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10 kA, 300 kJ MAGNETIC ENERGY TRANSFER AND STORAGE (METS) TEST PACILITY*

C. E. Swannack, D. J. Blevins, C. R. Harder, J. D. G. Lindsay, J. D. Rogers, and D. M. Weldon*

ABSTRACT

The theta-pinch fusion test reactor proposed with-~
in the controlled thermoruclear research program at
the Lo Alamos Scientific Laboratory will demand that
approximately 250 MJ be delivered into the plasma com=-
pression coill in one millisecond at a repetition rate
of four per hour. Multiple modules of superconducting
inductive storage will gupply this pulsed energy.

A Magnetie Energy Tranefer and Storage (METS) fa-
eility has been constructed to test low-loss supercon-
ducting inductive energy storage modules, superconduc-
ting ewitches, and developmental high voltage circuit
breakers. The storage module has been tested to 12.5
kA with 386 kJ stored energy.

I. INTRODUCTION

The pulsed 8-pinch fusion test reactor (FTR) pro-
posed within the controlled thermonuclear research
program at the Los Alamos Scientific Laboratory re-
quires an ecnergy of approximately 250 MJ for plasma
cowpression. The present Scvllac B-pinch experiment
uses high voltage capacitors to provide toth the shock
heating in the first 0.25 us and adiabatic compression
in the following 4 us, The shock heating energy 1is
only a few percent of that required for the plasma com-
pression. The FTR will have the low energy, fast shock
heating function (which requires expensive, high voltage
capacitors) separated from the high energy, slow adia-
batic compression system.

Superconducting magnetic energy storage 1is being
developed at Los Alamos as an efficfent, high energy
density, pulsed power source for the immediate require-
ments within the CTR program. The future pulsed 6-pinch
reactor poewer station will require compression energy
of approximately 50 GJ injected in a time of 10- 20 ms.
Superconducting magnetic energy storage and inertial
energy storage appear to be the most promising options
at tliese high energy levels where energy transfer and
recovery efficiencies must be high to reduce the plant
capital investment.

II. FUSION TEST REACTOR METS SYSTEM

The FTR is intended to demonstrate energy break-
even conditions within the plasma, not to produce net
power. At least initlally no attempt will be made to
recover the compression magnetic energy following
transfer from the superconducting inductive storage.
However, the transfer system must be efficient to min-
imize the cost of extra energy storage beyond that re-
quized by the plasma compression coll load. Capaci-
tive reactance 1is inserted into the transfer circuit
between the storage coll and compression coil modules
to permit total energy transfer except for the normal
resistive losses in switches and cabling.

The METS electrical circuit is described schemat-
ically in Fig. 1. The system is modularized into sec~-
tions of definite size whogse voltage and curreant para-
meters fall within acceptable bounds of technology and
which are compatible with the characteristic dynamic
plasma wavelength. During the transfer cycle the sys-
tem voltage and component current waveforms within a

Manuscript received Septeﬁber 30, 1974.
*Hork performed under the auspices of the USAEC.

+Los Alamos Scientific Laboratory of the University
of California, Los Alamos, New Mexico 87544.

typical repetition module are:

System voltage Ve Vo sin wt
Storage coil current I=0.571, (1 + cos wt)
Compression coll current I=0.5TI, (1-coswt)
Transfer capacitor current I = I, cos wt

= (2/LC)1/2.

where the storage coil inductance L is matclged to the
compregsion coil. The transfer time ig T = T/w = 1 ms.
A simple relationship,

’ s
The angular frequency w T os

Est:or:ed =LY% T/m,

is derived for the storage module which sets the maxi-
mum size of the moduie by the transfer time, am accept-
able value of current in the superconducting winding,
and & tolerable high voltage 1level during the transfer
pulse. Values of 25 kA and 60 kV which appear achiev-
able within the FTR time schedule set an upper limit of
475 kI per storage module., The total system will con-
tain approximately 600 of these units. ;
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250 MJ is delivered to the

METS-FTR Circuit,
plasma compression coil at a peak power of 1 TW.

Fig. 1.

A typical operational cycle of the METS~FTR system
begins by opening all switches, closing the in~line con-
tactors submerged within the cryogenic system, and con-
necting the main charging supplies. Current is ramped
to 25 kA in the storage coil in 300 s, while the whole
system is raised off ground potential to -5 kV to re-
verse charge the traasfer capacitors for commutating
the are currentg in the transfer switches. When peak
current is reached, the breakers which parallel the
submerged contactors are closed and the contactors are
opaned, transferring the current to the outside breakers
through the pulsed current leads. These breakers are
mechanically opened and the commutation switches are
clogsed, forcing reverse current through the breakers,
extinguishing the arcs and electrically opening the
breakers. The storage current then transfers to the



capacitor and compression coil, One millisecond later
the storage c¢oil current has dropped to zero, and the
current has peaked in the compression coil and reverse
peaked in the transfer capacitor. The current is crow-
barred in the compression coil at thie time be short-
ing across the capacitors and dissipates by the char-
acteristic L/R decay time of the campression coil cir-
cuit.

This system is most efficient in terms of energy
transfer, main source charging power and cryogenic
system heat load. Our program is keyed to development
of the three critical components - a low~loss pulsed
superconducting energy storage coil, a high current
cryogenic contactor with resistance near 10 nQ, and a
Teliable high voltage dc current interrupter. Supercon-
ducting switches are being developed™ as an altermative
to the crycgeniz contactor and current interrupter com-
ponents to assure an operational system on the time
schedule of the FTR program.

III. PROTOTYPE TEST FACILITIES

Tests are proceeding through three levels of
development whose parameters are outlined in Table 1.
Level 1 testson storage coil and superconducting switch
components have been nearly completed. This level was
intended to derermine the scientific feasibility of the
superconducting inductive power scurce concept. Some
work remains at this level in testing components within
a 1l kA HETS transfer system.

TABLE I
METS Component Development
Level E(storage) I, Vo T
1 20 kI 1 kA 2 kv 10 ns
2 300 kJ 10 kA 40 kv 2 ms
3 475 kJ 25 kA 60 kv 1ms

Level 2 includes our present activities which were
begun about one year ago and will continue for the next
one and one-half years. This level represents the major
step toward engineering feasibility at high current and
high voltage. All significant parameters of the METS
aystem prototype components are within a factor of two
of those expected in the test reactor METS aystem, Test
facilities for this level are reported here. Level 3
4ncludes the final FTR module componente. Deeign work
1s already proceeding at this level.

Superconducting Coil and Switch Test Facility

Superconducting finductive energy storage coils
and superconducting switches with nominal current rat-
ings to 10 kA are tested in a common facility as shown
in Fig. 2, and its electrical circuit is represented
schematically in Fig. 3. A 0.6l m (24-in.) 1.d. by
1.83 m (72-in.) high fiberglass/epoxy %He dewar con-
tains the storage coil, and a 0.46 m (18-in.) 1i.d. by
3.05 m (120-1in.) high stainless steel 2He dewar con-
tains the switch.

The high current leads entering the f%He dewars
bave been designed for minimum heat leak at zero curw~
rent. At maximum current the boil-off helium wvapor
exiting through the current leads removes the I<R
power logss heat load from the lead. A part of the
I4R power enters the cryogen to create the proper
boil~off rate. High current vapor-cooled leads buillt
by American Magnetics, Inc. have operated successfully
to 10 kA. Leads of LASL design with slightly higher
standby heat load have been tested successfully to 12.5
kKA. Standby heat load for.these leads is approximately
20 W per pair.

The 6 volt homopolar gemerator is capable of 10 k&
-eontinuous current, and can be run to 18 kA at low duty
factor. Current ramp rates up to 1 kA/s are possible
into & 6 mH coil, although 100 A/s is the typical test-
.dng Tamp. Current ramp rates to 500 A/s have been made

Fig. 2. 300 kI Superconducting Coil and Superconduct-~
ing Switch Test TFacility. The coil and switch liquid
helium dewars are in the pit in foreground. The trans-
fer capacitor bank and part of the interrupter test

facility are in the background.
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Fig. 3. Megnetic Energy Storage Module. Cryogenic

elements are enclosed in dashed lines. The storage
and load coil inductances are 6 mH, the 40 kV transfer
capacitor is 187.5 YyF, The ¢ransfer time is 2.35 ms.

when testing superconducting switches without a coil in
series.

The high current bus conmnecting beyoand the wall to
the generator can be seen at the lower left in Fig. 2.
Low inductance, high power 10 UQl current viewing resis-—
tors {T and M Research Products, Inc.) are used to
measure fast and slcw current transients, Rogowski loops
are used to measure switching transients.

System grounding arnd signal cable shielding are
extremely critical in fast, high current inductive
circuit monitoring. The oscilloscope screen room is
connected by low inductance copper sheet to the system
ground and all signal cables are shielded to the screen
room from close to their monitoring points. All common
mode rf noise is removed from the signals and all scopes
are individually isolated from greund and coupling
through the ac power lines,

Protection circuitry monitors the system voltage
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to datect any normal-going switch transitions during
charging current ramps. The switch capacitor discharge
trigger is fired to drive the entire switch normrl be-
fore localized hot spnts can develop within the switch
conductor.

A 3.4 @ superconducting switchl with an Ayrton-
Perry winding configurarion has been tested within the
facility. The current level reached 6.15 kA before it
self-quenched, A 5-in-parallel set of accordion braid
switches has reached 10 kA, .

Three, 300 kJ superconducting colls are being pro-
duced by industry and will undergo tests within this
facilicy during the next year., Structural integrity
will be tested under rereated thermal cycling and mag-
necic load cycling. Energy loss within a coil during
fast discharge will bemeasured by integrating the local
1i1quid helium boil- off with a shroud and collection
chamber. Three liters or less of pulse boil-off gas is

300 kJ Superconducting Coil. Its
inductance 18 4.94 mH. The high current vapor-cooled
leada are seen at the top. Energy storage has reach-
ed 386 kJ at 12.5 kA in this coil without reaching its
critical current.

Fig. 4. 10 kA,
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Fig. 5. 10 kA Interrupter Test Pacility with an inter-
rupter to be tested 1in the foreground. The 2 mH dummy
storage coil, dump resistor, high voltage headers and
shorting balls are located on top of the capacitor bank.

expected if the coil energy loss specification of 0.3%
{9100 J) of the stored energy 1s met.

The storage coil presently in use for facility
check out and switch tests 1s shown in Fig. 4. It is
a 4.94 mH single layer edge wound coil with 122.5 turns
of Kryvo 210 conductor. This 0,005 Ly 0.01 m conductor
is epoxy bonded to a fiberglass/epoxy coil form. The
winding has an inside dlameter of 0.56 m and is 0.73 m
long. The conductor has 2640 NbT1i filaments in a copper
matrix. Copper to superconductor area ratio is 6:1.
This low resistance matrix will give relatively high
eddy current losses during pulse discharge. These loss=-
es have not been measured._  Conductor characteristics
are elaborated on elsewhere.

The coil has been operated at 12.5 kA maximum
current without going normal, with ne indications of
training, and with no evidence of structural damage.
Stored energy at this level was 386 kJ with an internal
wagnetic field of 2.3 T.

High Voltage DC Current Interrupter Test Facility

© Superconducting switcheswithin an FTR power system
would force a heavy load on the cryogen refrigeration
system. Use of in-line low resistance contactors within
the cryostat and a breaker external to the cryostat to
performthe current interruption to 1nitiate energy
transfer would remove most of the heat load. Ambient
temperature dc current interruption techniques are being
investigated, and a test facility has just been complet-
ed to test various parameters and hardware.

The Interrupter Test Facility is shown in Fig. 5,
and 18 represented schematically in Fig. 6. The facil-
ity models the voltage and current waveforms on the
current interrupter to those expected within a METS-FTR
system. The operational sequence ©of the test circuit
begins by charging the dummy gtorage coil to 10 kA from
the capacitor storage bank. At peak current the crow-
bar ignitron is fired, and the stored current begins a
long L/R decay. The breaker under teat is opened and
begins to arc. At a specifled time later the counter-
pulse current 1s started by firing the counterpulse
ignitron. The reverse current forces two current zeroes
within the breaker on a time scale determined by the
saturable reactor and transfer ecapacitor ringing fre-
quency. At zero current the arc extinguisnes; and if
held off for an appropriate interval, the voltage rising
on the breaker due to the storage coil charging the
transfer capacitor will not restrike an arc. At peak
voltage the dump spark gap 18 triggered, removing the
voltage from tue circuit in several RyCy decay times.

Currents to 12 kA and voltages to 40 kV will be
tested on the interrupters. Counterpulse current off-
times can be varied over wide ranges to cover all expect—

COUNTER
PULSE

ENERGY
. | STORAGE

Fig. 6. DC Current Interrupter Test Circuit. Cg 1s
150 kJ energy storage capacitor for driving Lg, the
100 kJ, 10 kA dummy storage coil. Cy 1is the 40 kV
transfer capacitor, and Ry is the energy dump resistor.
IG,, IGpp, and I1Gap are the start, storage crowbar, and
counterpulse ignitrons, respectively. SG is the dump
spark gap. SR is a saturable reactor, B is a breaker.



ed are plasma deionization times.

Several commercially available ac vacuum interrupt-
ers will be tested for this dc current interruption ap-
plication. One such example is shown in Fig. 7, a Ross
Engineering product. No data exist at present on the
reliability of vacuum interrupters used for dc currant
interruption at these high current levels.

Several other interruption techniques are being
developed within LASL and Hughes Research Laboratories.

We expect to reach interruption currents of 25 k&
and stand-off voltages of 60 kV within the next one and
one~half years.

Prototype METS-FIR Module Test Facility

The ¢ircuit as shown schematically in Fig. 8 re-
presents the present module of the conceptual METS -~ FIR
system. It 1s expected within one year that a reliable
10 kA, 40 kV interrupter will be available for building
a prototype 300 kJ METS module.
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Fig, 7. Three Ross Engineer:ing Vacuur Interrupter
Units, Mechanical actuation of the moving electrodes

is accomplished with capacitor discharge solenoid
drivers. Two units in series may be capable of 10 kA
interruption with 40 kV stand-off.

L
o= =%

1 I
—_—— e - = =t
: e Dawar kK
1 NP s N].
e T
COUNTE!
PULSE
Fig. 8. METS-FTR Prototype Module Circuit. The super-

conducting coil and interrupter test facilities are com-
bined to run 10 kA protutype module tests. HP ig the 6V,
10 kA homopolar generator. S 1is a low resistance shunt
switch, SR 1is a saturable reactor, B is the dc current
interrupter, IGop and IGcp are the counterpulse and crow-
bar ignitrons, respectively, and C. is the transfer
capacitor. Inductance of the load coil, Ly, 1is matched

to the superconducting storage coil, ILg.

The 1nterrupter test facility was constructed
ad)acent to the 300 kJ coil test facility for the pur=-
pose of running the two facilities as a unit during
prototype module tests. The transfer capacitor bank,
interruptes and load coil from the materrupter test
facility are coupled to the 300 kJ coal and homopolar
generator.

A low resistance shunt switch bypasses the enerpy
transfer circuit until the current has been ramped up
in the coil. At peak current tne shunt switch is open-
ed, followed by the normal sequence of operations for
energy transfer to the dummy load coil. Low resistance
cryogenic contactors will be tested in the 300 kJ coil
facilicy and in the combined facility when they have
reached the design requirements.

Both the superconducting coil test facility and
the interrupter test facility can be readily upgraded
to begin comprnent testing at the actual FTR levels of
current, voltage, and transfer time.
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