plated W.

Figure 2. Probe Cross Section, 96 Channel, 3-Axis, 5 mm O.D. 

ú The vacuum boundary is an ultra thin stainless steel tube. It is robust, 

and fields can penetrate it in 100 nsec.
Vacuum Boundary: 304 stainless steel tube, 0.126" I.D. 0.002" wall.

Cost: ~ $20 per foot

Vendor: Vita Needle, MA, p 781-444-8629, f 781-444-3956.

Notes: With these thin walls, the tube is made on a 'best effort' basis. The actual tube that was 

delivered had a wall closer to 0.0022". The uniformness of the wall thickness was not 

measured, but the company was concerned about break through where the tube may have 

been ground too thin. No evidence has ever been seen to suggest that the walls are not of 

fairly uniform thickness.At 2 mils thick and 126 mils in diameter, the L/R penetration time 

for magnetic fields is under 100 nsec, for both longitudinal and cross magnetic fields.

This tube is quite easy to braze in a UHV acceptable manner (see below) but we also 

found a vendor (Applied Lasers, CA, p 925-671-9785, f 925-356-2686) capable of welding 

it, with about a 50% success rate under He leak testing to 1e-9 std cc/sec. Special fittings had 

to be provided though, and the tube material had to be 304 stainless steel.

ú The drain wire lowers the resistance of the electrostatic shield, 

without slowing the field penetration.
Drain Wire: 4 mil Au plated Cu-Ni wire, part # 100-231, Bare wire.

Cost: ~ $400 per 100ft

Vendor: California Fine Wire, CA, p 805-489-5144, f 805-489-5352

Notes: Two strands were used and gently twisted together. Twisting the pair together 

guaranteed regular points of good contact with the gold coating on the Kapton tube. Gold 

was selected to avoid oxidative problems at higher temperatures. The purpose of the drain 

wire is to give screening currents a low resistance path to ground, unlike the fairly resistive 

gold film. Were the gold film made thick enough to not be resistive, it would screen fields 

from the windings, and limit the probes response time.

ú The probe form is made from laminated Kapton.
Form: 40 mil x 40 mil, ~52 cm long.

Material: Cirlex, a Polyimide film laminated with PTFE adhesive.

Cost:8.5ò x 23.5ò x 0.040ò ~ $170

Vendor: Fralock, CA, p 818-709-1288, f 818-709-1738

Notes:Polyimide was selected because of its low creep and 200 C plus operating 

temperature.

ú The form is machined with a custom slitting saw so wires can be 

wrapped around it rather than threaded through it.
Form Machining: Custom slitting saw, 0.020ò thick, 30 tooth, 30 degree angle. Part Number 

SWM3-00-10055

Cost: ~ $300

Vendor: Robb Jack, CA, p 800-527-8883, f 916-645-0146

Notes:The 'X' and 'Z' windings are wrapped around angled grooves cut into the form. This is 

much easier than attempting to drill holes through the form, and then threading the wire 

repeatedly through the holes, especially with long leads and/or many turns. The 'Y' winding 

is wrapped around the form and lies under the 'X' and 'Z' windings.

Figure 4shows 3 3-Axis base units in the form, each 1.2 cm long. The form contains 32 

base units spaced 1.5 cm on center. The X windings are centered over the Z windings, which 

are centered over the 'Y' windings. Centering the windings over each other simplifies data 

processing and interpretation. 

To cut the 'X' axis on the probe, use double sticky tape to hold a wide strip of the Cirlex 

to an aluminum block. Cut all of the grooves cross wise, then lengthwise part off the long 

strips 40 mils wide. Though only one strip was needed, several were parted off to have 

practice material. Next, make a jig to firmly hold the strips in place along their entire length, 

by compressing the two sides together, and holding the top down. Then cut all of the 'Z' 

grooves. These will pass through both the jig and the form. Finally, place the strip in a lathe, 

and turn it round it at the locations of the 'Y' windings.

The slitting saw was held at a 30 degree angle in the mill (vertical mill head rotated 30 

degrees from vertical) to produce a groove that had the flat bottom as shown. It is important 

for the slitting saw to be sharp to avoid delamination and cracking issues.

As the form and windings are pulled into their insulating housing, if they do not fit 

snugly enough, the form can shift and rotate a bit as the probe is thermally cycled, messing 

up the calibration numbers. Just a little snugness is needed.

ú Fine Gold plated Tungsten wire is used for the windings. It is strong 

and can be soldered to.
Winding Wire: 1.5 mil +/- 0.05 mil W wire, plated with 6% Au, Insulated with 0.3 +/- 0.05 

mils polyimide. Final OD is 1.85 +/- 0.1 mils. Resistance is ~ 3 Ohms per inch.

Cost: ~ $400 per 1000ft

Vendor: California Fine Wire, CA, p 805-489-5144, f 805-489-5352

Notes:The W wire is used for its high tensile strength, and it is Au plated so that it can be 

soldered to. A lighter is used to burn the insulation off at the ends, and then a glass bristled 

brush is used to brush the burnt insulation off of the wire, leaving a clean gold surface. It is 

important not to overheat the end of the wire when doing this, or the gold layer disappears, 

and the wire can not be soldered to. Also, care needs to be taken with the temperature of the 

soldering iron. There is some suspicion that with it set too hot, the thin gold layer dissolves 

in the solder, or otherwise disappears, which prevents a good solder joint from being 

obtained. Be careful when winding this wire. The W is very hard and can easily cut through 

the polyimide insulation. Nylon insulation is far too soft for this application. 

Due to the high tensile strength of the W, it remembers every azimuthal twist made, and 

special attention must be paid to allowing this azimuthal twist to untwist, or the wire will 

kink. Once kinked, it breaks readily. Each turn around the form typically introduces one 

azimuthal twist as well. When winding, a small washer is hung on the wire as it is pulled 

from the spool to always keep it under a slight tension to prevent it from kinking. Then, after 

the loop is wound, the lead is cut from the spool and allowed to drop freely. As it drops, the 

azimuthal twisting is undone, and the wire relaxes. To keep the winding from unraveling, 

the outer lead is threaded through and wrapped around the winding (1 to 2 times ) to bundle 

the wires together.

Similarly, when the leads are twisted together, they are always kept under tension, again 

with a small (but slightly bigger) washer hung from them (wires pulled horizontally, washer 

hung in the middle). The wires are taped to a small steel rod, with one end gently tapered 

down to ~ 1/2 mm diameter. This allows the rod to be rapidly rolled between the fingers to 

twist the wire up. Next the wires are allowed to untwist until all twist is fully relaxed, before 

the tension is removed from them. Typically ~50% of the twist put into them unwinds. To 

untwist the wires, the wires are hung over a finger placed near the steel rod, and the steel rod 

is released. It maintains tension in the wires as they unwind.

It is important to leave plenty of empty space inside the insulating housing since the 

wire will not stack as neatly as it can be drawn. We typically try to give each wire or wire 

pair ~10 times its cross sectional area for extra space to move around in.

At one point a 1 mil W wire plated with 0.5 mils of Au was tried. The hope was to 

reduce the wire's resistance, and make it easier to solder to. This wire turned out to be very 

difficult to work with, and was very brittle. It is no longer used. 

ú Kapton tube is used for insulation between probe and vacuum 

ground. It can be gold plated.
Kapton Tube: 0.1" I.D. 0.003" wall, and 0.114" I.D. 0.003" wall, Kapton (Polyimide).

Cost: ~ $30/ft

Vendor: Precision Paper Tube, IL, p 847-537-4250, f 847-537-5777

Notes:The Kapton tube is made by rolling the Kapton up and gluing it together with a 

PTFE adhesive, in much the same way toilet paper rolls are wound. It has the voltage hold 

off typical of Kapton, even after much bending and crinkling.

ú Gold plating is used for the electrostatic shield. It is thin enough that 

magnetic fields rapidly penetrate it.
Gold Plating: 2500 Angstroms of Au plating on 300 Angstroms of Cr adhesive.

Cost: ~ $1200 (probably less today)

Vendor: Newport Thin Films, CA, p 800-854-0089, f 909-628-1418. Talk to Joe or Scott.

Notes: The purpose of the gold film is to be an electrostatic shield, independent of the 

vacuum boundary. It is sufficiently thin that the magnetic fields pass right through it. It was 

kept thick enough so that the RC time for current to flow azimuthally around it from the 

drain wire was fast enough to provide effective shielding. Gold was selected to avoid 

oxidative problems at higher temperatures.

Voltages on the order of several kV that fluctuate at the MHz rate have been observed 

within translated and captured FRC plasmas, via floating probes. If these potentials exist, 

they may make the need for an electrostatic shield much greater than for probes outside the 

plasma, given the proximity of this high potential. All recent RPPL probes have had such an 

electrostatic shield, though we have no data comparing how the probes behave with them vs. 

without them. Since we have had these shields, noise has not been an issue. At the same 

time we started using the electrostatic shields, we also switched to differential integrators, so 

we can not conclusively say that the electrostatic shield is the reason for the very low noise 

levels (sub digital count). However, we have had arcs from the vacuum ground to this 

electrostatic shield (screen room ground) and it protected all of the delicate inner windings. 

This protection alone justifies its use.

1 mm = 40 mils, 1 mil = 25 m

Figure 4. Form cross section showing 3 3-Axis base units. The central 

base unit is shown in blue.

'X' Winding
'Z' Winding

'Y' Winding



ú AX05 Boron Nitride is the best plasma facing material we 

have identified. It has excellent thermal properties, is 

available, is machineable, and is thermally shock resistant.
Boron Nitride: AX05, Combat Boron Nitride Solid Grade

Cost: ~$120 per foot

Vendor: Saint Gobain Advanced Ceramics, NY, p 716-691-2051, f 716-691-

2090. A good contact is Steve Lyle at 716-691-2015.

Notes:This material is rated at 1 kV/mil, though we have never tested it. It is 

porous, like chalk, and can not be a vacuum boundary. It is high purity, and 

does not contain any binders. Wear gloves when handling it to avoid oil 

contamination.

We machine it into interlocking tubes around 1" long, with a simple step 

overlap at the joints. It is very important that the joints have a loose slip fit, and 

similarly, that there is sufficient clearance over the probe. This is necessary so 

that the probe has space to flex without cracking the BN. The material is soft 

and brittle. It is also the best plasma facing material that we have been able to 

identify.

With our probe having a nominal diameter of 142 mils at the surface of the 

Teflon heat shrink, the BN tubes were made as follows:

Male Lip - 0.172" OD, 0.011" wall, 0.039" long

Main Tube - 0.205" OD, 0.150" ID, 0.748" long

Female Lip - 0.179" ID, 0.013" wall, 0.039" long

Typical tolerances were +/- 0.001". Thinner walls are possible, but then 

handling the pieces becomes harder. The dimensions above worked quite well. 

Do not expose BN to water, and certainly do not sonicate in water. The BN 

reacts with water to form boric acid (likely B(OH)3) and NH3. Since it is a 

permeable material, this can happen throughout the volume. Saint Gobain 

actually suggests keeping it under a dry atmosphere. When heated to 500C, the 

boric acid will reduce to boron oxide (likely B2O3), releasing water and 

ammonia. AX05 grade BN is somewhat translucent, and boron oxides within it, 

when exposed to UV, will yellow/brown it. Steve Lyle has suggested that the 

black we see after exposure to energetic plasma is likely pure boron.

Pyrolytic BN is not permeable, but it has a much lower thermal 

conductivity ï2W one way and 60W the other, vs. 70W and 130W for AX05. A 

possible contact is Morgan Advanced Ceramics, NH 603-598-9122.

ú UHV seals to the 2 mil wall stainless steel vacuum 

boundary can be made in house using the BAg-8 brazing alloy.
UHV Brazing: BAg-8 Brazing Alloy, 0.020" diameter, used with Black Flux.

Vendor: Carbide Processors, WA, p 800-346-8274, f 253-476-1321.

Notes: Bag-8 brazing alloy is composed of 72% silver and 28% copper.  Its 

liquidus and solidus phases both occur at 1435 F.  This means that it transforms 

from solid to full-flowing liquid instantly.  

Black Flux was recommended by the vendor because it is easier to use.  It 

can be kept at a high temperature for longer without being exhausted.  We UHV 

tested parts brazed with this alloy and flux, and found no detectable peaks on an 

RGA with sensitivity into the 1e-12 Torr range. This included testing pieces 

with obviously poor brazing and significant surface oxidation. Parts were 

always cleaned in an ultrasonic cleaner prior to vacuum exposure.

The parts to be joined should have a sliding fit to allow good penetration.  

The most difficult part of the brazing process is the application of the flux.  It 

must first be dehydrated and then melted on to the work piece.  Start out with 

the driest flux that is manageable.  There is no such thing as too much. To help 

hold the flux in place, the parts to be brazed are slowly rotated in a lathe. The 

flux and work piece will glow cherry red before the braze alloy will flow.  The 

flux will be a lot like a molten glass when it is being worked.

Typically, we use a mapp gas torch. It is important that the joint be under 

the flux while the brazing is being performed. After the braze has cooled, the 

flux can be cleaned in the ultrasonic cleaner. Spraying water on the piece while 

the flux is still hot helps to crack and shatter the flux, and makes its removal 

easier.  If the joint is good it will look right, i.e. no bubbles or discoloring, with 

smooth even flow. 

When plugging the end of the very thin walled tubing, a rod is inserted ~ 20 

mils into the end of the tube. It has a lip cut into its outside diameter a few mils 

deep so that it snugly seats into the end of the tube. After the brazing is 

complete, additional machining is done to clean off extra flux and brazing 

compound, and then the rod is cut off, leaving a plug in the end of the tube ~ 40 

mils thick. A skilled technician can learn how to perform this brazing technique 

in a day or so. It typically takes around one day to make each probe housing, 

which consists of a section of the thin wall tube with a plug brazed in one end, 

and a thick walled tube brazed to the other end. It then takes another half day to 

He leak test each of these pieces.

ú Teflon insulation is used in vacuum to prevent the stainless 

steel vacuum housing from shorting out plasma potentials.
Teflon Insulation: Item 39902, LW, HS, PTFE, Light Wall, 13 AWG, 0.140" 

expanded 0.080" recovered with 0.008" +/- 0.002" wall

Cost: ~ $4 per foot

Vendor: Zeus Inc, SC, p 803-268-9500, f 803-533-5694

Notes:When shrunk onto the ss tubing, the PTFE appears to be 0.006" thick, 

but is certainly under 0.0075" thick. It was tested to high voltage, and held to 

over 20 kV on several tests. This insulating layer is extremely important since 

translated FRCs (and maybe FRCs in general) have very large radial electric 

fields. It is also important that this insulating layer extends several mm past the 

tip of the probe to provide adequate voltage hold off there as well. The tip is 

back filled with an RTV adhesive described below. This Teflon heat shrink was 

UHV tested, and found to have no detectable peaks in the 1e-10 to 1e-11 Torr 

range (after being baked at ~ 200 C for several days).

ú A UHV rated RTV was used to insulate the probe tip, and 

to hold the Boron Nitride onto the probe.
RTV: CV 2289, used with CF6-135 Primer

Cost: ~$160 per 50 ml cartridge

Vendor: Nusil Technology, CA, p 805-684-8780, f 805-566-9905.

Notes:This material has been UHV certified for use in TCSU. After baking at ~ 

175 C for a month, its outgassing rate was indistinguishable from the test 

chamber's outgassing rate of 5e-9 Torr liters per second at room temperature.

See "The TCS upgrade: Design, Construction, Conditioning, and Enhanced 

RMF FRC Performance" Fusion Sci. Tech. p 945, vol. 54, 2008, for more 

details. This material should be vacuum baked prior to installation on a UHV 

system. In general, RTVs should never be used in UHV.

Differential Active Integrators

Material Plasma Exposure: Past Experience
TSC RMF Formation and Sustainment:

Probe: 3 mm diameter by 40 cm long beryllia jacketed probe.

Plasma:Te ~ Ti ~ 25 eV, n ~ 2×1019 m-3, Duration ~ 2 msec, Size ~ 2 m by 0.6 m. 

Results:No detectable impact on any diagnostic.  Estimated 70 kW lost to probe was small compared 

to plasmaôs few megawatt energy loss rate.

TCS FRC Capture followed by RMF Sustainment:

Probe: - 3 mm diameter by 40 cm long beryllia jacketed probe.

- 6 mm diameter by 40 cm long boron nitride jacketed probe (BN placed over beryllia).

Plasma:FRTP formed FRC, translated into the RMF sustainment chamber and onto  the probe. The 

translational energy was on the order of the plasma temperature.

At formation, n ~ 61020 m-3, Te ~ Ti ~ 200 eV (low energy) Te ~ Ti ~ 450 eV (high energy), 

Duration  ~ 250 sec, Size ~ 2 m by 0.6 m.

After capture, n ~ 5×1019 m-3, Te ~ Ti ~ 100 eV, Duration ~ 2 msec, Size ~ 2 m by 0.6 m. 

Results - probe: The beryllia jacket was cracked both crosswise and lengthwise along the sides facing 

the incoming FRC. Thermal stress and possible stress from the surface melting and then shrinking as it 

rehardened are suspected. The boron nitride surface blackened, indicating decomposition, and ~ 3000 

C surface temperatures, but did not appear melted. 

Results - plasma:Theboron nitride jacketed probe reduced the plasmaôs excluded flux signal for the 

translated FRCs, up to about 50 % when compared to the typical best shots for the high formation 

energy translated FRCs, and up to about 20 % when compared to the typical best shots for the low 

formation energy translated FRCs. For the typical low formation energy translated FRCs, the probe had 

no noticeable impact on the plasmaôs excluded flux signal. In both cases, the probe resulted in a large 

increase in the local radiation, based on a bolometer looking directly at the probe, as well as a possible 

increase in the surrounding local density. A negligible impact was seen on visible tomography channels 

looking elsewhere in the plasma, channels that would clearly register a jump in visible emission on 

shots where the FRC struck the wall.

TRAP Translated FRCs:

Probe: Material samples only, ~ 1.5 mm diameter by 40 cm long, quartz glass, alumina, beryllia, 

molybdenum.

Plasma:FRC translated over probe at 1.3×105 m/sec, Te ~ Ti ~ 100 eV, n ~ 51021 m-3, Duration on 

probe ~ 10 sec, Etranslational~ 3Einternal,  Eflux ~5 MW/cm2, Not an equilibrium plasma.

Results:All surfaces melted/boiled (as expected), but only ~ 10% of the expected energy ended up in 

the probe, presumably because initial rapid vaporization lead to a 'protective' cloud around the probe. 

The quartz and alumina caused rapid plasma decay (bolometer rapidly went off scale), while the 

beryllia and molybdenum had no noticeable impact on the decay rate (significant increase in bolometer 

signal still seen). Interestingly, a diamond window (material figure of merit 10 times greater than 

beryllia) placed in the plasma shattered, presumably from thermal stress as the heat pulse penetrated 

deeply into it, before the surface vaporized.

Sample Data

ú Differential Input. Can 

drive 50 Ohms on output.

ú RC = 10 sec. This is near 

the lower limit.

ú Gated on for 2 seconds. 

This allows all slow 

magnetics to be accurately 

recorded.

ú Sample and Hold removes 

linear drift caused by 'dc' 

input potentials caused by 

contact potentials, etc.

ú Typical random drift is 5 

to 10 mV in 2 seconds. 

Otherwise integrators 

start at zero, and return to 

zero.

Figure 5. High speed 

performance,  8V square wave 

input, 1 sec/div.

Figure 6. Long term stability, 

5 to 10 mV random drift is 

typical, 400 msec/div.

Integrator

Sample 

and Hold

Output 

Buffer
Opto Isolated 

Gate Input

Figure 7. Long term droop caused 

by opa-627 gain/bandwidth limits? 

400 msec/div.
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Figure 8. Magnetic field vs. time. Each trace corresponds to a probe 

at a different radial location
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Figure 9. Magnetic field 

vs. radius.
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