REVIEW OF SCIENTIFIC INSTRUMENTS VOLUME 74, NUMBER 12 DECEMBER 2003

A plasma-shielded, miniature Rogowski probe
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The design and first results from an electrically isolated and plasma-shielded Rogowski probe, used
in the reconnection scaling experimdRSX), are presented. The probe is designed to withstand
extreme thermal shock, plasma corrosion, and be vacuum sanitary, which is accomplished with a
machinable boron nitride shell. The novel miniature design, with an inner detecting area of
0.79 cnt, allows accurate position detection of plasma current channels~agtibm radius and to
measure local current density profiles. The temporal resolutiofh £S) is sufficiently high to
resolve the dynamic evolution of RSX plasma current channel20@3 American Institute of
Physics. [DOI: 10.1063/1.1626010

I. INTRODUCTION and, in later designs, also shielded the coil inside an alumi-

. num housing, but neither shield is vacuum and plasma
Rogowski probeshave been used for decades for NON- g 4£a45

invasive current measurements when other probes, such as |, this article, the design and first results from an elec-

current transformers, are Impractlcal. The current measurqfica”y isolated and plasma-shielded miniature ROgOWSki

ment is performed by encircling a curretwith a helically  rohe ysed to characterize plasma current channels in the
wound coil of wire. For a coil of uniform cross-sectional areapsyx device. are presented

A, provided that the magnetic fiel®, generated by the
currentl varies little over one turn spaciny 8/B<<n), the
voltage induced in the Rogowski probe can be expressed ds PROBE DESIGN AND CALIBRATION

di The requirement for insertion of the Rogowski probe

V() = — weAn— 1 into RSX plasmas severely constrains the design of the
()= moAngy, 1) _ onstral .

probe. In particular, the detecting coil must be electrically
) ] ) ) insulated from the plasma to prevent plasma current from

wheren is the number of coil turns per unitlength apdis  fiowing directly into the detecting circuit. Detailed design
the vacuum magnetic permeability. _ features of the Rogowski probe are shown in Fig. 1. Electri-
Rogowski probes are especially useful in pulsed powegg| ang thermal insulation is obtained by placing the detect-

environments, where electrically isolated probes are needeq1g coil inside a Carborundufrboron nitride(BN) cylindri-
One such experiment is the reconnection scaling experiment, housing. The BN housing is vacuum sanitary at

(RSX)~ at Los Alamos National Laboratory, in which plasma 10~ 7 Torr, corresponding to the base pressure inside the

current channels approximately several centimeters widggy yessel, and robust to thermal and mechanical shocks.

with current densities up to 75 A/care driven for a dura- For the present design and depending on plasma conditions,

tion of up to 8 ms in an evacuated vessel. Typical RSXy 4] heat load as high as 100 J can be delivered to the BN
plasma parameters are electron temperatligesl? eV and

o 43 ; container resulting in a modest temperature increase of ap-
electron densities,~ 10" cm™2 leading to a power flux as

' ea proximately 125 °C over 10 ms. The housing is machined as
high as 500 W/crh Characterization of plasma channels, two halves of a container out of hot presgetP grade BN

including current density profile, channel width, and channe{pich has no high atomic number binder materials that could
position, requires a probe that can be directly inserted into @,ntaminate the plasma. The minimum thickness of the

hostile plasma environment. This poses severe restriction %Mousing wall is 1.5 mm and the detecting area hal cm
the materials for the probe that need to be nonmagnetiGyner diameter. The ratio of the area of detection to the area

vacuum §anitary, mec'hanically, and thermany durable. of obstruction of the probe is limited by the technical diffi-
Existing Rogowski probes are physically larGeom 9 culty in machining thinner walls.

to 20 cm diametorand their technology is not suitable for — “thq oroidal detecting coil consists of a single layer he-
insertion into RSX plasmas. In Turner and Hofsajer's ex-jica| winding with an inside return loop to cancel the net

ploding wire experimen.t§a Rogowski coil 9 cm in diameter  gjnqie turn formed by the solenoid windings. Thus the output
was electrostatically shielded with an aluminum housing, b“%ignal is generated only by the turns circling the toroidal

no protection from the exploding wire was needed. Pellineny,, netic flux created by axial currents. The coil wieel3
used a po!yethylene envelope to shield a Rogowski c0|I' Withm diameter is manually wound around a Viton O-ring
a 10 cm diameter from the electron beam and charge pickURyith 4 cross section diameter of 1.8 mm. A slit in the O-ring

allows the placement of the single return loop. The helical
3Electronic mail: furno@Ilanl.gov coil has a length of 4.3 cm with a total of 240 turns resulting
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FIG. 2. The typical design for the assembly to insert the Rogowski probe

FIG. 1. Schematic view of the BN housing for the detecting coil. The cross. - .
section shows the cavity where the coil is inserted. The outer and innef© the RSX vacuum vessel. The sliding Swagelok seal allows for radial

edges on both halves of the boron nitride shell are stepped to overlap an(ﬂsplacement of the probe, while the 1/2 in. stainless steel tube provides a

seal the container. The Rogowski coil is shielded by a toroidally shapedg"jlrage for the retracting Pyrex tube.
stainless steel shiel®.05 mm thicknegs The BN washer is used to seal the
Pyrex tube entry on the assembly in Fig. 2 into the BN container.

steel tube slides inside a Swagelok fitting and holds the
Pyrex tube. A vacuum seal is provided by a Swagelok fitting
attached to a 1/2 in. stainless steel tube which houses the

wind the detecting coil around the O-ring is chosen becausg_‘yrfxr:Ube‘ r\]N hen th?d probe is full_y rle ttr-act(?d, a tg:]ateRvSa)Lve
it is less time intensive and cheaper than machining groove ot shown herprovides vacuum isolation from the

into a rigid former as suggested by RamBoz chamber. The 1/4 in. tube is connected to a probe cup, Fig. 2,
Under pulsed power conditions in the RSX device, rapidWhere the leads of the Rogowski coil are attached to BNC

current changes are often accompanied by rapid Voltaggonnectors. The 1/4 in. stainless steel tube is grounded tq a
changes. These can produce capacitively coupled commdiPMmon ground of the two leads at the probe cup. The entire
mode current which can significantly disturb the measure@SSembly is designed to be modular, utilizing off-the-shelf
ment process. In order to reduce this undesired effect, garts, resulting in a high degree of flexibility and minimum
shield of nonmagnetic, stainless steel SS304 (@i05 mm  COSt of the probe. _ _ _
wall thickness, in a toroidal shape, is placed around the N the present design, no ferromagnetic materials are
detecting coil inside the BN container as schematically'Sed in the construction of the probe. This results in an
shown in Fig. 1. The SS shield reduces capacitive couplin mplitude-linear device that can be calibrated at relatively
between the plasma and the detection coil and, for frequeroW currents 0.1 A) and used with confidence at high
cies below 100 MHz, results only in a small attenuation ofcurrents (=100 A) eliminating the need of costly calibra-
the detected magnetic flshe skin depth of stainless steel at tions.
100 MHz is approximately 0.044 mm The calibration is performed on the entire assembly of
The output of the detecting coil is transmitted by anFig. 2. The Rogowski probe is excited by a sinusoidal current
in-house made triaxal cabling system in which the outermost40 mA peak-to-peak amplitude and frequerfdythreading
conductor(a copper tube, 2.4 mm diameter and 0.7 mm wallthe coil. The output voltage),, between the two ground
thicknes$ acts as common ground for both signal leads toreferenced leads and the driving curreht,are monitored
minimize the effect of capacitively coupled common modewith a digital oscilloscope. The transfer functiohi
currents. The copper tube is spot-welded to the toroidally=U,/(sl), wheres=2mif, is measured in the frequency
shaped SS shield inside the BN container to provide electrirange 400 H&f<6 MHz and then extrapolated to 0 Hz to
cal continuity of the shield. The innermost coaxial cable con-derive the effectiveAn factor in Eq.(1). As the calibrating
sists of one 32 gauge, Teflon insulated wire, with 0.15 mmwire is moved inside the detection area of the Rogowski, a
Teflon insulation, inserted inside a demagnetized SS304 hynaximum variation of 10 % is measured at frequencies be-
podermic needlél.2 mm diameter, 0.13 mm wall thickngéss low 1 MHz. In Fig. 3, amplitude and phase of the measured
In Fig. 2, the assembly to insert the Rogowski probetransfer function are shown together with those obtained
inside the RSX vessel is shown. A Pyrex tube provides elecirom an equivalent second order probe model as sketched in
trical and thermal insulation between the triaxal cabling sys+ig. 4. The model is chosen to include nonideal effects such
tem and the plasma. A BN washer, Fig. 1, is used to seal thas the capacitance of the cable and coupling to the shield,
Pyrex tube entry into the BN container. A 1/4 in. stainlessresulting in a transfer function given by

in An=1.42<10 2 mxturns. The resistance of the coil is
2.1 Q and the inductance is 1,6H. A manual procedure to
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FIG. 5. Time evolution of a RSX discharge using a single plasma gun. The
FIG. 3. Frequency response of the Rogowski probe. Solid line: experimenexternal bias is switched on &2 ms, and plasma current is driven to the

tal measurements. Dotted line: fitted second-order transfer function given bgxternal anode. The current at the external an@jeis monitored by a
Eq. (2). Pearson transformer. The Rogowski probe is located in the center of the

current channel at=100 cm from the gun nozzle and the temporal evolu-
tion of the current is show(b).

o Yo
sl
cm radius,~4 m length allowing the injection of parallel
_ HoAN ) current channels along the axial, direction of the device.
1+5(Ls/Rs+R,Cp) +5°R,Cp(Lp/Rp+Ls/Ry) Each plasma gun contains a miniaturized plasma source

where the symbols correspond to those in Fig. 4. Perfedt-79 cnt gun nozzlé in which a hydrogen plasma is pro-
coupling is assumed between the detecting coil and thduced by an arc discharge between a molybdenum anode and
shield in deriving Eq(2). a cathode. A set of 12 identical coils surrounding the vessel

The measured transfer function is fitted to the transfeProvide an axial magnetic field to 0.1 T confining the
function in Eq.(2) by varying the free parametessn and plasma. When the arc anode is negatively biased with respect
L./R,. The best fit is found forAn=1.37x10"2, which 0 an external anode, a fraction of the arc current is diverted
agrees within 5% with thé\n factor estimated from the ge- towards the external anode as plasma current. The external
ometry and number of turns of the detecting coil, and@node is a 20 cm square stainless steel plate and can be

Ls/Rs=50 ns. This last value represents an estimate of thd0ved along the RSX vessel to modify the length of the
delay time of the coaxial transmission line which, in the current channel. The duration of the b|gs discharge can be
present design, limits the probe bandwidth~@ MHz. The =~ Manually varied from a fews to approximately 8 ms. By
two transfer functions in Fig. 3 show a good agreement foraying the external bias voltagéy,s, the total injected
frequencies below 1 MHz. There are, however, discrepancigdasma current can be variédl to 1 kA) independently of

at frequencies above 1 MHz where other spurious parasitiH"e axial magnetic .f|eId. The current flowing at the external
effects not considered in the model of Fig. 4, such as th@n0delex, is monitored by a Pearson current transformer

capacitive coupling between the probe and the shield, pla§uring each discharge. ,
an increasing role. The Rogowski probe is inserted into the RSX vacuum

vessel through a flexible bellows using the assembly sche-
matically shown in Fig. 2. This allows two-dimensional
lI. FIRST EXPERIMENTAL RESULTS scanning in the plane perpendicular to the axis of the device

RSX is a device for studying three-dimensional mag-and characterization of the current channel profile.
netic reconnection in both collisional and collisionless labo-  An illustration of the Rogowski probe performance is
ratory plasma$. Presently, RSX is equipped with four presented in Fig. 5 showing measurements obtained from a

plasma guns radially inserted into a linear vacuum ve@el single plasma gun discharge with the probe positioned in the
center of the current channel. The gun nozzle and the probe

are located at, respectivelyg=0 and 100 cm. The current
through the Rogowski, Fig.(B), is monitored during 2 ms
when the external bias is switched on and plasma current is
driven towards the external anode as seen in the temporal
R ¢ ¢ 1 evolution of o in Fig. 5@). The Rogowski signal is low-
s Ls é g Lp T %% | Y% pass filtered with a Butterworth filter at 20 KHz in order to
suppress high frequency noise oscillations whose physical
origin is presently under investigation. Radial profiles of the

O current,l gogowskis flowing through the Rogowski aperture are
% V‘P=qun1 Rp measured at the same axial position for three different bias
voltages. In Fig. 6, time-averaged profiles in a 5@9time
FIG. 4. Equivalent second-order circuit of the Rogowski probe. window, indicated in Fig. 5 by dashed lines, are shown by
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FIG. 6. Radial profiles of the current threading the Rogowski probe for Rlem]

different values of applied external voltadg,.s. The profiles are time- ) . . .

averaged in the time window indicated by the dashed line in Fig. 5. Solid™'G: 7- Radial current density profile of the plasma channel for three dif-
line: experimental measurements. Dashed-dotted line: current threading tHgrent values ofVy,s. The plasma current profiles shown in Fig. 6 are

Rogowski probe as calculated from the radial current density profiles itinfolded into a current density profile given by the analytical expression in
Fig. 7. Eq. (3

The Rogowski probe described in this article proves to
solid lines as/j,s varies from 20 to 200 V. The error bars are be an exceptionally valuable diagnostic in the RSX pulse
calculated from the common mode current between the twpowered plasma environment. The probe provides detection
leads of the Rogowski probe. of the position of plasma current channels wit2 cm ra-

In Fig. 7, these profiles are unfolded into a plasma curdius and measurement of the local current density profiles
rent density profile]J(r), given by the analytical expression with sufficiently high temporal resolution<(1 us) to re-

Jorg sollve Ithe _dynar?i(t:hevolution of. RSX plismabfqrregtdchgn-
= nels. In view of the encouraging results obtained during

) (r?+rp)? 9 these preliminary experiments, a new Rogowski probe of

The parameterd, andr, (listed in the inset in Fig. )7 identical design is bei_ng install_ed on the RSX vessel and
are determined by a least-squares fit of the measured totdf€d t© perform experiments with two simultaneous plasma
current and the total current calculated from Eg). The  9uns. Future plans include the design of a smaller BN con-
current threading the Rogowski probe, as calculated from thiainer to increase thg spatlal resolution and reduce the distur-
profiles in Fig. 7, is shown in Fig. 6 by dashed-dotted lines®@nce of the probe inside the plasma.
and is in good agreement with the experimental measure-
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