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Small, high frequency probe for internal magnetic field measurements
in high temperature plasmas
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In previous experiments on high temperat(ir&0 eV), high density &10°°m~3) plasmas such as

the field-reversed configuratidifRC), it has not been possible to obtain direct information of the
internal field structure in a nondestructive way. The probe surface would vaporize due to high
electron thermal transport as well as ablate due to high energy ion bombardment. To minimize these
processes, the smallest possible probes made from materials with the longest thermal time to
melting were constructed and tested. In order to measure fast magnetic field clraisgesral

MHz), as well as not influence the FRC internal electric fields, the probe wall material was
constructed from a nonconducting material. Of several insulating materials tested, beryllia was the
only material that was found to be suitable. The probe wall consisted of a 0.3-m-long 2-mm-diam
beryllia tube bored out to 1.5 mm. Inside the small bore, a “chain” probe of 24 loops was
constructed out of 5@sm-diam magnet wire. The two axis probe measured axial and azimuthal FRC
magnetic fields as small as a few gauss with centimeter resolution and a frequency response of 1
MHz or better. With the probe inserted, no changes in FRC confinement or behavior were observed
over the entire 1 ms lifetime of the discharge. 2001 American Institute of Physics.
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I. INTRODUCTION poloidal field volume into the open field line sheath at the
outer separatrix radius;. This annular sheath has a charac-

: . P hen teristic width of the local ion gyroradiys; .*> The axial flow
high density &10?°m~%) plasmas such as the field reversedOf plasma out of this sheath of aréa (~ 27 ;) is roughly

configuration(FRC), it has not been possible to obtain direct sonic. The exposed probe arag for an internal probe that

information on the internal field structure in a nondestructive . : .
12 : i extends radially inward across the full radius of the FRC
way.~“ The reason for this was twofold: the probe surface

. . . ~ 2 ,r 5. For losses to the probe to be sm#l|, <A, or
would vaporize due to high plasma thermal loading as well = . P : ]
. . . equivalently the probe radiug<p; . For the FRCs of inter-
as ablate due to high energy ion bombardment. Typically . .
. .. “kstp; is typically ~1 cm.
after a few to severaglis of exposure, the plasma impurity
radiation from the probe would seriously alter the plasma

confinement and structufeln order to minimize these pro- IIl. MATERIALS SELECTION

cesses, the smallest possible probes made from materials The other constraint on the probe is that it be capable of
with the longest thermal time to melting;,, were con-  apsorbing the plasma energy without vaporizing during the
structed and tested. It was desired that the probe be capatigscharge time. The relation between the incident poRver

of measuring fast magnetic field changes to several on the probe surface, and the timg required for the surface
MHz), as well as not influence possible FRC internal electricg reach the melting temperatufe, is given by

fields. Both requirements dictated that the wall material be )
constructed from a nonconducting material. It was also de- :WKCp(h) 1)
sired that the probe should not have a significant influence on ™ 2P) "’

the plasma energy confinement time. wherex is the thermal conductivity of the wall materiad,is
In designing the probe it was assumed that the probg,e specific heat, andis the material density. A short list of
would act as a thermal sink with the plasma flowing to theyogsiple probe wall materials is given in Table I. Several of

probe at the sonic speed and depositing all its energy therg,ese materials were tested in the TRAP FRC acceleration

Having this loss be a small fraction of the total energy lOStexperimentg. FRCs at very high density (8107*m~3)

from the plasma put an upper limit on the probe surface areg;i, temperature§ =T, =110eV, were translated at high
that could be exposed to the plasma. velocity (v,=1.3x10° m/s) across small, hollow rods com-
An estimate of the limiting probe size for the FRC can hoseq of various materials which were inserted and placed
be obtained from a consideration of how plasma is lost from, s the diameter of the vacuum tube, transverse to the
the FRC. For a FRC, the plasma is lost from the closed,yja| FRC motion. The exposure time of the heat pulse to the

rods was the transit time of the FRC across the rods, and for
dElectronic mail: slough@aa.washington.edu theses experiments 10 us. Given the high power density

In previous experiments on high temperat(ix0 eV),
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TABLE |. Physical characteristics of possible probe materials. The materials in bold were tested in the TRAP
experiments.

10" °T?Kpc Tmett (145)
Trmett p K c surface P=50 GWI/n?
(K) (glen®)  (WiKfem)  (J/gK) response (TRAP)
Tungsten 3700 19.0 1.80 0.13 60.9 1911
Molybdenum 2900 14.0 1.50 0.25 44.2 1.386
Copper 1400 8.9 3.90 0.38 25.9 0.812
Platinum 2045 215 0.73 0.13 8.5 0.268
Aluminum 1000 2.8 2.40 0.90 6.0 0.190
Inconel 1700 8.2 0.30 0.20 14 0.045
Berylium oxide 2800 3.0 2.60 1.00 61.2 1.920
Boron nitride 3300 2.2 1.80 0.71 30.6 0.961
Graphite 3600 2.0 1.50 0.50 19.4 0.610
Aluminum oxide 2300 2.6 0.26 0.80 2.9 0.090
Silicon oxide 1900 2.6 0.02 0.74 0.1 0.003

(50 GW/n?), from the thermal as well as translational energy ~ Other materials may also show the same good behavior
of the FRC intercepted by the rods, the melting time wasas beryllia, such as boron nitride or silicon nitride, but it was
much shorter than the transit time for all the materials testechot possible to find a source that could fabricate these mate-
Surface changes could be observed on all the materials. Thils into a small radius rod, let alone a long hollow tube.
rise in rod temperature along the length of the material was

recc_)rc_ied by_a thermocouple _after the d_ischarge. The FR%_ PROBE DESIGN

radiation during the rod transit was monitored by a bolom-

eter, and the FRC energy was measured by an axial array of Suitably small tubes of beryllia with outer diameters of 2
excluded flux loops. Details of these measurements will bénm in lengths up to 0.5 m were obtained from Brush Well-
given elsewhere. The results can be summarized as followsian. Fabrication constraints, however, limited the inner bore
The final probe temperature was only 5%—-10% of whatdiameter to 0.9 mm. The tube’s small bore presented a prob-
would have been predicted from the full absorption of thelem in that to measure magnetic fields as small as a few
plasma energy intercepted by the probe. It is assumed thgauss with cm resolution, a large loop area was needed.
the initial rapid vaporization led to a plasma cloud aroundTherefore the beryllia tube inner bore was incrementally
the probe that reduced the subsequent power flow to theored out using very long diamond tipped drill bits to a
probe. Remarkably, even with the melting temperature exdiameter of 1.5 mm. To improve the effective loop area,
ceeded, it was found that one of the materials tested, berylligeveral loop turns were employed for each B-dot probe.
caused no major degradation of the FRC energy confineSince there was little room for a winding structure inside the
ment. With its superior thermal properties, once the surfacémall bore, a “chain” probe was constructed out of a0+

had melted and produced the protective cloud, the reducediam magnet wirdsee Fig. 2

heat flow extended the time for further vaporization to atime A two axis, 24 element probe was constructed to mea-
greater than the FRC transit time, and no more erosion ocsure the principle axial and azimuthal FRC magnetic field
curred.

The excluded axial fluxA ¢, from the transit of the FRC 10 [ T T T ]
was recorded by an array of magnetic loops along the axia i 1
length of the TRAP experiment. This signal is directly pro- 8
portional to the internal FRC energy at the location of the

loop! The A¢ signal during FRC passage at locations up- 6

stream and downstream of the rod position is shown in Fig. Ad r
1. It can be seen that the usual probe materials, alumina an mwhb) 4
fused silica(quart?, caused rapid energy decay in the FRC, X
but that the FRC energy after transiting over the beryllia was 2r
essentially unchanged from when there was no rod. The im-
pact of the vaporization of probe material was observed,
however, in the radiated power observed by a bolometer

mounted at the same axial location as the rods. There was

R . . X . 20 30 40 50 60
significant increase in radiated power for even the beryllia.
This is no doubt due to the oxygen impurity from the beryl- time (Uusec)

lia. Since the oxygen is first in the lowest ionization state, it « _ | . B
would be expected to radiate heavily until it was StrippedFIG.' 1. Probe e ect on FRC internal energy decay rate after transiting
various probe materials. The excluded flux signals prior to probe tréatsit

6 . .
down to the O° state for theT,~100eV in these experi- z=-0.3m for all materials were similar to the case with no rod. For
ments. clarity, only the signal for BeO and no rods are shown.
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FIG. 2. Schematic of the internal magnetic probe array used in the STX
experiments.

components. Each pickup loop was approximately 1.1 cm  Bs WMWWWMWMWMWWWWWWW“ "
long by 0.15 cm wide and was composed of eight individual ~ (G) £ :
turns of the copper wire. The pickup loops were threaded WMWWWWWW 313
together in exactly the same manner as links in a chain, anc :
consequently, adjacent loops were nearly orthogonal. The MMWWWWWWM 12
leads to the probes ran down the length of the beryllia tube = :
and out the lower end into a quartz tube parallel to, and EWMWW o 31
resting on, the bottom of the 40-cm-diam Star Thrust Experi- 01 02 03 04 05 (')‘6
ment (STX)® vacuum chamber. The beryllia tube was fixed ' ' ) '

. - . time (msec)
orthogonally to this quartz tube and was positioned radially
up into the STX vacuum chamber, passing through rthe FIG. 3. Data taken from internal probe array on STX. The upper traces are
=0 axis of symmetry. The tip of the beryllia tube was the signals from axial magnetic field component from every other loop in
capped with a small piece of boron nitride to prevent plasméhe array. The lower traces show the transvéfecomponent of the mag-

. . netic field produced by the RMF antenna at the edge of the FRC.
entering the tube from the probe tip. The leads to each of the P Y 9

pickup loops were also made from the thin copper wire and Probe data from the RMF experiments on STX are

were twisted with approximately ten twists per cm in ordershown in Fig. 3. High sensitivity and high frequency re-

to reduce stray flux coupling. This was important since it was :
. . sponse of the probes was needed to observe the screening of
desired to move the location of the transverse probe array. "o ME by the lasméisee Fig. &)]. With the probe in-
axially over several meters inside the STX vacuum chamber, y piast 9. ). Probe
: .. “Serted, no changes in FRC confinement or behavior were
A three axis probe was also constructed by encircling L .
. . observed over the entire lifetime of the dischafge to 1
each pair of orthogonal loops with loops that formed a sole-ms) The STX plasma density and electron temperature was
noidal winding along the axis of the beryllia tube. Due to theSxiolsm* and 60 eV, respectively. Due the preferential
small cross section of these loops, roughly 100 turns Peloss of the higher energy electrons in the sheath near the

probe were used. The third axis was found to be unnecessar o :
. rp¥obe, it is assumed that each electron to strike the probe
since the probe array was used to measure a transverse ro-

tating magnetic fieldRMF),2 and measuring the one trans- Iosgs XTe of energy. The power flow to the probe was thus
. o estimated to be 8 kW. The power loss from the plasma was
verse(azimuthal component was sufficient.

Due to the lack of a winding form the probe effective estimated to be 60 kW, so that the probe energy losses were

. oo . not the dominant loss mechanism.
cross-sectional area and direction were variable from loop to

loop, _but adjacent I(_)ops_were found 'Fo be nearly orthogonaIN. PROBE ELECTRONICS

The final probe calibration was carried out after the probe

was installed in the chamber. Inside the flux conserving coil ~ Flux penetrating the loop generates a loop voltage pro-
a very uniform axial field could be generated and providedportional to the change in flux. The signal from these probes
the loop sensitivity to a knowB,. The RMF antenna con- is electronically integrated to provide a direct measure of the
sisted of two sets of coils that independently produced unimagnetic field. A schematic of the circuit used is shown in
form B, and B, oscillatory fields(at 350 kH2. These coils  Fig. 4. It consists of a 20 microsecond integrator followed by
were used to calibrate the individual probe’s sensitivity toan amplifier with a gain of 20. Such a high gain circuit is
these fields. By using the signals from pairs of adjacenheeded due to the very small size of the magnetic probes and
loops, the axial and azimuthal field components during @o the need to accurately measure small changes in small
discharge could be unfolded. fields.
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STX Internal B Electronics employed. The first was a tight twisting of all the probe leads
Pl over the 30 m to the screen room. This twisting keeps the
g effective area between the twin lead small compared to the
pickup area of the probe itself. The second noise control
technique involves running all the leads through a thick
~ walled copper pipe to shield them from electrostatic noise
bigsd 3 and rapid field changes. This copper shielding extends from
i‘"" the base of the beryllia tube all the way back into the screen
room A 10 nF capacitor was placed across the probe leads
inside the screen room where the transition is made to co-
FIG. 4. Electrical schematic for the electronic integration and amplificationaxial cable. This capacitor together with the Q(probe loop
of the internal magnetic probe signals. resistance make a low pass filter at 5 MHz, which is the
Nyquist frequency of the digitizers. This filter was the limit-
The environment in which the probe operated was harsting factor for the probe temporal response since the flux
It was embedded in a plasma being driven by a multi megapenetration of the loop was less than 50 ns.
watt rf antenna operating at several kilovolts. In this environ-  In conclusion, an internal probe was constructed and
ment the probes were required to measure millivolt signalstested in a plasma where the power density to the probe was
Typical axial fields in STX have an amplitude of 100 G with 5 MW/m? with no observable effect for the discharge time of
a few hundred microsecond rise and fall time, while typicalroughly 1 ms. The probe had sufficient sensitivity and time
RMF fields have an amplitude of 25 G with a microsecondresponse to measure gauss level fields at MHz frequencies.
rise and fall time. At the input to the integrators, the axial
fields generate peak voltages of a few millivolts, while the
RMF generates peak voltages of several hundred miIIivoIts.;m $uszewsti, gucl-gqsi&@ﬁ, ﬁg?gg??iggo
At the output of the amplifiers, these ea_ch produge typlcaI3K.- I Léiszvi.'bszﬁi, aﬂd T.SAliJzaV\;a, Nucl. Fusiae, 1173(1980.
maximum voltages of a few hundred millivolts. Since the 45 | {ioffman, J. T. Slough, and D. G. Harding, Phys. FluRE 1626
digitizers used have a peak sensitivity of 2 mV per digital (1983.
count, the internal probe should be able to measure STXSK- F. McKenna, W. T. Armstrong, and R. R. Bartsch, Phys. Rev. 58t.

. - : cem [ 1787(1983.
fields down to the gauss level. In reality, signal noise limited SD. E. Ashby, J. Nucl. Energy, Part & 83 (1962.

the probe’s resolution to a few gauss. 7J. T. Slough and A. L. Hoffman, Phys. Plasn@253 (1999.
To control noise pickup the following measures were 8J. T. Slough and K. E. Miller, Phys. Plasm&s1945(2000.
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