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The experimental setup and test results for thE25 MW rotating magnetic field current drive
system of the Translation, Confinement and Sustainment Experiment at the University of
Washington are described. The oscillator system, constructed at Los Alamos National Laboratory,
drives two tank circuit$15 kV,e potential, 8.5 kA maximum circulating current in each tank to

date operated 90° out of phase to produce a 54 G rotating magnetic field with a frequency of 163
kHz (0=1.02x10 ®s1). Programmable waveform generators control “hot deck” totem pole
drivers that are used to control the grid of 12 Machlett 8618 magnetically beamed triode tubes. This
setup allows the current to be turned on or off in less than 100~6S). Both tank circuits are
isolated from the current source by a 1:1 air core, transmission line transformer. Each tank circuit
contains two saddle coilecombined inductance of 1.6H), and radio frequency capacito{S80

nF). Test results are presented for three conditions: no external load, a resistive external load, and
a plasma load. A SPICE model of the oscillator system was created. Comparisons between this
model and experimental data are given. 2001 American Institute of Physics.
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I. INTRODUCTION transformer, while the secondary of the transformer is con-
nected in parallel with a tank circuit for which the RMF

The Translation, Confinement, and Sustainm@rts) antennas are the inductor. Some other RMF system include

Experiment located at the Redmond Plasma Physic Laborahe Rotamak system at Flinders UniverSityhich utilized a

tory (RPPL) of the University of Washington was designed lower power oscillator and conventional vacuum tube tech-

to apply, a rotating magnetic fieldRMF) to a high- nology and the Star Thrust Experiment at the University of

temperature field reversed configuratidfRC) plasma(T,  Washington which is lower in power than TCS and utilized

~100eV andT;~300e\).! The RMF current drive tech- IGBTs to switch the current instead of triodks.

nique is a special case of the more gengxd current drive

scheme, by which electrons are “pulled” along with the ro- Il. EXPERIMENTAL SETUP

tating magnetic field. Unlike inductive current drive sys-

tance are equal. The current in the antennas of the two halves
% driven at the same resonant frequency. The two antenna
i/stems{each system has two antenpage driven 90° out of

o S phase so that the sum of the magnetic fields from the two
tend the lifetime of the FRC by a factor of3; this goal has 5 ytenna systems will be a RMF that rotates at the driven

a_\lr_eady been achieved with pulses Iasting ,1 ms. It was ar\"requency. A simplified circuit diagram of one half of the

ticipated thaa 1 mspulse would become limited by particle oqcijator s depicted in Fig. 1. Note that the ignitron, hard
inventory rather than resistive flux losses. At present particl%ump soft dump, and main capacitor bank are actually
inventory is not limiting lifetime; exactly why is not yet gpareq by the two halves of the oscillator. For future refer-

understood. _ _ ence the two halves will be referred to as horizontal and
This article describes the highest power RMF systém,e tica). these labels refer to the direction of the magnetic

ever built. It is a rugged, versatile system, which was consgq produced by the respective antenna systems.

structed and tested at Los Alamos National Laboratory |, simplify the discussion of the experimental system,
(LANL). Programmable waveform generators produce thgnjess stated otherwise, the following discussion applies to
waveforms that control the high power, magnetically beamed, e tank circuiti.e., one antenna system which contains two
triode tubes. These tubes drive current in the primary of a 1:1htennag A 1:1 transformer electrically isolates the current
source from the tank circuit. On the primary side of the trans-
dElectronic mail: tobin@lanl.gov former, the fundamental components are the triodes, the

rent drive technique against theoretical predictions, and t
determine the robustness of the FRC plasma to this extern
perturbation. An initial goal for the RMF system was to ex-
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main capacitor bank, and the transformer. The energy needelde Machlett grid to-2 kV; thus, keeping current from flow-
to generate the magnetic field comes from the main capacitang through the Machlett tubes.
bank, which has a maximum capacitance of 960 Depend- The 8 () resistor located in between the decks and the
ing on the pulse length of interest, only a fraction of thisgrid of the 8618 tubes is there to damp out parasitic reso-
energy storage capacity is used. The six Machlett 8618 magiances that can cause the grid potential of the 8618 to para-
netically beamed triodes, connected in parallel, are used tsitically oscillate. With the spurious resonances controlled,
switch the current on and off. The secondary of the transthe 8618 tubes to turn on and off in a clean fashion as the
former is connected in parallel with the radio frequeridy  potential of the grid varies between4 and—2 kV, respec-
capacitors(580 nPH and saddle coil§combined inductance tively. Both the 1() resistor(connected between the Machlett
of 1.6 uH) of a tank circuit. tubes and the transformeas well as the snubbefsonnected
About 1 min before a shot is to be initiated, the powerbetween the plate of the tubes and ground) Besistor and
supply, connected in parallel with the main capacitor bankl7 nF capacitgrare necessary to suppress resonant frequen-
and the radio frequency bypass capacitor, charges both caies other than that at which the circuit is being driven. Also,
pacitors to the operating potential, up to 20 kV. The bypasshe snubber circuit damps out unwanted ringing from stray
capacitor is needed to give the desired time response. Famductance originating in the cables, transformer, load, etc.
this reason the bypass capacitor is located as close as pos- Now, addressing the protective circuitry, a current moni-
sible to the transformer. The 08 resistors connected in tor (not shown connected in series with each of the Machlett
series with the respective capacitors are there to limit theubes, detects if an arc occurred. The excessively large cur-
current in case of a fault condition. rent of such an event can damage a tube if it is not eliminated
Before a shot, a waveform generatgModel 39  within 5 to 10 us. In response to the detection of a large
Wavetek is programmed independently by means of a Lab-current, the ignitron is fired by the protective circuitry, es-
VIEW control program. This program calls an Excel spread-sentially shorting the capacitor bank. In such a fault condi-
sheet that contains a Visual Basic macro, which calculategon, the 0.5 current-limiting resistor located on the capaci-
the value of each addresses of the waveform generator. Ther bank is responsible for dissipating the energy. The soft
clocks of both waveform generators are shared. The waveand hard dumps, located in parallel with the capacitors, pro-
form generators give excellent time control. The minimumvide the means of discharging the energy of the capacitors
possible interval for a single address is 33 ns. The operatarnder nonfault conditions. The soft dump is automatically
can vary both the duration of each individual pulse withintriggered one second after the shot, followed a few seconds
the pulse train as well as the frequency between pulselater by the hard dump.
within the pulse train. Completing the discussion of the oscillator circuit, the
When a trigger is received from the experiment control-transformer is an efficient, transmission line style, 1:1 trans-
ler, a waveform generator produces a train of voltage pulsesormer with near unity coupling as the leakage inductance is
These voltage pulses are transferred into optical signals thumly the unit length inductance of the coaxial cable. The
keeping the waveform generator, which is located in the conmagnetized inductance is that of a single layer solenoid. It
trol room, isolated from the experiment. The optical signalprovides electrical isolation between the current source and
controls the potential of the grid of several triodé&&mac the resonant circuit. The current in the secondary side feeds
3CPX1500A7 located on two hot decks named “on” and energy into the resonant LC circuit where the inductor is the
“off.” The term “hot” was given since the metal cases of pair of saddle coil§combined inductance of 1.6F). Since
these decks float relative to ground. One “on” deck utilizeslosses are low between the antennas and rf capaci@rs (
six Eimac triodes and one “off” deck utilizes four Eimac ~70), the circulating current becomes rather lai§é kA,
triodes. The two decks are connected in a totem pole corbank potentiak15 kV, no load, driven on resonancé he
figuration to the grids of the six, 8618 Machlett triodes sosix Machlett tubes can contribute 1.5 kA per pulse to the
that the Machlett tubes will turn on and off in unison. The resonating tank circuit. The tank circuit losses and the tube
default state of the hot decks is with the “off” deck biasing parameters provide an overall limit to the circulating current.
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FIG. 2. Voltage and current measurements from various locations on the ~ YWhen the Machlett tube first conducts electrons, it pulls

vertical side of the oscillator system for a 10 kV bank potential and no loadthe preshot potential of the platanode¢ down from 10 kV.

(@) waveform generator outputh) grid potential,(c) tube current(d) plate  Fyrthermore, this first pulse of current in the primary of the

potential,(€) tank circuit voltage(f) tank circuit voltage. transformer starts the tank circuit oscillating. Since the driv-
ing frequency of the Machlett tubes and the resonant fre-

. TEST RESULTS quency of the tank are the same, 180° after the current flows

In Fig. 2, signals from different components of the os-in one direction in the secondafgnd primary, it will flow
cillator system are shown. The experimental conditions wer&ack in the opposite direction as the energy oscillates be-
the following: bank potential of 10 kV, nonloaded circuit tWeen the rf capacitor and the antennas. This feedback from
driven at the resonant frequency of 163 kHz. The tubes wert€ tank circuit, along with the main bank acting to return the
turned on for 40° on the first period followed by 40° on the Plate to its original potential, cause the potential of the plate
second; for subsequent pulses, the width gradually increasé® rise above the potential it had at the beginning of the shot.
as follows: 60°, 80°, 110°, 135°, 165°. Until the end of the With each subsequent pulse of the tubes, the plate potential
waveform, the individual pulse width was maintained atLFig. 2d)] gets pulled a little further negative, the current in
165°. This gradual ramping up is necessary since the impedhe tank circuit gets larger so that the plate’s potential swings
ance of the tank circuit is initially very low and augments asfurther above and below its preshot levdlo kV in this
the circulating current increases. The lower limit of 40° wascase. This feedback continues so that in steady state the
determined experimentally since below 40° the tubes did nofotential of the plate varies between zero and twice the bank
turn off fast enough. This slow turn off allowed the parasitic Potential (0 and 20 kV for an ideal circuit with a 10 kV

oscillations of the grid potential to cause the Machlett tubedanK. Due to the parasitic resonances, the experimental sys-
to switch on or off rapidly. tem varies betweenr 3 and+26 kV. Since the antennas are

Figure 2a) depicts the waveform generator output, alisolated by the transformer and since they have a preshot
TTL signal between 0 and 4 V. Figure® illustrates the potential of ground, the corresponding voltage in the tank
voltage of the hot decks that drive the grid of six MachlettCircuit swing from —10 to +10 kV [Fig. 2€)]. The steady
tubes. The potential of the grid is initially 2 kV so that the ~ State circulating current of the tank circliig. (f)] for the
Machlett tubes will not conduct. Then the grid potential is horizontal or vertical oscillator was 7.0 kg (10 kV bank.
driven to+2.7 kV in 100 ns. The bias potential of the “on” It is worth noting that the voltage and current in Figée)2
deck(+4.0 kV) is not reached due to the grid current coming@nd 2f) are very smooth sinusoidal functions. When the
from the cathode of the Machlett tube. An unwanted resobank potential is set to 15 kV, the circulating current rises to
nance in the grid potential is observable between pulses. TH&5 KApear (N0 load presentthis corresponds to 54 G RMF.

8 () resistor minimizes this resonance to a tolerable level. The system was designed to operate at a maximum bank

In Fig. 2(c) the tube current for one of the Machlett tubes
is illustrated. The depicted maximum current is230

Altube, a value which is very sensitive to the voltage across 40

the tubes filament which is-7.5 V. The maximum tube cur- ot

rent per tube is~250 A. During the last three pulses shown, ﬁFgldf 20

the tube turns off in the middle of the positive plateau. This sicogih 0

only occurs when the oscillator is driven without a load. -20

Without a load, the potential of the plate drops below the —40

potential of the grid and the cathode. This causes the current ] ‘ . ‘ ‘

to no longer flow through the tube. In Fig(d, it can be -200 0 200 400 600 800
seen that the plate potential goes negative around 53 and 59 fimee

us. Since the cathode is at ground and the grid has a positive FIG. 4. RMF as a function of time.
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8 ‘ ‘ ' parallel inductance necessary to shift the inductance of the
sl 63 et | tank circuit by 0.16uH (1.64—1.48uH).
With plasma,
fuema | SR IV. MODELING
- An accurate SPICE mode of the oscillator system has
27 i been produced and is illustrated in Fig. 6. The primary com-
0 ‘ ‘ ‘ ponents in the circuit were described along with Fig. 1. To
140 160 180 500 make the model more accurate, estimates of the inductance
Frequency (KH2) and resistance of cables and connections have been included.

Furthermore, the coupling coefficient of the transformer was
taken to be 0.99. The 0.nH located in the tank circuit
represent the transformer connections and stray inductance.
The 1.5uH on the primary side of the transformer includes
voltage of 20 kV; operating at this potential is expected tothe transformer connections as well but also the stray induc-
produce a RMF of 64 G when not loaded and 54 G if loadedtance of the larger primary circuit. The most challenging as-
In Fig. 3, the current in a Machlett tubes is depicted forpect of producing this model was accurately modeling the
a loaded and a nonloaded case. In the loaded case, the pdachlett tubes. This was accomplished by using a fifth order
tential across the tube remains positive. The nonloaded cagmlynomial to characterize the voltage across the tube as a
is for the same shot as depicted in Figc)2As was stated function of current through them. The 1.7(hresistor con-
earlier, the tube stops conducting in the nonloaded case sincected in series with the tubes serves as a current monitor for
the potential of the plate goes negative relative to the caththe tubes. When the switch to the left oRy,,e’ closes, as
ode. determined by positive pulses to the grid of the tubes, current
In Fig. 4 the strength of the RMF for a 5Q5 pulse, 10  starts to flow in the tubes. The voltage drop across the tubes
kV bank, and nonloaded condition is illustrated. Note that itis given by the following polynomial:V=1-2.38< e
takes about 5Qs (seven pulsegor the tank circuit to pump ~ +3.15x 12, —2.02x13, +0.59X I, ,—0.06x13,.  The
up. The standard experimental pulse width is presently 1 mmodel was tested at several frequencies for both loaded and
and will be increased soon to 20 ms. The only limit to theunloaded cases. For these test cases the voltage across the
pulse length at the moment is the waveform generatoantennas and tubes, as well as the current through these com-
memory. The quality factof@) of the nonloaded circuit was ponents, were found to agree reasonably well with experi-
measured from the ring down of the current to-b&0. mental measurements.
In Fig. 5 the circulating current in the vertical antenna as  In Figs. 7 and 8 modeling and experimental res(itsi-
a function of frequency is illustrated for two conditions: with zontal antennaare shown for a bank potential of 10 kV. In
and without plasma. The introduction of the plasma has twd-ig. 7 the antenna current and voltage are both illustrated as
prominent effects(1) it shifts the resonant frequency from a function of the driving frequency. The lines represent the
163 to 172 kHz, and2) it reduces th&Q of the circuit. The  modeling resultgsolid for voltage and dashed for currgnt
resonant frequency of the tank circuit is given lky  and the individual points are experimentangles for volt-
=(L*C) Y2 The shift to higher frequency is expected sinceage and squared for currénthe experimental and modeling
the plasma decreases the total inductance of the tank circuitesults are in general agreement, particularly near the reso-
From Fig. 5 the inductance of the plasma can be estinant operating regime. In Fig. 8 the impact of loading on the
mated. When there is no plasma, the effective inductance aintenna current and voltage are depicted. The experimental
the tank circuit is 1.64uH (0=2*7*163000 s! and C  data points for a conductance of 0.05 siemens were obtained
=580P, while with the plasma it is 1.48 uH by connection a 2@) resistor in parallel with the antennas.
(w=2*7*172000 §* and C=580P. Since the plasma is The amount that the voltage and current are reduced with
effectively an inductor connected in parallel with the anten-increasing load is reasonably reproduced. Figure 8 is useful
nas, the inductance of the plasma~45 uH; this is the for estimating the conductance of the plasma. The conduc-

FIG. 5. Circulating current in the tank circuit as a function of frequency for
both an unloaded and a plasma case.

100 pyF 1.0pH 0.8Q

|
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FIG. 6. Schematic of the SPICE model.
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FIG. 9. Data from a typical plasma shot; RME2.5 kV bank, 15 psi gas
puff) were applied to a preionized plasma RMF strength,(b) excluded

tance of the plasma for a typical SP‘(OIENGX 10¥m~23 and flux, (c) magnetic field strength near the edge of the experimental chamber
N . . . . (dashed ling and magnetic field strength on machine afgelid line), (d)

T.~30eV) is arouqd 0.05 S. This was determined from Flg.Flasma temperaturés) plasma density.

8 and the experimental current and voltage values o

4.2 KApear and 8.0 k\jeq that were measured for a 10 kV

bank plasma shot. frequency of the nonloaded, tank circ(it63 kH2. During
the first 200us the driving frequency is gradually shifted to
V. PLASMA RESULTS the resonant frequency of the circuit when the plasma is

present. In Fig5 a resonant frequency of 172 kHz was ob-
served; however, 169 kHz is used in the experiment since the

utilizing the field reversed theta pinch formation technique,peak is broad and it requires less time to shift to 169 kHz. An

translate this FRC to a confinement chamber where the RMEviiltggtaelr;?ri’dfrtﬁgl ttr;]e c(;lfrrtir;t 2|rr]§ugo|\évn~ ;cf) I\:/\I/lft(r?}athlz
will be utilized to sustain the flux.The major focus of ex- R

perimental operation to date has been on forming and sug_las_rrr;]ae F?jr:tsf?rtc.)m Figs. ®) and 90) indicate that a FRC
taining cold (T,~35eV, T;~4¢eV), low density fi,~1 gs.

x10m~3) FRCs in the confinement chamber. This has" o> formed. The upper tracdashed lingin Fig. 9(c) indi-

been achieved by applying the RMF to a preionized @&s cates that the magnetic field strength in the edge of the cham-

psi gas puff. A major success of these early experiments iSber, in the region outside of the FRC, increased in strength

that the FRC is sustained, as long the RMF remains runninfrom 40 G to a peak .Of 150 G before re_ac_hing_ a steady-state
(1 ms maximum to daje ' galue of 100 G. The increased magnetic field is necessary to
In Fig. 9 typical plasma data is illustrated for a 12.5 kV support t_he_plas_mz_i pressure exerted by _the_ FRC. The '°_Wer
bank potential. In Fig. @) K circulati t of trace(solid line) indicates that the magnetic field on the axis
potential. In Fig. a peak circulating current o

7.4KA ooy (RMF strength of 47 Gand a steady-state value of the machine was reversed in direction from a positive 40

of 5.7 kAsea(RMF=36 G) are shown. The peak in the RMF G to a peak negative value of 200 G before reaching a
field. strerﬁakth(~80 48 is due to th.e combination of the steady-state value of 100 G. Field reversal on axis is the

driving frequency varying and the introduction of the signature of a FRC. Figure(ly mdmgte; the magnitude of

plasma. The tank circuit is initially driven at the resonantthe flux exc!uded by the FRC. This |nd|pateq the ;trength .Of
the magnetic pressure that the open field lines just outside

the separatrix must support. In FiggdPand Je) the elec-

tron temperature and density are illustrated. The electron

temperature peaked at 120 eV and reached a steady state

value of 35 eV. The density was abouk@0'*m~3. The

point to emphasize from Fig. 9 is that the FRC lives as long

as the RMF is on.

The goal of the TCS experiment is to form a h@t,
~100eV, T;~300eV, maximumn,=2x10?m~3) FRC

16

Antenna 12
Voltage
&V)

or 8t
Antenna

Current
(kA)

Voltage

Current -

0 VI. DISCUSSIONS

0.00 0.05 0.10 0.15 0.20 . . .
Load Conductance (siemens) It is anticipated from a self-consistently study of FRC

equilibrium constraints and RMF drive physics that the effi-
FIG. 8. Comparison of the antenna current and voltage as functions of Ioagiency of current drive scales inversely with the square root
conductance. The experimentally points are triangedtage and squares

6 ; :
(curren} and the SPICE model results are solid lifesltage and dashed of _the frequenc? F_0r this reason the resonant _fr_equency IS
lines (curreny. being lowered to slightly less than half of what it is now. To
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achieve this lower frequency, the capacitance in the tank cirJohn Slough and the following people at LANL: Hank
cuit is being increased to about 5 times its present value. Allvestad, Kathy Barela, Daniel Begay, Adam Herrera, Patri-
additional change involves modifying the program of thecia Lujan, and Dave Miera.

waveform generator so that pulses of about 20 ms will be

possible. Along with the longer shot duration, an increase in

the number of capacitors hooked up to the main capacitoi, | Hoffman, Phys. Plasmas 979 (1998.

bank will be necessary. 2. R. Jones, Phys. Plasmés1950(1999.
3I. R. Jones, Technical Report No. FUPH-R-151, NTIS-PB85-133858,
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